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ABSTRACT 

 

Impact of Impulsive Noise on OFDM OSTBC MIMO Wireless 

Communication System with Hybrid Diversity 

 

Multipath-induced fading is the major performance limiting factor in broadband wireless 

communication systems. Link performance is severely degraded by fading and to 

maintain an acceptable performance, powerful countermeasures such as diversity 

techniques should be employed. In literature, different diversity combining schemes have 

been proposed which are Selection Combining (SC), Equal Gain Combining (EGC) and 

Maximal Ratio Combining (MRC). In this research work, Hybrid Diversity Combining 

techniques are well discussed with utmost importance. SC-MRC, MRC-SC and SC-EGC 

hybrid diversity techniques are studied, and comparative analysis is made, and it has been 

observed that considering implementation complexity and performance gain, SC-EGC 

hybrid diversity scheme shows better result. 

Impulsive, non-Gaussian noise is present in many wireless communication systems due 

to man-made electro-magnetic interference, atmospheric noise, or ignition noise etc. As 

above mentioned, hybrid diversity combining schemes are designed for Gaussian noise, 

but when impulsive noise is present, its performance may degrade. As such, the necessity 

of designing hybrid diversity techniques considering impulsive noise is felt. Middleton 

Class-A and Symmetric Alpha Stable (SαS) are the two most common widely accepted 

models for analysing wireless communication system under impulsive noise. 

In this research, an analytical approach utilizing hybrid diversity reception has been 

carried out to evaluate the performance improvement of a broadband wireless 

communication channel in Rayleigh fading and impulsive noise environment. This 

impulsive noise is considered time variant which has random occurrences with high 

power spectral density and short duration. The effect of impulsive noise and fading in 

terms of BER can be improved greatly by using Orthogonal Frequency Division 
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Multiplexing (OFDM). The system BER is compared numerically for Binary Phase Shift 

Keying (BPSK) and OFDM system. It has been observed that there is a significant 

improvement in performance in terms of BER. Moreover, performance is tremendously 

amplified using hybrid diversity and BER performance is calculated analytically and also 

investigated using multiple antennas. 

Considering OFDM with BPSK modulation and using Orthogonal Space-Time Block 

Codes (OSTBC) expressing SNR and BER is found out through analytical process. 

Middleton Class-A and Symmetric Alpha Stable (SαS) model is considered to evaluate 

the effect of impulsive noise under Rayleigh Fading environment. The results are 

assessed analytically considering the multipath transfer function model. The numerical 

results exhibit that the system suffers significant power penalty due to impulsive noise 

which is higher for higher channel bandwidth and can be minimized by increasing 

number of OFDM subcarriers. 

This work investigates the effect of impulsive noise-modeled via the Middleton Class-A 

distribution on FDM-based MIMO systems that employ OSTBC with hybrid diversity 

schemes. OFDM provides resilience against frequency-selective fading, and OSTBC 

ensures spatial diversity; however, impulsive noise presents non-Gaussian, burst-like 

disturbances that degrade system performance significantly. Under such conditions, 

impulsive noise spreads energy across OFDM subcarriers, lowering BER performance 

more than conventional Gaussian noise. 

Mitigation strategies- such as blanking/ clipping, analog nonlinear limiting, and 

Maximum Likelihood (ML) detection assuming impulsive noise show significant BER 

improvement. In particular, ML detectors designed with Middleton based likelihood 

metrices provide up to 7 dB SNR gain over conventional Gaussian based ML detectors. 

Thus, by integrating robust detection techniques and adaptive hybrid diversity 

mechanisms, OFDM-OSTBC MIMO systems can tolerate impulsive impairments in 

harsh wireless environments such as power substations, in-vehicle networks, or PLL 

systems. The trade-off between complexity (e.g. ML-IN detectors, Parameter estimation) 
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and performance gains (reduced BER, regained diversity order) thoroughly discussed, 

offering insights for designing resilient next-generation wireless links. 
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সারসংক্ষেপ 

 

Impact of Impulsive Noise on OFDM OSTBC MIMO Wireless 

Communication System with Hybrid Diversity 

 

ব্রডব্যান্ড ওয়্যারক্ষেস য াগাক্ষ াগ ব্যব্স্থায়্ মাল্টিপাথ-প্রক্ষরাল্টিত যেইল্টডং হে প্রধান কমমেমতা সীল্টমতকারী 

েযাক্টর । যেইল্টডংক্ষয়্র েক্ষে ল্টেঙ্ক কমমেমতা মারাত্মকভাক্ষব্ হ্রাস পায়্ এব্ং একটি গ্রহণক্ষ াগয কমমেমতা ব্জায়্ 

রাখার জনয, বব্ল্টিত্র্য যকৌশক্ষের মক্ষতা শল্টিশােী প্রল্টতকার ব্যব্হার করা উল্টিত । সাল্টহক্ষতয, ল্টব্ল্টভন্ন বব্ল্টিত্র্য সমন্বয়্ 

প্রকল্প প্রস্তাব্ করা হক্ষয়্ক্ষে য মন ল্টনব্মািন সমন্বয়্ (SC), সমান োভ সমন্বয়্ (EGC) এব্ং সব্মাল্টধক অনুপাত 

সমন্বয়্ (MRC)। এই গক্ষব্ষণা কাক্ষজ, হাইল্টব্রড বব্ল্টিত্র্য সমন্বয়্ যকৌশেগুল্টে অতযন্ত গুরুত্ব সহকাক্ষর আক্ষোিনা 

করা হক্ষয়্ক্ষে। SC-MRC, MRC-SC এব্ং SC-EGC হাইল্টব্রড বব্ল্টিত্র্য যকৌশেগুল্টে অধযয়্ন করা 

হক্ষয়্ক্ষে, এব্ং তুেনামূেক ল্টব্ক্ষেষণ করা হক্ষয়্ক্ষে, এব্ং যেখা যগক্ষে য  ব্াস্তব্ায়্ন জটিেতা এব্ং কমমেমতা বৃ্ল্টি 

ল্টব্ক্ষব্িনা কক্ষর, SC-EGC হাইল্টব্রড বব্ল্টিত্র্য প্রকল্পটি আরও ভাে েোেে যেখায়্ । 

মানুক্ষষর বতল্টর তল্ট়িৎ-যিৌম্বকীয়্ হস্তক্ষেপ, ব্ায়্ুমণ্ডেীয়্ শব্দ, ব্া ইগল্টনশন শব্দ ইতযাল্টের কারক্ষণ অক্ষনক যব্তার 

য াগাক্ষ াগ ব্যব্স্থায়্ আক্ষব্গপ্রব্ণ, অ-গাউসীয়্ শব্দ উপল্টস্থত থাক্ষক । উপক্ষর উল্টিল্টখত ল্টহসাক্ষব্, হাইল্টব্রড বব্ল্টিত্র্য 

সমন্বয়্ প্রকল্পগুল্টে গাউসীয়্ শক্ষব্দর জনয ল্টডজাইন করা হক্ষয়্ক্ষে, ল্টকন্তু  খন আক্ষব্গপ্রব্ণ শব্দ উপল্টস্থত থাক্ষক, 

তখন এর কমমেমতা হ্রাস যপক্ষত পাক্ষর। এইভাক্ষব্, আক্ষব্গপ্রব্ণ শব্দ ল্টব্ক্ষব্িনা কক্ষর হাইল্টব্রড বব্ল্টিত্র্য যকৌশে 

ল্টডজাইন করার প্রক্ষয়্াজনীয়্তা অনুভূত হয়্ । আক্ষব্গপ্রব্ণ শক্ষব্দর অধীক্ষন যব্তার য াগাক্ষ াগ ব্যব্স্থা ল্টব্ক্ষেষক্ষণর 

জনয ল্টমডেটন ক্লাস-এ এব্ং ল্টসক্ষমট্রিক আেো যেব্ে (SαS) হে দুটি সব্মাল্টধক গৃহীত মক্ষডে  া ব্যাপকভাক্ষব্ 

গৃহীত হয়্ । 
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এই গক্ষব্ষণায়্, Rayleigh যেইল্টডং এব্ং ইম্পােল্টসভ নক্ষয়্জ পল্টরক্ষব্ক্ষশ ব্রডব্যান্ড ওয়্যারক্ষেস কল্টমউল্টনক্ষকশন 

িযাক্ষনক্ষের কমমেমতা উন্নল্টত মূেযায়্ন করার জনয হাইল্টব্রড ডাইভারল্টসটি ল্টরক্ষসপশন ব্যব্হার কক্ষর একটি 

ল্টব্ক্ষেষণাত্মক পিল্টত ব্যব্হার করা হক্ষয়্ক্ষে । এই ইম্পােল্টসভ নক্ষয়্জক্ষক টাইম যভল্টরক্ষয়্ন্ট ল্টহক্ষসক্ষব্ ল্টব্ক্ষব্িনা করা 

হয়্  ার উচ্চ েমতার ব্ণমােী ঘনত্ব এব্ং স্বল্প সময়্কাে সহ এক্ষোক্ষমক্ষো ঘটনা ঘক্ষট। অক্ষথমাক্ষগানাে ল্টিক্ষকাক্ষয়্ল্টি 

ল্টডল্টভশন মাল্টিক্ষেল্টসং (OFDM) ব্যব্হার কক্ষর BER-এর যেক্ষত্র্ ইম্পােল্টসভ নক্ষয়্জ এব্ং যেইল্টডংক্ষয়্র 

প্রভাব্ ব্যাপকভাক্ষব্ উন্নত করা য ক্ষত পাক্ষর । ব্াইনাল্টর যেজ ল্টশেট কীয়্ং (BPSK) এব্ং OFDM 

ল্টসক্ষেক্ষমর জনয BER ল্টসক্ষেক্ষমর সংখযাগত তুেনা করা হক্ষয়্ক্ষে । যেখা যগক্ষে য  BER-এর যেক্ষত্র্ 

কমমেমতার উক্ষিখক্ষ াগয উন্নল্টত হক্ষয়্ক্ষে। তাো়িা, হাইল্টব্রড ডাইভারল্টসটি ব্যব্হার কক্ষর কমমেমতা ব্যাপকভাক্ষব্ 

বৃ্ল্টি করা হয়্ এব্ং BER কমমেমতা ল্টব্ক্ষেষণাত্মকভাক্ষব্ গণনা করা হয়্ এব্ং একাল্টধক অযাক্ষন্টনা ব্যব্হার কক্ষরও 

তেন্ত করা হয়্ । 

ল্টব্ক্ষেষণাত্মক প্রল্টিয়্ার মাধযক্ষম BPSK মডুযক্ষেশক্ষনর মাধযক্ষম OFDM ল্টব্ক্ষব্িনা করা এব্ং SNR এব্ং 

BER প্রকাশকারী অক্ষথমাক্ষগানাে যেস-টাইম ব্লক যকাড (OSTBC) ব্যব্হার কক্ষর এটি ল্টনণময়্ করা হয়্ । 

Rayleigh Fading পল্টরক্ষব্ক্ষশর অধীক্ষন আক্ষব্গপ্রব্ণ শক্ষব্দর প্রভাব্ মূেযায়্ন করার জনয Middleton 

Class-A এব্ং Symmetric Alpha Stable (SαS) মক্ষডে ল্টব্ক্ষব্িনা করা হয়্। মাল্টিপাথ ট্রািোর 

োংশন মক্ষডে ল্টব্ক্ষব্িনা কক্ষর ল্টব্ক্ষেষণাত্মকভাক্ষব্ েোেে মূেযায়্ন করা হয়্। সংখযাসূিক েোেেগুল্টে যেখায়্ 

য  আক্ষব্গপ্রব্ণ শক্ষব্দর কারক্ষণ ল্টসক্ষেমটি উক্ষিখক্ষ াগয পাওয়্ার যপনাল্টি যভাগ কক্ষর  া উচ্চ িযাক্ষনে 

ব্যান্ডউইক্ষথর জনয যব্ল্টশ এব্ং OFDM সাব্কযাল্টরয়্ার সংখযা বৃ্ল্টি কক্ষর এটি হ্রাস করা য ক্ষত পাক্ষর । 

এই কাজটি ল্টমডেটন ক্লাস-এ ল্টডল্টিল্টব্উশক্ষনর মাধযক্ষম ইমু্পেল্টসয়্াে নক্ষয়্জ-মক্ষডে করা FDM-ল্টভল্টিক 

MIMO ল্টসক্ষেমগুল্টেক্ষত প্রভাব্ তেন্ত কক্ষর  া হাইল্টব্রড ডাইভারল্টসটি ল্টিম সহ OSTBC ব্যব্হার কক্ষর। 

OFDM ল্টিক্ষকাক্ষয়্ল্টি-ল্টসক্ষেকটিভ যেইল্টডংক্ষয়্র ল্টব্রুক্ষি ল্টস্থল্টতস্থাপকতা প্রোন কক্ষর এব্ং OSTBC স্থাল্টনক 

বব্ল্টিত্র্য ল্টনল্টিত কক্ষর ; তক্ষব্, ইমু্পেল্টসয়্াে নক্ষয়্জ অ-গাউল্টসয়্ান, ব্ােম -সদৃশ ব্যাঘাত উপস্থাপন কক্ষর  া 

ল্টসক্ষেক্ষমর কমমেমতা উক্ষিখক্ষ াগযভাক্ষব্ হ্রাস কক্ষর। এই ধরক্ষনর পল্টরল্টস্থল্টতক্ষত, ইমু্পেল্টসয়্াে নক্ষয়্জ OFDM 
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সাব্কযাল্টরয়্ারগুল্টেক্ষত শল্টি েল্ট়িক্ষয়্ যেয়্,  া প্রিল্টেত গাউল্টসয়্ান শক্ষব্দর তুেনায়্ BER কমমেমতা যব্ল্টশ হ্রাস 

কক্ষর । 

প্রশমন যকৌশে - য মন ব্লযাল্টঙ্কং/ল্টক্লল্টপং, অযানােগ নন-ল্টেল্টনয়্ার ল্টেল্টমটিং, এব্ং মযাল্টসমাম ল্টেইকল্টেহুড (ML) 

সনািকরণ,  ল্টে ধক্ষর যনওয়্া হয়্ য  ইম্পােল্টসয়্াে নক্ষয়্জ উক্ষিখক্ষ াগয BER উন্নল্টত যেখায়্ । ল্টব্ক্ষশষ কক্ষর, 

ল্টমডেটন ল্টভল্টিক সম্ভাব্না যমট্রিস ল্টেক্ষয়্ ল্টডজাইন করা ML ল্টডক্ষটক্টরগুল্টে প্রিল্টেত গাউল্টসয়্ান ল্টভল্টিক ML 

ল্টডক্ষটক্টক্ষরর তুেনায়্ 7 dB প মন্ত SNR োভ প্রোন কক্ষর । 

সুতরাং, শল্টিশােী সনািকরণ যকৌশে এব্ং অল্টভক্ষ াল্টজত হাইল্টব্রড বব্ল্টিত্র্য প্রল্টিয়্াগুল্টেক্ষক একীভূত কক্ষর, 

OFDM-OSTBC MIMO ল্টসক্ষেমগুল্টে পাওয়্ার সাব্ক্ষেশন,  ানব্াহক্ষনর যনটওয়্াকম  ব্া PLL 

ল্টসক্ষেক্ষমর মক্ষতা কক্ষ ার ওয়্যারক্ষেস পল্টরক্ষব্ক্ষশ আক্ষব্গপ্রব্ণ প্রল্টতব্ন্ধকতা সহয করক্ষত পাক্ষর। জটিেতা (য মন 

ML-IN ল্টডক্ষটক্টর, পযারাল্টমটার অনুমান) এব্ং কমমেমতা োভ (হ্রাসকৃত BER, বব্ল্টিত্র্য িম পুনরুিার) 

এর মক্ষধয যেনক্ষেন পুঙ্খানুপুঙ্খভাক্ষব্ আক্ষোিনা করা হক্ষয়্ক্ষে,  া ল্টস্থল্টতস্থাপক পরব্তী প্রজক্ষের ওয়্যারক্ষেস 

ল্টেঙ্কগুল্টে ল্টডজাইন করার জনয অন্তদৃমল্টি প্রোন কক্ষর । 
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CHAPTER 1 

INTRODUCTION 

1.1   Introduction to Wireless Communication 

Wireless communication is a communication method in which information and data 

are sent between two or more nodes without the need of electric wire as a medium. 

This network provides a flexible information transfer platform that allows users to 

travel without experiencing unacceptable performance degradation. A wireless 

communication network is made up of a base station (BS) that serves as the wireless 

information distribution center for all mobile stations (MS) within its signal coverage 

region. The radio channel from an MS to its serving BS is called the uplink or reverse 

channel, and the radio channel from the BS to the MSs is called the downlink or 

forward channel [1]. 

To extend the geographical coverage of a single BS, mobile switching centers (MSC) 

are connected to the BS via wireless. Wirelines connect MSCs to other MSCs, 

ensuring a wired backbone network or Asynchronous Transfer Mode (ATM). To 

provide a hybrid connection, this technology integrates a front-end wireless network 

with a backbone landline network. 

A wireless channel, on the other hand, has channel impairments that limit the usable 

spectral breadth and result in residual error profiles that are relatively high and 

nonconstant. The geographical coverage is limited, and propagation is considerable. 

Multipath delay spread, doppler spread, intracell interference, fading ambient noise, 

and other types of channel impairments exist in the radio propagation channel. To 

resist interference and distortion in the signal, effective and efficient transmitters, 

receivers, and communication protocols are required. 

Wireless communication is a global technology with worldwide interest in its 

development. It enables data transfer at narrow or broadband speeds through wireless 
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network by using advanced modulation technology [2]. Wireless communication 

technology is emerging with a great promise to meet up future demand for ultra-high 

speed data communications and networking [3-5]. Orthogonal Frequency Division 

Multiplexing (OFDM) is a multicarrier technique that suits well for high-speed wired 

and wireless applications [6]. OFDM offers added spectral efficiency as well as 

robustness against selective fading, narrowband interference and impulsive noise 

which makes it a contender for high-speed communication system. Further to capture 

sufficient multipath energy the information in each sub band is modulated by utilizing 

OFDM technique. Thus, multiband OFDM is one of the leading proposal for wireless 

personal area network (WPAN) standards. [7-10].  

Diversity techniques have been employed to combat the effect of multi-path fading on 

wireless communication systems [11-14]. Recent interest in emerging high-data-rate 

wireless systems has led to renewal of the subject. Classical diversity techniques 

include maximum ratio combining (MRC), equal gain combining (EGC) and selection 

combining (SC). An L-branch MRC performs the best with the highest complexity. 

On the other hand, SC performs the worst comparatively with the least complexity. 

This motivates the development of hybrid diversity whose complexity and 

performance lie between these two extreme cases. Therefore, several suboptimum 

diversity combining schemes that achieve a tradeoff between performance and 

implementation complexity have recently been proposed and studied in the literature. 

OFDM is a form of multi-carrier transmission technique widely used in the modern 

wireless network to achieve high-speed data transmission with good spectral 

efficiency. However, in the impulsive noise environment BER performances of these 

systems, originally designed for a Gaussian noise model, are much degraded. 

1.2   Brief History of Wireless Communication 

The history of Wireless Communications started with the understanding or magnetic 

and electric properties observed during the early days by the Chinese, Greek and 
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Roman cultures and experiments carried out in the 17th and 18th centuries. French 

mathematician Jean Baptiste Joseph Fourier discovered Fourier’s theorem in 1807. 

Danish physicist Hans Christian Orsted discovered the electromagnetic field caused 

by electric current. The French physicist Dominique Francois Jean Arago showed that 

a wire became a magnet when current flowed through it. French mathematician and 

physicist Andre-Marie Ampere discovered electrodynamics and proposed an 

Electromagnetic Telegraph in 1820 [15]. 

American dentist Dr. Mahlon Loomis described and demonstrated a wireless 

transmission system which he patented in 1866. Loomis demonstrated the 

transmission of signals between two mountains, a distance of 22 km. American 

physicist, Amos Emerson Dolbear, was granted a patent for a wireless transmission 

system using an induction coil, microphone and telephone receiver and battery. Nathan 

Stubblefield transmitted audio signals without wires 1882. Heaviside introduced 

impedance as the ratio of voltage over current. Hertz started his work to demonstrate 

the existence of radio waves and published his results in 1888. 

Marconi transmitted and received a coded message at a distance of 1.75 miles near his 

home in Bologna, Italy. Indian physicist, Sir Jagadis Chunder Bose generated and 

detected wireless signals and produced many devices such as waveguides, horn 

antennas, microwave reflectors and more in 1895. In the year of 1897, Marconi 

demonstrated a radio transmission to a tugboat over an 18 mile path over the English 

Channel. The first wireless company, Wireless Telegraph and Signal Company was 

founded – they bought most of Marconi’s patents. Lord Rayleigh suggests EM wave 

propagation in waveguides and analysis of propagation through dielectrically filled 

waveguides. Lodge patented various types of antennas. 

In the year of 1904, Frank J. Sprague developed the idea of the printed circuit. W. 

Pickard filed a patent application for a crystal detector where a thin wire was in contact 

with silicon. It was the central component in early radio receivers called crystal 

radios.  J. C. Bose was granted a patent on point contact diodes that were used for 
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many years as detectors in the industry.  Fleming suggested the rectifying action of the 

vacuum-tube diode for detecting high frequency oscillation – the first practical radio 

tube. 

The German physicist Walter Schottky discovered the effect of electric field on the 

rate of electron emission from thermionic emitters named after him. Fleming 

discovered atmospheric refraction and its importance in the transmission of EM waves 

around the Earth in 1914. Carl R. Englund was the first to develop the equation of a 

modulated wave (AM) and also discovered the frequencies related to sidebands. 

Frequency modulation of a carrier was proposed to accommodate more channels 

within the available bandwidths. 

In 1918, Armstrong invented the Superheterodyne Radio Receiver using 8 valves – 

most receivers still use this design today. Langmuir patented the feedback amplifier. 

E. H. O Shaughnessy development of direction finding was one of the key weapons in 

England during WWI – Bellini-Tosi aerials were installed around the coast to locate 

transmission from ships and aircrafts. Louis Alan Hazeltime invented the neutrodyne 

circuit with tuned RF amplifier with neutralization. 

Baird conducted the first transatlantic TV broadcast and built the first color TV in 

1928. Nyquist published a classic paper on the theory of signal transmission in 

telegraphy. He developed the criteria for the correct reception of telegraph signals 

transmitted over dispersive channels in the absence of noise. C.S. Franklin patented 

the coaxial cable in England to be used as an antenna feeder.  

The word Telecommunication was coined, and the International Telecommunications 

Union (ITU) was formed in 1932. George C. Southworth and J. F. Hargreaves 

developed the circular waveguide. Karl Jansky accidentally discovered radio noise 

coming from outer space giving birth to radio astronomy. R. Darbord developed the 

UHF Antenna with parabolic reflector. In 1934, the Federal Communications 

Commission (FTC) was created in the US. W.L. Everitt obtained the optimum 
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operating conditions for Class C amplifiers. F. E. Terman demonstrated a transmission 

line as a resonant circuit. German physicist Oskar Ernst Heil applied for a patent on 

technology relating electrical amplifiers and other control arrangements that was the 

theoretical invention of capacitive current control in FETs. 

During 1948, W. H. Branttain, J. Bardeen and W. Shockley of Bell Labs built the 

junction transistor. E. L. Ginzton and others developed distributed wideband amplifier 

using pentodes in parallel. Shannon laid out the theoretical foundations of digital 

communications in a paper entitled “A Mathematical Theory of Communication.” 

Paine described the BALUN. In 1963, W. S. Mortley and J. H. Rowen developed 

surface acoustic wave (SAW) devices. John B. Gunn of IBM demonstrated microwave 

oscillations in GaAs and InP diodes. The Institute of Electrical and Electronic 

Engineers (IEEE) was formed by merging IRE and AIEE. 

The first digital radio-relay system went into operation in Japan using 2 GHz operating 

frequency in the year of 1969. ARPANET was launched (precursor to Internet) in the 

same year. AT&T Bell Labs started testing a mobile telephone system based on cells 

in 1978 [15]. 

1.3   Limitations of Wireless Communication 

Wireless transmission media have limitations such as interference, security issues, 

limited range, and lower speed. Wireless transmission media, such as Wi-Fi, 

Bluetooth, and cellular networks, have become increasingly popular due to their 

convenience and flexibility. However, they also come with several limitations. One of 

the most significant is interference. Wireless signals can be disrupted by other 

electronic devices, physical obstacles like walls and buildings, and even atmospheric 

conditions. This can lead to a loss of signal strength, reduced line of sight connection,  

reduced data transfer rates, reduced signal strength or complete loss of connection 

[16]. 
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Another major limitation is security. Wireless signals can be intercepted by 

unauthorized users, making them less secure than wired connections. Although 

encryption and other security measures can help to mitigate this risk, it is still a 

significant concern, particularly for sensitive data. The range of wireless transmission 

is also limited. While this can be extended with the use of repeaters or boosters, it still 

falls short of the distances achievable with wired connections. This can be a problem 

in large buildings or across wide areas, where a wired connection may not be feasible. 

 

Finally, wireless transmission media typically have lower speeds than wired 

connections. This is due to the fact that wireless signals are subject to interference and 

signal degradation, which can slow down data transfer rates. Additionally, the speed 

of a wireless connection can be affected by the number of devices connected to the 

network, with each additional device potentially reducing the available bandwidth.  

 

In summary, while wireless transmission media offer many advantages, they also have 

several limitations. These include interference from other devices and physical 

obstacles, security risks, limited range, and lower speeds compared to wired 

connections. Understanding these limitations is crucial when designing and 

implementing wireless networks, to ensure that they can meet the needs of users and 

provide a reliable and secure connection. 

 

1.3.1   Noise and Distortion in Wireless Communication Systems 

Noise is acknowledged as unwanted signals that interfere with the measurement of 

another core signal. With the help of noise examination, the condition of the source 

can be estimated. distortion can be regarded as any change in core signal that modifies 

the basic waveform or the relationship between various frequency components [17-

19]. 
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The main constraints limiting the capacity of data transmission in telecommunications 

and the accuracy of signal monitoring devices are noise and distortion. As a result, the 

modeling and removal of noise and distortion effects have been at the heart of 

communications and signal processing theory and practice. In applications such as 

cellular mobile communications, noise reduction and distortion removal are critical. 

There are a number of noise categories that affect the mobile communication system 

such as: 

On the basis of source: 

a. Acoustic noise: One of the common types of noise that is present in the 

environment in various degrees it emerges from vibration, movement 

and collision. 

b. Electromagnetic noise: Present at all frequencies, but especially in the 

radio frequency range (kHz to GHz), where telecommunications occur. 

Electromagnetic noise is produced by all electric devices, including 

radio and television transmitters and receivers. 

c. Channel distortions, echo and fading because of the non-ideal 

communication channel characteristics. The propagation characteristics 

of the channel environment and signal fading are particularly sensitive 

to radio channels, such as those utilized by cellular mobile phone 

operators at GHz frequencies. 

On the basis of frequency spectrum: 

a. White noise: It contains all types of noise with equal intensity, as a 

result, it has a flat frequency spectrum giving rise to constant power. 

b. Impulsive noise: They are sudden sharp and small duration of noises, 

detrimental to signal components severely. Here are different branches 

of impulsive noise models, which can be categorized as follows: 
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(1) Memory-less impulse noise model a) Middleton Class-A noise 

model b) Symmetric Alpha-Stable distribution (SαS) c) 

Bernoulli-Gaussian distribution 

(2) Memory-based impulse noise model a) Markov-Middleton 

noise model b) Markov-Gaussian noise model  

c. Transient noise pulses: Similar to impulsive noise just having a longer 

duration of pulses 

 

1.3.1.1   Multipath Propagation of Electromagnetic Signals 

In electromagnetic waves, the signals cannot reach the receiver directly due to the 

absence of a line of sight. As a result, the signals reflect at random objects and scatter 

as multiple components having superposition of scattered signal due to reflection, 

refraction and diffraction. The receiver receives these signals in various amplitude, 

phases and times. These phenomena is called multipath propagation. The presence of 

scatterers resulting from different phases and amplitude creates a different 

environment, signal smearing and delays the time to reach the signal to the receivers. 

If there is no multipath the source point signal will appear as another point signal at 

the receiver. multipath propagation can be described with the help of two parameters: 

Time dispersion and Fading [20-24] 

Time dispersion:  If the sender and receiver are at the foci and the scatterers are at the 

perimeter of an ellipse then, propagation due to the same ellipse will result in the same 

propagation delay. There are two conditions- 

Maximum differential delay spread < symbol duration of transmitted signal = flat 

fading 

Maximum differential delay spread > symbol duration of transmitted signal = 

frequency selective  fading 
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Fading:   Fading is the fluctuation in the strength of a signal on the receiver side in 

wireless communication. Time, location, and radio frequency are some variables 

considered in the variation of the attenuation of the received signal. Fading is termed 

as a random process. A communication channel that fades is referred to as a fading 

channel which depends on the carrier frequency and delay difference of the received 

signal. When two signal components are added destructively, they result in deep fading 

where the instantaneous signal power is low yielding poor signal strength.  

1.3.1.2   Large-Scale Fading 

Large scale fading denoted as statistical signal power attenuation and path loss due to 

movement over large area. The topographical structure between the transmitter and 

receiver affects it over a long distance. On the observation of the power, it shows that 

it fluctuates around a mean value and these fluctuation have a long period. The 

statistics of large-scale fading can be used to calculate path loss as a function of 

distance using a mean-path loss (nth -power law) and a log-normally distributed 

variance around the mean. [25-26] 

1.3.1.3   Small-Scale Fast Signal Fading 

If a radio signal amplitude fluctuates at a very short duration of time it is called small 

signal fading. Small fading occurs at the receiver end when two or more multipath 

signal component reaches at a very short difference of time [27]. 

Small-scale fading effects are created by multipath in the radio channel: 

a. Rapid fluctuations in signal strength over a short travel distance or time 

interval 

b. Random frequency modulation due to variable Doppler shifts on 

separate multipath signals. 

c. Multipath propagation delays generate time dispersion (echoes). 
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1.3.1.4   Doppler Shift 

In general, linear time invariant system, there is no new frequency component to the 

output of the signal than that of input. But in nonlinear time varying system, there 

prevails new frequency components other than input signals. In wireless mobile 

communication, the mobile and scatterers are not stationary. As a result, it is a mixture 

of linear but time variant system. The introduction to the frequency shift in sent signal 

is regarded as Doppler shifts [28].  

The Doppler effect, often known as the Doppler Shift (or just Doppler), is the change 

in frequency of a wave as the observer moves away from the wave source. The 

wavelength of an emission is shortened or lengthened when a body emitting radiation 

has a non-zero radial velocity relative to an observer, depending on whether the body 

is moving towards or away from the observer. The Doppler shift refers to the change 

in wavelength or frequency noticed. 

 

1.3.1.5   Small Scale Multipath Fading 

The fast fluctuations in the amplitude and phase of a radio signal over a short period 

of time (in the order of seconds) or a short distance (a few wavelengths) are referred 

to as small-scale fading. When the receiver is shifted by a fraction of a wavelength in 

small-scale fading, the instantaneously received signal power can change by as much 

as 30 to 40 dB. Each path has its own Doppler shift, time delay, and path attenuation 

in a mobile-radio environment, and multipath propagation results in a time-varying 

signal as the location of the mobile moves [29]. 

The nature of the broadcast signal in relation to the channel characteristics determines 

small-scale fading. Different transmitted signals will experience different types of 

fading depending on the relationship between signal parameters such as bandwidth 

and symbol period on one hand, and channel parameters such as coherence time, 
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Doppler spread, coherence bandwidth and delay spread on the other hand. Time 

dispersion and frequency-selective fading are caused by delay spread. Frequency 

dispersion and time-selective fading are caused by Doppler spread. Dispersion in time 

and frequency is caused by separate propagation mechanisms. It occurs when two or 

more signal components experience interference. These are multipath waves which 

are combined at the receiver antenna. By observing the characteristics of PDFs of the 

envelope 𝛼(𝑡) and phase 𝜃(𝑡) at any time t, the type of fading can be determined. 

 

1.3.1.6   Rayleigh Fading (NLOS Propagation) 

When there is no line-of-sight component, small-scale fading is also known as 

Rayleigh fading because the envelope of the received signal is statistically represented 

by a Rayleigh distribution when the number of versions of the transmitted signal 

arriving at slightly different time is significant. A Rician distribution is used to 

characterize the line-of-sight component if one exists. Non-line-of-sight (NLOS) 

signals are more likely to have attenuation between 
1

𝑑3
 and 

1

𝑑6
 . When some of the 

reflected signals are lost, this extra loss of power occurs in propagation channels. 

When there is no direct ray component, Rayleigh fading is utilized to approximate 

rapid amplitude variations. Rayleigh fading is generally referred to as the worst-case 

fading type since it lacks a direct ray component. This small-scale distribution models 

the consequences of rapid amplitude fluctuation when the receiver traverses a few 

wavelengths using a one ray model. A great number of rays arrive at the receiver from 

different directions. The signals combine in and out of phase, causing amplitude 

fluctuations that vary at a rate determined by the receiver’s speed. The Rayleigh 

probability distribution model is the statistical model that is used to characterize the 

amplitude variations. Because of the Doppler effect, the signal spreads in the 

frequency domain as the receiver moves [30-31]. 

 

 



12 
 

1.3.1.7   Rician Fading (LOS Propagation)  

Before reaching the receiver in a wireless environment, the sent signal may be 

subjected to several scatterings. This causes random oscillations in the received signal, 

which is referred to as fading. The signal’s scattered version is referred to as the non-

line of sight (NLOS) component. The fading process can be modeled as the sum of a 

large number of complex Gaussian process whose probability-density-function 

matches the Rayleigh distribution if the number of LOS components is large enough. 

In the absence of a dominant line of sight (LOS) path between the transmitter and the 

receiver, the Rayleigh distribution is well suited. If a line of sight path exists the 

envelope distribution becomes Rician rather than Rayleigh. The fading process can be 

written as the sum of a complex exponential and a narrowband complex Gaussian 

process if there is a dominating LOS component [32].  

 

1.4   Power Spectral Density (PSD) 

The power spectral density (PSD) of a signal is a measurement of how the signal's 

power is spread over frequency. It is a frequency-domain measure of a signal's power 

intensity. The PSD of a signal can be calculated as the square of the DFT magnitude. 

In the perspective of wide-sense stationary process, it can be proved that power 

spectrum is the fourier transform of auto correlation function written as [33]: 

 

𝑃𝑥𝑥(𝑓) = 𝐸[𝑋(𝑓)𝑋
∗(𝑓)] 

= ∑ 𝑟𝑥𝑥(𝑘)𝑒
−𝑗2𝜋𝑓𝑚

∞

𝑚=−∞

 

where rxx (m) and Pxx (m) are denoted as autocorrelation and power spectrum of x(m). 

the power spectrum may be written as  For a real-valued stationary process as: 
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𝑃𝑥𝑥(𝑓) = 𝑟𝑥𝑥(0) + ∑ 2𝑟𝑥𝑥(𝑚)𝑐𝑜𝑠(2𝜋𝑓𝑚)

∞

𝑚=1

 

The inverse Fourier transform of the power spectrum can be used to obtain the 

autocorrelation sequence of a random process. Which is: 

 

𝑟𝑥𝑥(𝑚) = ∫ 𝑃𝑥𝑥(𝑓)𝑒
𝑗2𝜋𝑓𝑚

1 2⁄

−1 2⁄

𝑑𝑓 

The Wiener-Khinchin theorem can be used to compute the power spectral density of 

a stochastic signal if a suitable and reliable statistical model is available. The PSD can 

be calculated as the Fourier transform of the signal's autocorrelation function for a 

wide-sense stationary random process, according to this formula.   

 

𝑆𝑥𝑥(𝑓) = 𝐹[𝑅𝑥𝑥(𝜏)] = ∫ 𝑅𝑥𝑥(𝜏)𝑒
−𝑗2𝜋𝑓𝜏𝑑𝜏

∞

−∞

 

where, Rxx(τ) is the auto-correlation function of the random process x(t) given by, 

𝑅𝑥𝑥(𝜏) = 𝐸(𝑋(𝑡)𝑋(𝑡 − 𝜏)) = ∫ 𝑥(𝑡)𝑥(𝑡 + 𝜏)𝑑𝑡
∞

−∞

 

The fact that computing PSD is equal to fourier transformation of the auto correlation 

function can be proved as follows: 

 

𝐹[𝑅𝑥𝑥(𝜏)] = ∫ 𝑅𝑥𝑥(𝜏)𝑒
−𝑗2𝜋𝑓𝜏𝑑𝜏

∞

−∞

 

= ∫ ∫ 𝑥(𝑡)𝑥(𝑡 + 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏𝑑𝑡
∞

−∞

∞

−∞

 

= ∫ 𝑥(𝑡)
∞

−∞

∫ 𝑥(𝑡 + 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏𝑑𝑡
∞

−∞⏟                
 

𝐹[𝑥(𝑡 + 𝜏)] = 𝑋(𝑓)𝑒𝑗2𝜋𝑓𝑡  
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= 𝑋(𝑓)∫ 𝑥(𝑡)𝑒𝑗2𝜋𝑓𝑡𝑑𝑡
∞

−∞

 

= 𝑋(𝑓)𝑋∗(𝑓) = |𝑋(𝑓)|2 

 

1.5   Diversity Mechanisms 

Diversity methods deal with the transmission and reception of multiple copies of a 

signal, or a mixture of signals, along multiple independent paths, such as time slots, 

frequency channels, multipath reflections, spatial directions, or polarizations. 

All signal paths in a diversity scheme transmit the identical set of messages, but 

channel characteristics, noise, and fading are uncorrelated. As a result, replicas of 

messages from several routes can be analyzed and concatenated to improve SNR. The 

degree to which noise and fading on distinct diversity branches are uncorrelated, as 

well as how information from different routes and channels is processed and merged, 

determines the success of diversity schemes [34]. 

1.5.1   Frequency Diversity 

Signals are sent to the receiver over a number of frequency slots. These frequency slots 

should be separated enough so that each slot has individual fading and uncorrelation. 

The signal fading would be essentially uncorrelated for frequency separations greater 

than many times the coherence bandwidth. 

1.5.2   Time Diversity 

The signals are transmitted repeatedly over several time periods. The separation 

between the time periods must be such that the fading of one period of signal is 

independent of all other periods of signals. If the time interval between consecutive 

periods is large enough there will be a significant time delay, frequency exploitation, 

forward error correction and retransmission request. 

  



15 
 

1.5.3   Space Diversity 

The sender and receiver often have more than one antennas. The spacing between 

consecutive antennas should be such that each antenna has independent fading. It is 

estimated that if two antenna have half of the carrier wavelength separation, the 

corresponding signal experience independent fading. The separation of at least 10 

carrier wavelength can diminish the shadowing effect. Though this diversity adds more 

cost with more antenna, however, it does not require any extra system capacity. 

 1.5.4   Angle Diversity 

Sometimes the antennas sends the signal components in various directions and the 

receiver receive the scattered signal from all direction. This is called angle diversity. 

It is considered as another form of space diversity as it also requires a number of 

antennas 

1.5.5   Path Diversity 

The use of direct sequence spread spectrum modulation allows the intended signal to 

be sent over a significantly broader frequency bandwidth than the channel coherence 

bandwidth. As long as path delays are separated by at least one chip period, the spread 

spectrum signal can resolve multipath components. By employing code correlation, a 

Rake receiver may separate the receive signal components from various propagation 

paths. 

1.5.6   Polarization diversity 

A horizontally polarized wave or a vertically polarized wave can be transmitted via 

antennas. When both waves are transmitted at the same time, the fading statistics of 

the received signals will be uncorrelated. Because distinct antennas are employed, this 

technique might be regarded as a specific case of space diversity. However, because 

there are only two orthogonal polarizations, there are only two diversity branches 

available. 
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1.6   Literature Review 

A lot of research works have been done on wireless communication with transmit 

diversity and receive diversity to improve receiver sensitivity and range of operation 

[35]. Radio Frequency Identification (RFID) [36] communication systems are also 

getting more and more importance in wireless networking using UWB technology. 

More recently, research is done on application of diversity in UWB RFID wireless 

communication systems to increase in the range of RFID network. The research works 

expressed that various methods have been developed for combining independently 

faded signal components, and the tradeoff among these methods is the receiver 

complexity versus transmission performance improvement. Research works also 

shows that, diversity is used to overcome flat fading and equalization to overcome 

inter symbol interference due to channel time dispersion. Some of the research works 

are given below:  

Diversity combining techniques have been of great importance as far as improving 

performance is concerned in wireless communications. In this reference work, a new 

hybrid diversity scheme has been proposed for Rayleigh fading channel in which L 

number of Maximal Ratio Combiner (MRC) receiver, each Selection Combiner (SC) 

having branches at its input, are selection combined to obtain the final output at the 

receiver [37]. 

Dual Carrier Modulation (DCM) is widely used as the higher data rate modulation 

technique for Multiband Orthogonal Frequency Division Multiplexing (MB-OFDM) 

Ultra Wideband (UWB) in European Computer Manufacture Association (ECMA-

368) standard. DCM is one of the high data rate modulation technique that provides a 

significant frequency diversity improvement by modulating the information symbols 

across non-adjacent subcarriers of OFDM modulator [38]. 

 Diversity combining is the effective way to mitigate the effects of multipath fading. 

The independent signal paths have low probability of experiencing deep fades 
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simultaneously is the fact exploited by diversity combining. In diversity combining 

the replicas of same information signal is combined together to obtain high SNR. The 

Hybrid Diversity combining techniques have been carried out to reduce the effects of 

fading owing to its good performance and low implementation complexity [39]. 

A novel technique for increasing the detection range of a fully passive multiresonator 

based chipless RFID tag has been proposed using the Diversity technique at the reader 

receiver. Analysis is carried out to find the signal to noise ratio at the output of the 

diversity receiver using maximal ratio combining (MRC) technique. Bit error rate 

(BER) is analyzed for Rayleigh fading over the channel [40].  

Performance analysis of multiband orthogonal frequency division multiplexing 

(OFDM) based ultra wideband (UWB) system in the presence of log-normal fading 

channels has been widely discussed in the reference paper [41].  

In hybrid selection/maximal ratio combining the receiver selects the L branches with 

the largest signal-to-noise ratios from N available diversity branches and performs 

maximal ratio from N available diversity branches and performs maximal ratio 

combining. A penalty is incurred with respect to maximal ratio combining which can 

be defined as the increase in signal-to-noise ratio required for hybrid combining to 

achieve the same symbol error probability as maximal ratio combining [42]. 

The emerging ultrawideband (UWB) system offers a great potential for the design of 

high speed short-range wireless communications. In order to satisfy the growing 

demand for higher data rates, one possible solution is to exploit both spatial and 

multipath diversities via the use of multiple-input multiple-output (MIMO) and proper 

coding techniques [43]. 

Emerging very high-data-rate wireless communications requires that traditional 

diversity systems be adapted so that some performance is sacrificed for complexity 

reduction. This paper investigated the recently-developed absolute threshold 

generalized selection combining (AT-GSC) and showed that AT-GSC has poor bit-
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error rate (BER) performance when the average branch signal-to-noise ratio (SNR) is 

comparably lower than the preset threshold. This paper therefore develops a new 

diversity combining scheme, referred to as switching GSC (S- GSC) [44]. 

Diversity is an effective technique to improve wireless communication performance. 

In this paper, a dual hybrid diversity scheme is proposed in which connected branches 

are switched in order to determine whether a dual branch should be combined via 

maximal ratio combining (MRC) in multi-branch. This scheme provides improved 

performance along an additional diversity branch available, without requiring signal 

power. Also, it achieves additional performance gain by adaptive switching thresholds 

[45]. 

An approach to the performance analysis of hybrid MRCS (Selection Maximal Ratio 

Combining) diversity system operating over Rician fading channels is presented in the 

reference paper. Hybrid MRCS combining method has a simple implementation, 

where maximal ratio combined signals are chosen on a selection combining basis. 

Closed form expressions are provided for standard first and second order statistical 

measures for the signal at the output of the combiner, ie PDF (probability density 

function), CDF (cumulative distribution function), LCR (level crossing rate). 

Capitalizing on them standard performance measures like ABEP (Average Bit Error 

Probability) over some modulation techniques and AFD (Average Fade Duration) are 

efficiently evaluated and discussed in the function of various system parameters. 

The outage probability and Average Bit Errir Rate (ABER) are the parameters which 

are used for the performance analysis of MRC/EGC Hybrid combining technique- the 

fact has been analyzed in the reference paper [46]. 

In order to improve the performance of wireless transmissions, in addition to multi-

channel propagation, error correction codes are used. Golden Code has some 

advantages, such as: maximum rate and diversity or coding gain. In this paper it is 

proposed an approach of using this code to mitigate the impulsive noise effects in a 
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MIMO communication system. The Middleton Class-A noise was considered. The 

simulation was done for different values of the impulsive noise model parameters and 

showed that the probability density function depends on index impulse and on gaussian 

factor and the number of noise sources has no influence [47]. 

The Orthogonal Frequency Division Multiplexing (OFDM) with high data rate, high 

spectral efficiency and its ability to mitigate the effects of multipath makes them most 

suitable in wireless application. Impulsive noise distorts the OFDM transmission and 

therefore methods must be investigated to suppress this noise. In this paper, a State 

Space Recursive Least Square (SSRLS) algorithm based adaptive impulsive noise 

suppressor for OFDM communication system is proposed. And a comparison with 

another adaptive algorithm is conducted [48]. 

Orthogonal frequency division multiplexing (OFDM) is a form of multicarrier 

transmission technique widely used in the modern wireless network to achieve high-

speed data transmission with good spectral efficiency. However, in impulsive noise 

environment BER performances of these systems, originally designed for a Gaussian 

noise model, are much degraded. In this paper, a new symmetric-alpha-stable (SαS) 

noise suppression technique based conjointly on adaptive modulation, convolutional 

coding (AMC) and Recursive Least Square (RLS) filtering is presented. The proposed 

scheme is applied on OFDM system in Rayleigh fading channel. The transmissions 

are analyzed under different combinations of digital modulation schemes (BPSK, 

QPSK, 16-QAM, 64-QAM) and convolutional code rates (1/2, 2/3, 3/4). Simulation 

results show that proposed hybrid technique of the author provides effective impulsive 

noise cancelation in OFDM system and exhibits better BER performance [49]. 

The prevalence of impulsive electromagnetic interference, atmospheric or ignition 

noise necessitates thorough analysis of their effects on the performance of diversity 

combining schemes. In this paper,  Middleton's class A model is adopted for the noise 

distribution, and analyze the performance of different diversity combining techniques 

over fading channels with statistically dependent impulsive noise on each branch. We 
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systematically analyze the performance of maximum ratio combining (MRC), equal 

gain combining (EGC), selection combining (SC), and post-detection combining 

(PDC) under the impulsive noise model, and derive insightful upper bounds. We show 

that even under impulsive noise, the diversity order is retained for each combining 

scheme. However, there is a fundamental tradeoff between diversity gain and coding 

gain [50]. 

Among the manmade sources dominant source of impulsive interference occurs in the 

electricity supply industry. These noises can cause significant degradation of the 

performance of conventional wireless communication systems. This paper introduces 

a concept of impulsive noise reduction utilizing the Empirical Mode Decomposition 

(EMD) framework, where noisy signal is decomposed adaptively into oscillatory 

components called Intrinsic Mode Functions (IMFs) by means of a process called 

sifting. The EMD denoising involves filtering or thresholding each IMF and 

reconstructs the estimated signal using the processed IMFs. To simulate the denoising 

phenomenon, input information signals, impulsive noises and EMD algorithms were 

generated in Matlab. The input signals were degraded by adding impulsive noise and 

then empirical mode decomposition was performed on the noisy signals. Simulation 

results suggest that a signal corrupted by impulsive noise can be considerably 

recovered by the EMD method [51]. 

1.7   Objectives of this Research 

The objectives of this thesis research are: 

a. To develop an analytical model of BER for an OFDM Wireless 

Communication System with Hybrid Receive Combining Techniques 

over Rayleigh fading channel and to evaluate BER performance. 

b. To formulate an analytical model and evaluate BER for the above 

systems considering Rayleigh fading channel, and Middleton Class A 

and Symmetric Alpha Stable impulsive noise models. 
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c. To develop an analytical model to evaluate the impact of impulsive 

noise on BER performance of an OFDM OSTBC MIMO wireless 

communication system.  

d. To simulate OFDM OSTBC MIMO wireless communication system 

considering impulsive noise and Rayleigh fading and to verify 

analytical result.  

e. To find out an appropriate mitigation technique to overcome the effect 

of impulsive noise. 

1.8   Possible Outcome of this Research 

This thesis is unique in nature and shall bring forth the following results: 

a. This study will help in the development of an analytical tool to evaluate 

the effect of impulsive noise on BER performance. 

b. It will also help in designing an OFDM OSTBC MIMO wireless 

communication system.  

1.9   Outline of the Thesis 

This thesis paper comprises of seven chapters. The contents of the respective chapters 

are outlined below: 

Chapter 1 is the introductory column of the entire study covering the wireless 

communication system, history, limitations, propagation, fading, literature review, 

objective, and possible outcome of the research along with the thesis layout. 

Chapter 2 describes the analysis of OFDM SIMO Wireless communication system 

with hybrid receive combining and MRC Techniques over Rayleigh fading channel. It 

broadly covers the comparison of BER performance for different basic diversity 

combining techniques considering Gaussian noise under Rayleigh fading 

environment.  
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Chapter 3 includes the BER analysis of OFDM SISO and SIMO System considering 

Impulsive noise model over Rayleigh fading channel. This description involves 

Poisson’s Noise model, Middleton Class A noise model and SαS noise model for 

analyzing effect of Gaussian noise and Impulsive noise on wireless communication 

performance under Rayleigh fading scenario. 

Chapter 4 describes the impact of Impulsive noise on BER performance of an OFDM 

OSTBC MIMO wireless communication system. In this chapter, coding is considered 

for the performance analysis and coding efficiency is compared with reference paper. 

Chapter 5 describes the simulation model for wireless communication link with 

Impulsive noise. Simulation is carried using MATLAB considering different basic and 

hybrid receive combining techniques under Impulsive noise. 

Chapter 6 discusses performance analysis of different impulsive noise mitigation 

techniques and their comparison. 

Chapter 7 contains the conclusion of the work with few recommendations for future 

works.    
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CHAPTER 2 

ANALYTICAL MODEL OF SIMO WIRELESS SYSTEM WITH 

HYBRID DIVERSITY 

2.1   Introduction 

 Diversity has long been recognized as an effective technique for combatting the 

detrimental effects of channel fading.  The diversity combining techniques are used to 

improve the performance of receiver having multiple antennas. In order to overcome 

the performance degradation of communication systems over a fading channel, the 

receiver diversity is usually employed. The Maximal Ratio Combining (MRC), Equal 

Gain Combining (EGC) and Selection Combining (SC) are various diversity 

combining techniques. MRC requires the individual signals from each path to be time-

aligned, co-phased, optimally weighted by their own fading amplitude, and then 

summed. In Selection Combining (SC), the signal in the branch with highest signal to 

noise ratio (SNR) is selected among all the signals in all the branches. The signals in 

all the branches are combined by multiplying with equal weights in Equal Gain 

Combining. MRC provides the maximum performance improvement relative to all 

other combining techniques by maximizing the signal-to-noise ratio (SNR) of the 

combined signal. However, MRC also has the highest complexity of all combining 

techniques since it requires knowledge of the fading amplitude in each signal branch. 

Hence, alternative techniques such as EGC and SC are often used in practice because 

of their reduced complexity relative to the optimum MRC scheme [52]. Hybrid 

diversity combining techniques have been receiving great interest in recent days by 

considering various aspects like low power consumption and higher diversity gain 

[53].  
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2.2   System Block Diagram 

2.2.1   Hybrid SC-EGC for Rayleigh Fading Channel 

Proposed system model of hybrid receive diversity (SC-EGC) at the reader receiver is 

given in Fig. 2.1 below. The system is composed of a reader (Interrogator) and a tag 

(Transponder) each equipped with an antenna serving the purpose of both transmitter 

and receiver simultaneously with the help of duplexers. When the interrogation signal 

 

 

 

 

 

 

Fig.2.1 The proposed system model with hybrid diversity at the reader receiver 
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from the reader reaches the tag, it is received using the receiving antenna of the tag 

and propagates further on towards the multi resonating circuit imprinted on the tag. 

The multi resonating circuit encodes data bits using cascaded spiral resonators, which 

introduce attenuation and phase jumps at particular frequencies of the spectrum. After 

passing through the multi resonating circuit, the signal contains the unique spectral 

signature of the tag and is transmitted back to the reader receiver by the transmitting 

tag antenna [54]. 

2.2.2   Hybrid SC-MRC for Rayleigh Fading Channel 

 

Fig. 2.2 Hybrid SC-MRC System for Rayleigh Fading Channel 

In the hybrid SC/MRC  System over Rayleigh Fading shown in the Fig.2.2, there are 

L numbers of selection combiners each having M number of input branches. Each of 

the M branches receive the signal from individual antennas kept sufficiently apart to 
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have negligible correlation among the receiver branch signals. The output of each of 

the L selection combiners is fed to a differential detector block. Finally, the output of 

all the differential detectors are processed using MRC diversity combining [55].  

2.2.3   Hybrid MRC-SC for Rayleigh Fading Channel 

  

 

Fig. 2.3 Hybrid MRC-SC System for Rayleigh Fading Channel 

In the hybrid MRC/SC  System over Rayleigh Fading shown in the Fig.2.3, signal is 

received by L numbers of MRC having M diversity branches. The M received signals 

are weighted and combined to give maximum SNR. From L such systems, the one 

with the highest SNR is selected using SC having L diversity branches [56].  
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2.3   Analysis 

2.3.1   Analysis for Hybrid SC-EGC System for Rayleigh Fading Channel 

The transmitted BPSK signal from the reader can be represented as  

𝑠(𝑡) = √2𝑃𝑇𝑋  cos𝜔𝑐𝑡 × ∑ 𝑎𝑘𝑝(𝑡 − 𝑘𝑝
∝
𝑘=0 )                       (2.1) 

where 𝑎𝑘 represents the k-th bit, 𝑃𝑇𝑋 is the transmitted power per bit and p(t) is the 

pulse shape for the data bit, Tp is the bit period. The signal received by the tag at a 

distance d1 is given by 

𝑟1(𝑡) = √2𝑃𝑇𝑋 × 𝑒
−∝𝑑1 × cos[𝜔𝑐 𝑡 − 𝛽𝑑1]√𝐺1(𝑓)          (2.2) 

where (α+jβ) represents the propagation constant 𝐺1(𝑓) . The signal re-transmitted by 

the tag with some processing is given by 

𝑒2(𝑡) = √2𝑃𝑇𝑋𝐺𝑡𝑒
−∝𝑑1 cos(𝜔𝑐𝑡 − 𝛽𝑑1) × √𝐺1             (2.3) 

where 𝐺𝑡 is the gain incorporated by the processing unit of the tag at the carrier 

frequency. The signal received by the reader antenna can be represented as: 

𝑟(𝑡) = √2𝑃𝑇𝑋𝐺𝑡𝑒
−∝𝑑 cos(𝜔𝑐 𝑡 − 𝛽𝑑) × √𝐺1(𝑓). 𝐺2(𝑓)       (2.4) 

Where, d=2d1, is the round-trip distance for reader to tag. The overall gain for the 

round-trip propagation can be represented as  G(f)= G₁(f).G₂(f)      

𝐺(𝑓) =
𝑃𝑅𝑋

𝑃𝑇𝑋
=
1

2
𝐺0η𝑇𝑋η𝑅𝑋 (((

𝑓

𝑓𝑐
)−2(𝑘+1)) /(

𝑑

𝑑0
)𝑛)        (2.5) 

where, fmin is the minimum frequency, fmax is the maximum frequency, fc  is the 

reference frequency, P RX  is the receive power, G0 is the path loss in reference distance 

in dB, η𝑇𝑋 is the antenna transmit efficiency, η𝑅𝑋 is the antenna receive efficiency, k 

is the decaying factor, n is the path loss exponent. Let, ϒij is the SNR at the j-th input 

of i-th selection combiner and can be represented as  
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 𝛾𝑗
𝑖 =

𝑝𝑟𝑗
𝑖

𝑁0
𝑇𝑏   i=1: Lc ,  j=1:Lr 

where 𝑝𝑟𝑗
𝑖  is the average power received at the input of i-th SC which can be obtained 

from eqn (2.4), Lr and Lc represent the number of antenna for SC and EGC 

respectively. N0 is the noise power spectral density [57].  

𝑃(𝛾𝑗
𝑖 = 𝑥) =

1

𝛤𝑐
𝑒𝑥𝑝 (−

𝑥

𝛤𝑐
) 

Let us define the SNR of the output of i-th Selection Combiner (SC) as  

 𝛾0
𝑖=Max{𝛾𝑗

𝑖}     j=1:Lr 

Then pdf of the output SNR of i-th SC can be represented as  

        𝑝(𝛾0
𝑖)=

𝐿𝛾

┌𝑐
𝑒𝑥𝑝 [

𝛾0
𝑖

┌𝑐
⁄ ] [1 − 𝑒𝑥𝑝 (−

𝛾0
𝑖

┌𝑐
)]
𝐿𝛾−1

                       (2.6) 

where 𝛤𝑐 = 𝛾𝑏𝐸[𝛼𝑙
2] is the mean SNR per bit of each diversity channel. 

The overall output SNR of the EGC is then given by  

 𝛾𝑜𝑢𝑡=∑ 𝛾0𝑖
𝑁
𝑖=1               (2.7) 

The conditional bit error rate can be evaluated as  

𝑃𝑏(𝛾𝑜𝑢𝑡) =
1

2
𝑒𝑟𝑓𝑐[

√𝛾𝑜𝑢𝑡

√2
]                                        (2.8) 

The average BER can be obtained as 

𝐵𝐸𝑅 = ∫𝑃𝑏(𝛾𝑜𝑢𝑡). 𝑓𝛾𝑜𝑢𝑡(𝛾𝑜𝑢𝑡)𝑑𝛾𝑜𝑢𝑡                  (2.9) 

The pdf of 𝛾𝑜𝑢𝑡 can be obtained as  

𝑝(𝛾𝑜𝑢𝑡)=𝑝(𝛾0
1)⊗ 𝑝(𝛾0

2)⊗ …….…..⊗ 𝑝(𝛾0
𝑁)                           (2.10) 

where,  ⊗ denotes convolution. 
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2.3.2 Analysis for Hybrid MRC-SC System for Rayleigh Fading Channel 

In hybrid MRC-SC system, signal is received by L number of MRC having M diversity 

branches. The M received signals are weighted and combined to give maximum SNR. 

From L such system, the one with the highest SNR is selected using SC having L 

diversity branches. The system model is presented in Fig. 2.3. Considering Rayleigh 

fading channel, MRC having M diversity branches the output SNR is given by [58]: 

𝑓𝑀𝑅𝐶 (𝛾) =
𝛾𝑀−1𝑒

−𝛾

𝛾
→

  
𝛾
→𝑀Γ(𝑀)

                                                                                                                  (2.11) 

Where           𝛾 = instantaneous SNR 

                    
𝛾
→  = average SNR 

         Γ(𝑀)  = Gamma Function 

The Rayleigh distribution is often used to model multipath fading with no direct line-

of-sight (LOS) path. Its PDF is given by [59] 

𝑃𝛼(𝛼) =  
2𝛼

Ω
 𝑒−

𝛼

Ω                                                                                                                       (2.12) 

Where, 𝛼 ≥ 0, ∝ is channel fading amplitude, a random variable (RV), Ω = 𝛼̅2 (mean 

- square). 

The CDF of the MRC receiver can be obtained using 2.11 as 

𝐹𝑀𝑅𝐶(𝛾0) =
1

𝛾̅𝑀Γ(𝑀)
∫ 𝛾𝑀−1
𝛾0
0

𝑒
−
𝛾

𝛾 ̅̅ d𝛾                                                                                      (2.13) 

Eqn 2.13 can be further simplified as follows: 

 𝐹𝛾𝑀𝑅𝐶(𝛾0) =  
1

Γ(𝑀)
 𝑔 (𝑀,

Υ0

Υ
→
)                                                                             (2.14) 
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The inputs of EGC and MRC outputs. In EGC, the signals are equally weighted by 

their amplitude. In other words, the branch weights are all set to unity. By multiplying 

MRC outputs each with equal weights and then carrying L fold convolution of PDF of 

output SNR of MRC, PDF of hybrid MRC-EGC system can be obtained using eqn 

2.14: 

𝐹𝛾𝑀𝑅𝐶(𝛾0) =  
1

Γ(𝑀)
𝑔(𝑀,

𝛾0

𝛾̅
)                                                                                       (2.15) 

In SC diversity, signal having the highest SNR is sent to detector for the purpose of 

detection. The inputs to the SC system are the MRC outputs. Hence, the CDF of the 

output of MRC/SC receiver can be obtained as 𝐹(𝑀𝑅𝐶.𝑆𝐶)(𝛾) = ∏ 𝐹𝛾𝑖
𝐿
𝑖=1 (𝛾𝑖) putting 

the expression of eqn 2.15 we get [59]        

𝐹(𝑀𝑅𝐶.𝑆𝐶)(𝛾) = ∏ [
1

Γ(𝑀)
𝑔 (𝑀,

𝛾𝑖

𝛾̅
)] .𝐿

𝑖=1                                                                          (2.16) 

Considering fading parameters as same and approximately equal average SNR in each 

branch, the CDF of SC receiver in this can be obtained as [59],   

𝐹(𝑀𝑅𝐶,𝑆𝐶)(𝛾) = [
1

Γ(𝑀)
𝑔(𝑀,

𝛾

𝛾̅
)]
𝐿

                                                                                         (2.17) 

The PDF of the output SNR of the hybrid MRC/SC receiver can be obtained by 

differentiating eqn 2.17 with respect to 𝛾. The resulting expression after simplification 

is  

𝑓𝑀𝑅𝐶,𝑆𝐶(𝛾) = ∏ ∑
𝐿(𝜂)𝑀𝑖+𝑀+𝑛

{Γ(𝑀)}
∞
𝑛=0

𝐿−1
𝑖=1

𝑒−2𝜂𝛾

𝑀𝑖(𝑀𝑖+1)𝑛
𝛾𝑀𝑖+𝑀+𝑛−1                                              (2.18) 

Where 𝜂 =
1

𝛾̅
 and (𝑥)𝑛 is Poch hammer symbol. 𝑀𝑖 is diversity branches for different 

value of i. 

For identical fading parameter the expression of 𝑃𝑜𝑢𝑡 can be obtained from 2.17 as 

𝑃
𝑜𝑢𝑡 𝑀𝑅𝐶,𝑆𝐶(𝛾𝑡ℎ)= [

1
𝛤(𝑀)

𝑔(𝑀,
𝛾𝑡ℎ
𝛾̅
)]
𝐿

                                                                                                                        (2.19)  
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An expression for the ABER can be obtained by averaging the conditional bit error 

rate (BER), 𝑝𝑒(𝜀|𝛾) [58], for the modulation scheme used, over the PDF of the SC 

output SNR. Mathematically it can be given as  

𝑃𝑒(𝛾̅) = ∫ 𝑝𝑒(𝜀|𝛾)𝑓𝑀𝑅𝐶,𝑆𝐶(𝛾)𝑑𝛾                                                                                 (2.20)
∝

0
  

For binary coherent modulations, the expression for the conditional BER can be given 

as 𝑝𝑒,𝑐ℎ(𝜀 𝛾⁄ ) = 𝑄(√2𝛼𝛾), where 𝛼 = 0.5,1 for coherent frequency shift-keying 

(CFSK) and coherent phase shift-keying (CPSK) modulation, respectively. Putting 

𝑝𝑒,𝑐ℎ(𝜖/𝛾𝑆𝐶) and 𝑓𝛾𝑆𝐶(𝛾𝑆𝐶) from eqn 2.18 together into and solving the integral, an 

expression for the ABER for identical fading parameter can be obtained as [58]  

𝑃𝑒.𝑐ℎ(𝛾̅) =
𝐿√𝛼

2√𝜋 

1

{Γ(𝑀)}𝐿
∑

(𝜂)𝑀𝑖+𝑀+𝑛

𝑀𝑖(𝑀𝑖+1)𝑛
∞
𝑛=0       

Γ(𝑀𝑖+𝑀+𝑛_0.5)

(𝑀𝑖+𝑀+𝑛)(𝛼+2𝜂
𝑀𝑖+𝑀+𝑛+0.5

                            

                  2𝐹𝑖(1,𝑀𝑖 +𝑀 + 𝑛 + 0.5;𝑀𝑖 +𝑀 + 𝑛 + 1; 
2𝜂

𝛼+2𝜂
)                              (2.21) 

where 2Fi (a;b;c;z) is a hypergeometric function.                                                      

2.3.3 Analysis for Hybrid SC-MRC System for Rayleigh Fading Channel 

SC is the simplest form of diversity combining whereby the received signal from one 

of N diversity branches is selected. The output SNR of SC is [60] 

𝛾𝑆𝐶 = max{𝛾𝑖}                                                                                                               (2.22) 

The mean and variance of the combiner output SNR for SC becomes [61] 

Γ𝑆𝐶 = Γ∑
1

𝑛
𝑁
𝑛=1  ,                                                                                                              (2.23) 

𝜎𝑆𝐶
2 = Γ2  ∑

1

𝑛2
𝑁
𝑛=1  ,                                                                                                        (2.24) 

respectively. Therefore, the average SNR gain of SC is 

𝐺𝑆𝐶 = 10 𝑙𝑜𝑔10 {∑
1

𝑛
𝑁
𝑛=1 },                                                                                               (2.25) 
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In MRC, the received signals from all diversity branches are weighted and combined 

to maximize the SNR at the combiner output. The output SNR is given by [62] 

𝛾𝑀𝑅𝐶 = ∑ 𝛾(𝑖)
𝑁
𝑖=1                                                                                                              (2.26) 

Therefore, the average SNR gain of MRC is  

𝐺𝑀𝑅𝐶 = 10 𝑙𝑜𝑔10{𝑛}                                                                                                        (2.27) 

and normalized standard deviation of the MRC is  

𝜎𝑛,𝑀𝑅𝐶 = 10𝑙𝑜𝑔10 {
1

√𝑁
},                                                                                                    (2.28) 

The instantaneous output SNR of H-SC/MRC is [63] 

𝛾𝑆𝐶/𝑀𝑅𝐶 = ∑ 𝛾(𝑖)
𝐿
𝑖=1                                                                                                             (2.29) 

where 1 ≤ 𝐿 ≤ 𝑁,  

The mean and the variance of the combined output SNR can be easily obtained as 

Γ𝑆𝐶/𝑀𝑅𝐶 = 𝐿 (1 + ∑
1

𝑛
𝑁
𝑛=𝐿+1 ) Γ,                                                                                        (2.30) 

𝜎𝑆𝐶/𝑀𝑅𝐶
2 = 𝐿 (1 + 𝐿∑

1

𝑛2
𝑁
𝑛=𝐿+1 ) Γ2 ,                                                                                 (2.31) 

respectively. Therefore, the average SNR gain of H-SC/MRC in dB is [64] 

𝐺𝑆𝐶/𝑀𝑅𝐶 = 10𝑙𝑜𝑔10 {𝐿 (1 + ∑
1

𝑛
𝑁
𝑛=𝐿+1 )},                                                                        (2.32) 

and normalized standard deviation of the combined output SNR in dB is [65] 

𝜎𝑛,𝑆𝐶/𝑀𝑅𝐶 = 10𝑙𝑜𝑔10 {
√(1+𝐿∑

1

𝑛2
)𝑁

𝑛=𝐿+1

√𝐿(1+∑
1

𝑛
𝑁
𝑛=𝐿+1 )

},                                                                   (2.33) 
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2.4   Results and Discussion 

2.4.1   BER Performance 

Following the analytical approach, BER performance results for a UWB system are 

evaluated for residential as well as industrial environment. The building structures of 

residential and industrial environments are characterized by small units, with indoor 

walls of reasonable thickness. Here the transmission power is assumed to be 100mw. 

Other parameters are assumed as, fmin= 3GHz, fmax=10 GHz, fc=5GHz, BW=
1

Tp
, 

n=4.58, G0= -40db, d0=1 meter, Gt=1.0, η𝑇𝑋=.80, η𝑅𝑋=.20 and k=1.53. These 

parameters have already been used in previous analysis in a research work and have 

been accepted as standardized model by IEEE 802.15.4a [53]. The plots BER versus 

distance d in case of an indoor residential environment for a fixed transmission power 

is shown in Fig 3.1. The maximum achievable distance dmax  for a given BER of 10-5  

with Nr=1 are shown in the Table-1 for different value of Lr. From Fig 2 it is clearly 

evident that, for a particular BER (for example 10-5) a combination of 5 antennas help 

achieving better distance compared to that is achieved by a single receiving antenna. 

 

Fig 2.4 BER versus Round Trip Distance for different number of antennas 

(Indoor residential environment for fixed power, Nr=1) 
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TABLE I 

Maximum distance vs Number of Antenna 

(Indoor residential environment- for fixed BER=10-5 for Nr=1) 

L 

 

dmax 

(PTX=100mw) 

dmax 

(PTX=150mw) 

dmax 

(PTX=200mw) 

1 5 6 7 

2 22 23 24 

3 32 33 36 

4 40 43 47 

5 46 48 52 

 

2.4.2 BER Versus Maximum Distance for Different Number of Antennas

 The plots of maximum allowable distance, dmax for a given BER of 10-5 for different  

 

 

 

 

 

 

 

 

Fig 2.5 BER versus Maximum distance for different number of antennas 

for BER= 10-5 and Nr=1 
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number of antennas for a fixed BER (10-5) and different transmit power with Nr=1 is 

shown in Fig 3.2.  From Fig.3.2, it is clear that with increase of transmit power and 

number of antenna higher distance can be achieved compared to single antenna system. 

In Fig 2.6 below, the allowable distance vs BER for Nr=1 in case of an industrial 

environment is Presented. For a fixed BER i.e BER=10-5 or 10-6 data has been taken 

for different number of antennas for fixed power of 100mw, 150 mw and 200 mw. The 

detail data is shown in Table II. From Table II and III it is clearly evident that, for a 

 

Fig 2.6.Maximum Allowable roundtrip distance vs Number of Antenna (industrial 

environment- For 100 mw, 150 mw and 200 mw power, Nr=1) 

particular BER (for example 10-5 or 10-6) a combination of  5 antennas help achieving 

better distance compared to that is achieved by a single receiving antenna. 
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TABLE II 

Distance versus BER (Industrial Environment- for fixed BER= 10-4 to 10-8 and Nr=1 

 

BER 

Distance in Meter (m) for different L 

L=1 L=2 L=3 L=4 L=5 

10-4 10 26 42 50 54 

10-5 06 22 34 42 48 

10-6 - 15 27 35 42 

10-7 - 12 23 30 38 

10-8 - 10 20 28 36 

   

2.4.3 Results and Discussion 

An analytical approach has been made to find the performance comparison of SC-

MRC, SC-EGC and MRC-SC hybrid diversity combining system. A comparison of 

BER improvement has been made with another two Hybrid Diversty namely SC/MRC 

and MRC/SC Diversity combining [66] and [67].  Result for all the three systems are 

shown below:  

Fig: 2.7  BER Curves for SC/MRC 
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Fig: 2.8  BER Curves for MRC/SC 

 

Fig: 2.9  BER Curves for SC-EGC for L=2 and M=2,3,4 
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Fig: 2.10  BER Curves for SC-EGC for L=3 and M=2,3,4 

2.5   Comparison 

Comparison have been mare for BER performance for SC/MRC,MRC/SC and 

SC/EGC Diversity Scheme with reference [66] and [67]. A table for SNR in dB has 

been shown for BER of 10-4 , 10-5 and 10-6 in table III, IV and V respectively.   

TABLE III 

SNR required for maintaining ABER of Non-coherent Modulation Equal to 10-4 

Hybrid Technique 

M=2 

L=2 

M=3 

L=2 

SC/MRC SNR (in dB) 6.8 5.8 

SC/EGC SNR (in dB) 8.4 6.1 

MRC/SC SNR (in dB) 12 8.2 
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TABLE IV 

SNR required for maintaining ABER of Non-coherent Modulation Equal to 10-5 

Hybrid Technique 

M=2 

L=2 

M=3 

L=2 

SC/MRC SNR (in dB) 8.0 6.5 

SC/EGC SNR (in dB) 10.4 7.6 

MRC/SC SNR (in dB) 15.3 11.2 

 

TABLE V 

SNR required for maintaining ABER of Non-coherent Modulation Equal to 10-6 

Hybrid Technique 

M=2 

L=2 

M=3 

L=2 

SC/MRC SNR (in dB) 9.0 7.7 

SC/EGC SNR (in dB) 12.5 8.2 

MRC/SC SNR (in dB) 16.7 12.9 

TABLE VI 

SNR required for maintaining ABER of Non-coherent Modulation Equal to 10-9 

Hybrid Technique 

M=2 

L=2 

M=3 

L=2 

M=2 

L=3 

M=3 

L=3 

M=2 

L=4 

M=3 

L=4 

MRC/EGC SNR (in dB) - - - - - - 

SC/EGC SNR (in dB) 11.0 5.5 6.0 3.0 6.4 2.5 
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TABLE VII 

SNR required for maintaining ABER of Non-coherent Modulation Equal to 10-10 

Hybrid Technique 

M=2 

L=2 

M=3 

L=2 

M=2 

L=3 

M=3 

L=3 

M=2 

L=4 

M=3 

L=4 

MRC/EGC SNR (in dB) - - - - - - 

SC/EGC SNR (in dB) 12.0 7.4 12.0 7.4 7.5 3.0 

 

The system models are considered for Rayleigh fading environment. For this research 

work SNR in dB is also shown for BER of  10-9 and 10-10 . In the comparison analysis 

it is found that SC-MRC work better than SC-EGC but SC-EGC works better than 

MRC-SC. Though SC-MRC works better than SC-EGC but considering receiver 

complexity SC-EGC is less complex than that of SC-MRC. For all the diversity 

combining system, SNR required for having an acceptable level of performance 

decreases with increase in the number of diversity branches.  

2.6   Summary 

In this chapter, following the theoretical analysis, performance results are evaluated 

for a wireless communication system with single transmitter and multiple space 

diversity receiver over a Rayleigh fading channel. Results are evaluated in terms of bit 

error rate (BER) versus signal to noise ratio (SNR) in dB with the number of receiving 

antenna as a parameter. Analysis is also developed for BPSK signal to find the Bit 

Error Rate reader receiver with multiple selective combiners followed by EGC. It is 

observed that there is substantial improvement in range of a RFID system at a given 

BER and a single transmit power.  

In this paper, newly introduced hybrid diversity techniques SC-EGC and SC-MRC 

under AWGN noise using BPSK modulation have been inspected. Rayleigh fading 
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channel is used to prove the performance analysis of the hybrid diversity scheme. From 

the output analysis, BER versus SNR graph has been used to determine the rigidity of 

data transmission from transmitter to receiver. Signal received by SC-MRC shows 

better performance than the basic diversity schemes (SC, EGC, MRC). Whereas for 

every increase in antenna in the reception side SC-EGC shows better robustness in 

contrast to SC-MRC with less complexity. For higher diversity order SC-EGC is the 

preferable combining scheme for SIMO transmission with a slight trade-off between 

diversity BER gain with complex model construction. 

Hence, the first objective of the thesis is achieved which is “to develop an analytical 

model of BER for an OFDM Wireless Communication System with Hybrid Receive 

Combining Techniques over Rayleigh fading channel and to evaluate BER 

performance”.   
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CHAPTER 3 

BER ANALYSIS OF OFDM SISO AND SIMO SYSTEMS  

3.1 Introduction 

Impulsive noise consists of relatively short duration “on/off” pulses [68]. Impulsive, 

non-Gaussian noise is prevalent in many communication environments due to a 

variety of sources, such as man-made electromagnetic interference, atmospheric 

noise, or ignition noise [69-70]. A widely accepted model for impulsive noise is 

Middleton’s model with three distinct classes [71]. Middleton Class A model is valid 

when the bandwidth of noise is less than that of the receiver front-end and 

interference waveforms produce negligible transients at the receiver. If the noise 

bandwidth exceeds receiver front-end bandwidth and interference wave-forms result 

in significant transients, Class B model becomes valid. Class C, on the other hand, 

is considered as a mixture of Class A and B models [72]. Middleton Class A model 

has been widely used in analyzing the performance of communication systems under 

impulsive noise [73].  

SIMO-OFDM is an intelligent approach for improving system capacity, spatial 

multiplexing and diversity coding [74]. The SIMO-OFDM system is a development 

in which the receiver receives a main carrier signal including multi sub-carrier 

signals orthogonally to each other that propagate through the transmission channel. 

There are many factors affect the performance of SIMO-OFDM. These factors 

include different types of noise and also the effect of the fading on the transmission 

channel. Most evaluations of SIMO and OFDM systems were considered in an ideal 

Gaussian noise environment [75].  
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3.2 System Block Diagram 

3.2.1   System Block Diagram of AWGN Noise Model 

 

Fig 3.1  Block diagram of AWGN Noise Model 

 

3.2.2   Impulsive Noise Models – Middleton Class A 

 

Fig 3.2  Block diagram of Middleton Class A Impulse Noise Model 
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3.2.3   Impulsive Noise Models   S−𝜶 − 𝑺 Model 

 

 

Fig 3.3  Block diagram of Symmetric Alpha Stable Impulse Noise Model 

3.2.4   SIMO-OFDM System Block Diagram 

OFDM (Orthogonal Frequency Division Multiplexing) technology is a kind of 

multi-carrier modulation (MCM) technology. The basic idea is to transform the high-

speed data streams into a low rate of N sub-way data flows, and then to modulate N 

roads orthogonal sub-carriers [76]. Finally, transmit these data parallelly. In this way 

data flow rate is the 1/N of the original’s rate, and the symbol period expands N-

fold, [77] which is much larger than the channel maximum delay, and eliminates 

inter-symbol interference. The OFDM technology divided a wideband frequency 

selective channel into N narrowband flat fading channel, thus it has a strong 

resistance to multipath fading and anti-carrier interference. The combinations of 

MIMO and OFDM technology is widely considered to be the most effective means 

of improving spectral efficiency and system throughput. And it is the key physical 

layer technology of the fifth generation wireless mobile communication system. 
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Despite its advantages, OFDM-based MIMO systems suffer from non-Gaussian and 

nonlinear impulsive noise, which is commonly seen in wireless systems, caused by 

the switches of electric devices, ignition noise in vehicles, or strong bursty radio 

frequency emission, etc [78].  

Fig 3.4  Block diagram of SIMO OFDM system (Transmitter and Receiver) 
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3.3   Analysis 

3.3.1   Signal and Noise Power 

Considering binary PSK modulation with single input single output with N-OFDM 

sub-carrier, the complex encircle of OFDM signal can be expressed as [79], 

𝑣(𝑡) = √
2𝐸𝑠
𝑇𝑠
 ∑∑𝛼𝑘,𝑛𝜑𝑛(𝑡 − 𝑘𝑇𝑠)

𝑁−1

𝑛=0

∞

𝑘=0

 

                                                      =∑ vn(t)
N−1
n=0                (3.1) 

where, Es is the energy over a transmitted OFDM symbol, Ts is the symbol period 

𝛼𝑘,𝑛 carries the information to be sent over the k-th symbol interval 𝑡 ∈

[𝑘𝑇𝑠, 𝑘𝑇𝑠 + 𝑇𝑠] and n-th sub-band (n=0, 1, 2, ….N-1), N being the number of OFDM 

subcarrier, vn(t) is the complex envelop of the signal transmitted in the n-th sub-band 

is given by [80] , 

𝑣𝑛(𝑡) =  √𝐸 ∑ 𝛼𝑘,𝑛𝜑𝑛(𝑡 − 𝑘𝑇𝑠)
∞
𝑘=0                                         (3.2) 

where {𝜑𝑛(𝑡)}𝑛=0
𝑁−1 is a set of complex orthogonal wave form and is given by 

𝜑𝑛(𝑡) =  {𝑒𝑥𝑝 [𝑗2𝜋 〈𝑛 −
𝑁−1

2
〉 𝑡 𝑇𝑠
⁄ ]} , 𝑡 ∈ ⌈0, 𝑇𝑠⌉              (3.3) 

                                                             𝑡 ∉ [0, 𝑇𝑠] 

Each waveform in the set {𝑣𝑛(𝑡)}𝑛=0
𝑁−1 corresponds to a distinct (n-th) subcarrier with 

frequency 

𝑓𝑛 = 𝑓𝑐 + 
2𝑛−(𝑁−1)

2𝑇𝑠
.                                                                              (3.4) 

We consider binary phase shift keying (BPSK) for which 𝛼𝑘,𝑛 = ±1 , the received 

signal for the n-th OFDM subcarrier can be expressed as [81]: 
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𝑟𝑛(𝑡) =  √
2𝐸𝑠
𝑇𝑠
 ∑𝛼𝑘,𝑛𝜑𝑛(𝑡 − 𝑘𝑇𝑠) ⊗ ℎ𝑐

∞

𝑘=0

(𝑡) + 𝑛(𝑡) 

                                            = 𝑣𝑛(𝑡) ⊗ ℎ𝑐(𝑡) + 𝑛(𝑡)            (3.5)  

                                            = 𝑣0,𝑛(𝑡) + 𝑛(𝑡)             

where,     ℎ𝑐(𝑡) is the impulse response of the wireless signal channel and n(t) 

represents the total signal consisting of background noise nb(t) and impulsive noise 

nimp(t),and Eb is the energy of an received OFDM symbol. Fourier Transform of v0,n(t) 

can be expressed as: 

𝑉0, 𝑛(𝑓1) = 𝑉𝑛(𝑓1).𝐻𝑛(𝑓1)                                                                       (3.6) 

 𝑉0(𝑓𝑛) ⊗ 𝐻∗(𝑓𝑛) = 𝑉(𝑓𝑛). |𝐻(𝑓𝑛)|
2                                            (3.7) 

The received OFDM signal is processed at the receiving end to remove the cyclic 

prefix and then all the sub-band modulated carriers of OFDM signal are separated by 

serial to parallel operation followed by FFT. The sub-band channel signals are passed 

through matched filter transfer function 𝐻∗ (𝑓𝑛) and the output of matched filter is 

given by [82], 

 𝑦𝑛(𝑡) = √
2𝐸𝑠

𝑇𝑠
 ∑ 𝑎𝑘,𝑛𝜑𝑛
∝
𝑘=0 (𝑡 − 𝑘𝑇𝑠) + 𝑛0(𝑡) 

                       =√
2𝐸𝑠

𝑇𝑠
 ∑ 𝑎𝑘,𝑛𝜑𝑛
∝
𝑘=0 (𝑡 − 𝑘𝑇𝑠) + 𝑛0(𝑡)                        (3.8) 

where, H(𝑓𝑛) is given by 

ℎ2(𝑡) =  𝛼 [𝑠𝑖𝑛
4𝜋

𝑇𝐴𝐶
𝑡 + 𝛽] ℎ𝑐(𝑡)  

         = 𝛼ℎ𝑐(𝑡)𝑆𝑖𝑛 
4𝜋

𝑇𝐴𝐶
𝑡 +  𝛼𝛽ℎ𝑐(𝑡) 

and 
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𝐻2(𝑓) = 𝐹{ℎ2(𝑡)} 

The signal at the output of coherent BPSK demodulator corresponding to n-th band is 

given by, 

𝑍𝑛(𝑡) = √
2𝐸𝑠

𝑇𝑠
 ∑ 𝑎𝑘,𝑛𝜑𝑛
∝
𝑘=0 (𝑡 − 𝑘𝑇𝑠). |𝐻(𝑓𝑛)|² + 𝑛0(𝑡)             (3.9) 

The variance of output 𝑛0(𝑡)𝑖𝑠 𝑔𝑖𝑣𝑒𝑛 𝑏𝑦, 

 𝜎0,𝑚
2 = 𝜎𝑚

2 . |𝐻(𝑓𝑛)|²              (3.10) 

The signal to noise ratio (SNR) at the output of coherent BPSK demodulator is then 

given by [83], 

𝛾𝑛.𝑚 =

|√
2𝐸𝑠
𝑇𝑠
  .  |𝐻(𝑓𝑛)|

2|

2

𝜎𝑚2 .  |𝐻(𝑓𝑛)|2
 

    = 
𝐴0
2

𝜎𝑚
2 . |𝐻(𝑓𝑛|

2 =
|𝐴0𝑛|

2

𝜎𝑚
2            (3.11) 

where,   𝐴0 = √
2𝐸𝑠

𝑇𝑠
= √2𝑃𝑠  and 𝐴0𝑛= 𝐴0              (3.12) 

and 𝑃𝑠  is average signal power over an OFDM symbol interval and, 

𝜎𝑚
2 = 𝜎𝑏

2 + 𝜎𝑖𝑚𝑝
2 = 𝜎𝑏

2(1+
1

𝛤
)              (3.13) 

Where,     

𝜞 = 
𝜎𝐺
2

𝜎𝐼
2                   (3.14) 

σG
2  and σI

2 represent the zero mean and variance for Gaussian noise and 

 Impulsive noise respectively 
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The bandwidth of an OFDM sub-channel is expressed by ∆𝑓 = 𝐵/𝑁 when B is the 

channel bandwidth and N is the number of OFDM sub-carriers. The SNR for i-th 

OFDM sub-carriers for L=1 considering the Middleton Class A noise Model is given 

by [84], 

𝛾𝑛,𝑚 =
𝐴0
2. |𝐻(𝑓1)|

2

𝜎𝑚2
 

                                                 =
2𝑃𝑠 .|𝐻(𝑓1)|

2

𝜎𝑏
2[
(
𝑚
𝐴
+𝛤)

𝛤
]

 

  =𝛾𝑏 .
2 .|𝐻(𝑓1)|

2

[
(
𝑚
𝐴
+𝛤)

𝛤
]

 ; 𝑎𝑠 𝛾𝑏 = 
𝐴0
2 2⁄

𝜎𝑏
2 = 

𝑃𝑠

𝜎𝑏
2 =

2|𝐻(𝑓1)|
2

(
𝑚

𝐴
+ 𝛤) 𝛤⁄

 . 𝛾𝑏 =
2𝛤|𝐻(𝑓1)|

2

(
𝑚

𝐴
+𝛤)

 . 𝛾𝑏 (3.15) 

3.3.2   BER Analysis  

3.3.2.1   SISO OFDM with Poisson’s Noise Model 

The background noise is assumed to be white Gaussian Noise (AWGN) with zero 

mean and variance 𝜎𝑤
2 . The arrival of impulsive noise follows a Poisson process with 

a rate of λ units per second, so that the event of k arrivals in t seconds has the 

probability distribution, 

𝑃𝑘 = 𝑒
−𝜆𝑡(𝜆𝑡)𝑘/𝑘!    K=0, 1, 2                (3.16)                                            

The distribution time of the impulsive noise Tnoise and time period is T. Pi is defined 

as the total average occurrence of the impulsive noise duration in time T and P0 is 

the average duration without impulsive noise in time T, in which duration only 

AWGN is present. The probability distribution is [85], 

𝑃𝑖 = ⌈∑𝑒−𝜆𝑇
(𝜆𝑇)2

𝑘!

∞

𝑘=0

(𝐾𝑇𝑛𝑜𝑖𝑠𝑒)⌉ /𝑇 

                                                     =𝜆𝑇𝑛𝑜𝑖𝑠𝑒 [∑ 𝑒−𝜆𝑇∞
𝑘=1

(𝜆𝑇)𝑘−1

(𝑘−1)!
] 
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                                                    = 𝜆𝑇𝑛𝑜𝑖𝑠𝑒 [∑ 𝑒−𝜆𝑇∞
𝑘=0

(𝜆𝑇)𝑘

𝑘!
] 

At high value of k,                    

 ∑ 𝑒−𝜆𝑇∞
𝑘=0

(𝜆𝑇)𝑘

𝑘!
= 1 

   𝑃𝑖 = 𝜆𝑇𝑛𝑜𝑖𝑠𝑒                                                      (3.17)       

If the BER under impulsive noise is Pb1 and BER under AWGN is Pb2, the BER of a 

single carrier BPSK is given by [86], 

𝑃𝑏 = 𝑃𝑏1 + 𝑃𝑏2    

where Pb1is BER under impulsive noise and Pb2 is BER under AWGN                   

                 (3.18)                                                                                           

with impulsive noise 

𝑃𝑏1 =  𝜆𝑇𝑛𝑜𝑖𝑠𝑒[𝑃𝑏𝑖] , where Pbi  is  BER under Impulsive noise         (3.19) 

with AWGN 

𝑃𝑏2 = (1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒) [𝑃𝑏𝑤] , where Pbw is BER under AWGN         (3.20) 

So, we can write, BER in BPSK under impulsive noise as,   

 𝑃𝑏 = 𝜆𝑇𝑛𝑜𝑖𝑠𝑒[𝑃𝑏𝑖] + (1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒) [𝑃𝑏𝑤]                                            

for L=1, 

𝑃𝑏𝑖 = 
1

2
 𝑒𝑟𝑓𝑐 [√

𝐸𝑏
𝑁0
⁄

1+𝜇1
]               (3.21) 

where, 𝜇1 is the ratio of impulsive noise to additive white Gaussian noise (AWGN). 

𝑃𝑏𝑤 = 
1

2
 𝑒𝑟𝑓𝑐 [√

𝐸𝑏

𝑁0
]                          (3.22) 
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where 𝐸𝑏 is the signal energy per bit, 𝑁0 is the power spectral density of the AWGN.  

So, for L=1, in case of impulsive noise for n-th OFDM channel, the conditional bit 

error probability can be expressed as [87]: 

  𝑃𝑒(𝛾𝑛) = 𝜆𝑇𝑛𝑜𝑖𝑠𝑒0.5 𝑒𝑟𝑓𝑐 (√
𝛾𝑛(0)

1+𝜇1
) + (1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒) 0.5 𝑒𝑟𝑓𝑐 (√𝛾𝑛(0))           (3.23)                                          

For L=1; 𝛾𝑛 = 𝛾𝑏 =
𝐸𝑏

𝑁0
 

3.3.2.2   SIMO OFDM with Poisson’s Noise Model 

Considering diversity reception as MRC (Maximal Ratio Combining) with L>1 

The average bit error rate of n-th subchannel can be obtained by averaging the 

conditional bit error rate 𝑃𝑒(𝛾𝑛) over the pdf of 𝛾𝑛 and average BER can be expressed 

as [88]:  

𝐵𝐸𝑅(𝑛) = ∫ 𝑃𝑒(𝛾𝑛). 𝑃(𝛾𝑛)𝑑𝛾𝑛
∝

0
    

Where,𝑃(𝛾𝑛) =
𝛾𝑛
𝐿−1

(𝐿−1)!𝛤𝑐
𝐿 𝑒𝑥𝑝 [−

𝛾𝑛

𝛤𝑐
]                                                                                          (3.24) 

 𝛤𝑐 = 2𝛼∝
2 . 𝛾𝑏;  𝛾𝑏 =

𝐸𝑏

𝑁0
 is the average SNR per bit in each diversity channel. 

using eqn  (3.12), 

𝐵𝐸𝑅(𝑛) = ∫ {
1

2
𝜆𝑇𝑛𝑜𝑖𝑠𝑒𝑒𝑟𝑓𝑐 ([

√𝛾𝑛

1+𝜇1
]) +

1

2
(1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒)𝑒𝑟𝑓𝑐 ([

√𝛾𝑛

1+𝜇1
])} ×

∝

0

𝛾𝑛
𝐿−1

(𝐿−1)!

𝑒𝑥𝑝(−
𝛾𝑛
𝛤𝑐
)

𝛤𝑐
𝐿 𝑑𝛾𝑛  

Probability of Bit Error for AWGN channel can be expressed as: 

𝑃𝑏𝑤 = 0.5(1 − 𝜇2𝑤)
𝐿 ∑ (𝐿−1+𝑙

𝑙
)[0.5(1 + 𝜇2𝑤)]

𝑙𝐿−1
𝑙=0  ≈ (

1

4𝛤𝑐𝑤
)
𝐿

(2𝐿−1
𝐿
)  (3.25) 

Probability of Bit Error for impulsive noise channel can be expressed as: 
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𝑃𝑏𝑖 = 0.5(1 − 𝜇2𝑖)
𝐿 ∑ (𝐿−1+𝑙

𝑙
)[0.5(1 + 𝜇2𝑖)]

𝑙𝐿−1
𝑙=0  ≈ (

1

4𝛤𝑐𝑖
)
𝐿

(2𝐿−1
𝐿
)  

 ; (𝑛
𝛾
) = 𝑛𝐶𝛾 =

𝑛!

𝛾!(𝑛−𝛾)!
                         (3.26) 

where,     𝜇2𝑤 = √
𝛤𝑐𝑤

1+𝛤𝑐𝑤
  

and        𝜇2𝑖 = √
𝛤𝑐𝑖

1+𝛤𝑐𝑖
 

Average SNR per bit in OFDM for each diversity channel for MRC in case of 

AWGN is: 

𝛤𝑐𝑤 = 2𝜎𝛼
2 𝐸𝑏

𝑁0
  

Average SNR per bit in OFDM for each diversity channel for MRC in case of 

impulsive noise is: 

𝛤𝑐𝑖 = 2𝜎𝛼
2
𝐸𝑏

𝑁0
⁄

1+𝜇1
 = 

𝛤𝑐𝑤

1+𝜇1
 , 𝜇1 = 𝜇 =

𝜎𝑖
2

𝜎𝑔
2 =

1

𝛤
 

Assuming 0.5(1 + 𝜇2) ≈ 1  and  0.5(1 − 𝜇2) ≈
1

4Γ𝑐
  , furthermore 

∑(
𝐿 − 1 + 𝑙

𝑙
) = (

2𝐿 − 1

𝐿
)

𝐿−1

𝑖=𝑜

 

So, the BER in diversity reception is given by, 

𝑃𝑏 ≈ (
1

4Γ𝑐
)𝐿(2𝐿−1

𝐿
)                                                                                            (3.27) 

where, Γ𝑐 is the SNR in OFDM and is given by, 

Γ𝑐 = 2𝜎𝛼
2.
𝐸𝑏
𝑁𝑚
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                                            =  

𝐸𝑏
𝑁0
⁄

1+𝜇₂𝜆𝑇𝑛𝑜𝑖𝑠𝑒
                            (3.28)                                          

where 𝜇2=√
𝛤𝑐

1+𝛤𝑐
 

The overall BER can be written as [89]: 

𝑃𝑏 ≅ 𝜆𝑇𝑛𝑜𝑖𝑠𝑒𝑃𝑏𝑖 + (1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒)𝑃𝑏𝑤   

     ≅ [𝜆𝑇𝑛𝑜𝑖𝑠𝑒  (
1

4𝛤𝑐𝑤
)
𝐿

+ (1 − 𝜆𝑇𝑛𝑜𝑖𝑠𝑒) (
1

4𝛤𝑐𝑖
)
𝐿

] (2𝐿−1
𝐿
)                     (3.29) 

Note: (2L−1
L
) =

(2L−1)!

L!(L−1)!
  =>  (n

γ
) =  nCγ = 

n!

γ!(n−γ)!
  

3.3.2.3   SISO OFDM with Middleton Class A Noise Model 

The Middleton Class-A noise model stands out as prominent choice for representing 

impulsive noise in various scholarly works. This noise model is characterized by two 

key parameters: A (impulsive factor) and 𝜞 (Gaussian Noise Factor). These parameters 

govern the distribution shape and behaviour of the noise model, offering a versatile 

tool for tailoring impulsive noise characteristics. The probability density function 

(PDF) of the Middleton Class-A noise model is described by the equation [90]: 

𝑓𝑧(𝑧) = 𝑒
−𝐴∑

𝐴𝑚

𝑚!√2𝜋𝜎𝑚
2
𝑒

𝑧2

2𝜎𝑚
2∞

𝑚=0               (3.30) 

where    

𝜎𝑚
2 =

𝑚

𝐴
+𝛤

1+𝛤
                (3.31) 

Parameters of  Middleton Class A Noise Model: 

A = Impulsive Index/ Overlap Index  

Γ = Gaussian Factor  = power ratio of the background Gaussian noise and the 

impulsive noise 
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𝛤 =
𝜎𝑔
2

𝜎𝑖
2                 

Equation (3.25) further elucidates the relationship between 𝜞, representing the power 

of Gaussian noise, and 𝜎𝑔
2 and 𝜎𝑖

2, representing the powers of Gaussian and Impulsive 

noise respectively. 

 

The Gaussian factor 𝜞 characterizes the ratio of the power of AWGN, denoted by 𝜎𝑔
2, 

to the power of impulsive noise, denoted by  𝜎𝑖
2. In essence, a higher 𝜞 value signifies 

a predominant presence of Gaussian noise relative to impulsive noise, and conversely. 

The impact of impulsive noise undergoes variations with alteration in the parameter 

A. Throughout this analysis, the value of 𝜞 remains fixed at 0.1, while A undergoes 

variation [83-85]. 

The SNR for n-th OFDM sub-channel is given by [91], 

𝛾𝑛.𝑚 =
2|𝐻(𝑓𝑛)|

2

(
𝑚

𝐴
+𝛤) 𝛤⁄

 . 𝛾𝑏 

=
2𝛤|𝐻𝑛(𝑓)|

2

(
𝑚

𝐴
+𝛤)

. 𝛾𝑏               (3.32) 

Let, |𝐻𝑛(𝑓)|
2 = 𝑔𝑛 , so 𝛾𝑛.𝑚 =

2𝛤𝑔𝑛

(
𝑚

𝐴
+𝛤)
 . 𝛾𝑏 = 𝜂. 𝛾𝑏 

where, 𝜂 =
2𝛤𝑔𝑛
𝑚

𝐴
+𝛤

 , gn is the effective channel gain 

The average BER of n-th sub-carrier is given by 

𝐵𝐸𝑅(𝑛) = 𝑃𝑛(𝛾𝑛) = ∑
𝑒−𝐴. 𝐴𝑚

𝑚!
 .  
1

2
 𝑒𝑟𝑓𝑐 [

√𝛾𝑛,𝑚

√2
]

∝

𝑚=0

 

        = ∑ 𝐶𝑛,𝑚  .  
1

2
 𝑒𝑟𝑓𝑐 [

√𝛾𝑛,𝑚

√2
]∝

𝑚=0  𝑤ℎ𝑒𝑟𝑒 𝐶𝑛,𝑚 =
𝑒−𝐴.𝐴𝑚

𝑚!
              (3.33)                        
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3.3.2.4   SIMO MRC OFDM with Middleton Class A Model 

L>1 (Maximum Ratio Combining/Selection Combining) with Middleton Class A 

Model [92]: 

BER for n-th OFDM Sub Channel = 𝐵𝐸𝑅 (𝑛) = ∫ 𝑃𝑒(𝛾𝑛) . 𝑓𝛾𝑖(𝛾𝑏)    𝑑𝛾𝑛,𝑚  
∝

0
       (3.34) 

Overall BER,    BER= 
1

𝑁
∑ 𝐵𝐸𝑅(𝑛)𝑁
𝑛=1  

For Middleton Class- A noise Model: 

Conditional BER for a given 𝛾𝑛 ,  

𝑃𝑒(𝛾𝑛) = ∑ 𝐶𝑛,𝑚 [
1

2
𝑒𝑟𝑓𝑐 (

√𝛾𝑛𝑚

√2
)]

∞

𝑚=0

= ∑ 𝐶𝑛,𝑚

∝

𝑚=0

.
1

2
 𝑒𝑟𝑓𝑐 ([

2𝛤|𝐻(𝑓𝑛)|
2

(
𝑚
𝐴 +  𝛤)

 .  
𝛾𝑛

√2
]) 

= ∑ (
𝐴𝑚

𝑚!
 𝑒−𝐴) [

1

2
{𝑒𝑟𝑓𝑐 (

√2𝛤𝑔𝑛
𝑚

𝐴
+𝛤

. 𝛾𝑛)}]
∝
𝑚=0     

γn = Output SNR for n − th sub − channel 

fγn(γn) = PDF of γn at the output ofMRC Combiner 

𝑓𝛾𝑛(𝛾𝑛) =
𝛾𝑛
𝐿−1 𝑒𝑥𝑝[−𝛾𝑛 𝛤𝑐⁄ ]

(𝐿 − 1)! 𝛤𝑐𝐿
      𝛾𝑛 > 0 ; 𝐹𝑜𝑟 𝑀𝑅𝐶 

 where 𝛤𝑐 = 2 𝜎𝛼
2 .

𝐸𝑏

𝑁0
= 2𝜎𝛼

2. 𝛾𝑏    

𝑓𝛾𝑛(𝛾𝑛) =  
𝐿

𝛤𝑐
exp (

𝛾𝑛

𝛤𝑐
) [1 − 𝑒𝑥𝑝 (−

𝛾𝑛

𝛤𝑐
)  ]

𝐿−1

  for SC 

Average BER for n-th OFDM subchannel can be expressed as: 

𝐵𝐸𝑅(𝑛) = ∫ 𝑃𝑒

∝

0

 (𝛾𝑛) . 𝑓(𝛾𝑛) 𝑑𝛾𝑛  
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𝑤ℎ𝑒𝑟𝑒 𝑃𝑒 (𝛾𝑛) = ∑
𝐴𝑚

𝑚!
 𝑒−𝐴 .

1

2
 𝑒𝑟𝑓𝑐 [𝛽𝑚,𝑛𝛾𝑛]

∝

𝑚=0

 

𝑤ℎ𝑒𝑟𝑒 𝛽𝑚,𝑛 =
√2 𝛤𝑔𝑛

(
𝑚

𝐴
+ 𝛤)

  ,  here gn is the effective channel gain 

𝑓(𝛾𝑛) =
𝛾𝑛
𝐿−1

(𝐿 − 1)! 𝛤𝑐,0
𝐿  𝑒𝑥𝑝 [−

𝛾𝑛
𝛤𝑐
]    𝑤ℎ𝑒𝑟𝑒 𝛤𝑐 = 2𝜎𝛼

2. 𝛾𝑏 ,  

𝛾𝑏 =
𝐸𝑏
𝑁0

 

𝐵𝐸𝑅(𝑛) = ∫ ∑
𝐴𝑚.𝑒−𝐴

𝑚!
 .  
1

2
 𝑒𝑟𝑓𝑐 [𝛽𝑚,𝑛 . 𝑥] .

𝑥𝐿−1

(𝐿−1)!𝛤𝑐
𝐿  𝑒𝑥𝑝 [−

𝑥

𝛤𝑐
] 𝑑𝑥∝

𝑚=0
∝

0
  

                  = ∑
𝐴𝑚𝑒−𝐴

𝑚!
 .
1

2
∫ 𝑒𝑟𝑓𝑐 (𝛽𝑚,𝑛 .  𝑥) .  

𝑥𝐿−1

(𝐿−1)! 𝛤𝑐
𝐿 exp (−

𝑥

𝛤𝑐
) 𝑑𝑥

∝

0
∝
𝑚=0          (3.35)      

                

3.3.2.5   BER Analysis of SISO OFDM with SαS Model for α=2 

P(zn) = Probability of Output voltage zn 

Let, zn = v0 = output voltage for ‘0’ transmitted 

𝑝(𝑣0) =
1

2√𝜋
 𝑒𝑥𝑝 [−

(𝑣0+𝐴0)
2

4
] for ‘0’ transmitted 

𝑝(𝑣1) =
1

2√𝜋
 𝑒𝑥𝑝 [−

(𝑣0− 𝐴0)
2

4
] for ‘1’ transmitted 

𝑝𝑟𝑜𝑏{1 0⁄ } = 𝑝𝑟𝑜𝑏{ "0" 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑, "1" 𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑} 

= ∫ 𝑝(𝑣0) 𝑑𝑣0 = ∫
1

2√𝜋
𝑒𝑥𝑝 [−

(𝑣0 + 𝐴0)
2

4
] 𝑑𝑣0

∝

0

∝

0

 

Let, 
𝑣0+𝐴0

2
= 𝑥  → 𝑑𝑣0 = 2𝑑𝑥 

𝑣0 = 0,   𝑥 =
𝐴0
2

 

𝑣0 →∝ , 𝑥 → 0 
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𝑝(1 0⁄ ) = ∫
1

√𝜋
 𝑒𝑥𝑝(−𝑥2)𝑑𝑥 =

1

2
 𝑒𝑟𝑓𝑐 [

𝐴0

2
]

∝
𝐴0

2⁄
           (3.36) 

𝑝(0 1⁄ ) =
1

2
 𝑒𝑟𝑓𝑐 (

𝐴0
2
) 

Let us define SNR as 

𝛾 =
𝐴0
2

𝜎𝑔
2+𝜎𝑖

2   → 𝐴0  

𝑤ℎ𝑒𝑟𝑒, σg
2 = variance of Gaussian noise 

σi
2 = variance of Impulsive noise 

Let, 𝛤 =
𝜎𝑔
2

𝜎𝑖
2 

𝛾0 = 𝛾 [1 +
1

𝛤
]  𝑎𝑛𝑑 𝛾 =

𝐴0
2

𝜎𝑔
2⁄

1 +
𝜎𝑖
2

𝜎𝑔2

= 
𝛾0

1 +
1
𝛤

 

𝐴0
2 = 𝛾0 = [1 +

1

𝛤
] 

𝐴0 = [
𝛤 + 1

𝛤
]

1
2
 

𝐵𝐸𝑅(𝛾) =
1

2
 𝑒𝑟𝑓𝑐 {[√

𝛾

2
. [
𝛤+1

𝛤
]

1

2
]} =

1

2
 𝑒𝑟𝑓𝑐 [√

𝛾

2
. √

1

1+
1

𝛤

] =
1

2
𝑒𝑟𝑓𝑐 [ √𝛾

2√1+
1

𝛤

]            (3.37) 

3.3.2.6   BER Analysis of SIMO MRC OFDM with SαS Model for α=2 

𝑝𝑒(𝛾) =
1

2
 𝑒𝑟𝑓𝑐 [

𝛾

2
] = 𝐶𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑎𝑙 𝐵𝐸𝑅 

PDF of 𝛾 at the output of MRC 
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𝑝(𝛾) =
𝛾𝐿−1

(𝐿 − 1)! 𝛤𝑐𝐿
 𝑒𝑥𝑝 [−

𝛾

𝛤𝑐
] 

Average BER for n-th OFDM channel: 

𝐵𝐸𝑅(𝑛) = ∫ 𝑝𝑒(𝛾). 𝑝(𝛾) 𝑑𝛾
∝

0

 

                                            =∫
1

2
𝑒𝑟𝑓𝑐 [ √𝛾

2√1+
1

𝛤

] .
𝛾𝐿−1

(𝐿−1)!𝛤𝑐
𝐿  𝑒𝑥𝑝 [−

𝛾

𝛤𝑐
] 𝑑𝛾   

∝

0
          (3.38) 

     

3.3.2.7   BER Analysis of SISO OFDM with SαS Model for 0<𝜶 < 𝟏 

𝑓𝑥𝑛(𝑥𝑛) = 𝑝𝑑𝑓 𝑜𝑓 𝑥𝑛(𝑖𝑚𝑝𝑢𝑙𝑠𝑖𝑣𝑒 𝑛𝑜𝑖𝑠𝑒) 

𝑓𝑥𝑛(𝑥𝑛) =
1

𝜋𝑥𝑛
∑

(−1)𝑘−1

𝑘!
𝛤(𝛼𝑘 + 1)𝑥𝑛

−𝛼𝑘. 𝑠𝑖𝑛 (
𝑘𝛼𝜋

2
)    0 < 𝛼 < 1∝

𝑘=1                       (3.39) 

𝐵𝑒𝑟 =
1

2
[𝑝𝑒(

0
1⁄ ) + 𝑝𝑒

1
0⁄ ] 

Voltage at the receive output 

𝑣0 = −𝐴0 + 𝑥𝑛      − − ′0′ 

 

𝑣0 = +𝐴0 + 𝑥     − − ′1′ 

𝑝(𝑣0) = 𝑓𝑥𝑛(𝑥𝑛)|𝑥𝑛 = 𝑣0 + 𝐴0 

=
1

𝜋(𝑣0 + 𝐴0)
∑

(−1)𝑘−1

𝑘!
𝛤(𝛼𝑘 + 1)(𝑣0 + 𝐴0)

−𝛼𝑘

𝛼

𝑘=1

. 𝑠𝑖𝑛 (
𝑘𝛼𝜋

2
)      0 < 𝛼 < 1 

𝑝(1 0⁄ ) = ∫ 𝑝(𝑣0)𝑑𝑣0

∝

0

 

= ∫
1

𝜋(𝑣0 + 𝐴0)
∑

(−1)𝑘−1

𝑘!
 𝛤(𝛼𝑘 + 1)(𝑣0 + 𝐴0)

−𝛼𝑘

∝

𝑘=1

. 𝑠𝑖𝑛 (
𝑘𝛼𝜋

2
)𝑑𝑣0      0 < 𝛼

∝

0

< 1 
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Let,       𝑣0 + 𝐴0 = 𝑥 

        𝑑𝑣0 = 𝑑𝑥 

Then, 𝑣0 = 0,       𝑥 = 𝐴0 

          𝑣0 =∝ ,       𝑥 =∝ 

𝑝(1 0⁄ ) = ∫
1

𝜋𝑥
.  ∑

(−1)𝑘−1

𝑘!
 𝛤

∝

𝑘=1

∝

𝐴0

(𝛼𝑘 + 1). 𝑥−𝛼𝑘. 𝑠𝑖𝑛 (
𝑘𝛼𝜋

2
)𝑑𝑥 

So,  𝑝(1 0⁄ ) = ∫
1

𝜋(𝑦.𝜎𝑔)
∑

(−1)𝑘−1

𝑘!
 𝛤(𝛼𝑘 + 1). (𝑦𝜎𝑔)

−∝𝑘∝
𝑘=1 . 𝑠𝑖𝑛 [

𝑘𝛼𝜋

2
] 𝜎 𝑦⁄

∝

𝛾=
𝐴0

𝜎𝑔⁄
𝑑𝑦 

𝐵𝐸𝑅(𝛾0) = 𝑝(
1
0⁄ )

= ∫
1

𝜋𝑦
.∑

(−1)𝑘−1

𝑘!
 𝛤(𝛼𝑘 + 1)(𝑦)−∝𝑘

∝

𝑘=1

𝜎𝑔
(−𝛼𝑘)𝑠𝑖𝑛 [

𝑘𝛼𝜋

2
] 𝑑𝑦

∝

𝛾√𝛾0

 

Note:  Let,   
𝑥

𝜎𝑔
= 𝑦 

                  𝑑𝑥 = 𝜎𝑔𝑑𝑦 

where 𝑥 → 𝐴0  

         𝑦 =
𝐴0

𝜎𝑔⁄  

where 𝑥 →∝        𝑦 →∝  

𝐵𝐸𝑅(𝛾) = ∫
1

𝜋𝑦

∝

𝑦=√(𝛾.
1+𝛤
𝛤
)

∑
(−1)𝑘−1

𝑘!

∝

𝑘=1

. 𝞒(∝ k + 1)y(−∝k). σ𝒈
−αksin (

𝑘𝛼𝜋

2
)𝑑𝑦    0 <

∝< 1 

3.3.2.8   BER Analysis of SISO OFDM with SαS Model for 1<𝜶 < 𝟐 

𝑓𝑥𝑛(𝑥𝑛) =
1

𝜋𝛼
∑

(−1)𝑘−1

2𝑘!

∝
𝑘=0 𝞒(

2k+1

α
) , xn

2k          1 < 𝛼 < 2                                      (3.40) 
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Rx Output Voltage: 

𝑣0 = −𝐴0 + 𝑥𝑛         0  𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 

𝑣1 = 𝐴0 + 𝑥𝑛          1  𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑒𝑑 

𝑝(𝑣0) = 𝑓𝑥𝑛(𝑥𝑛)   =  
1

𝜋𝛼
∑

(−1)𝑘−1

2𝑘!

∝

𝑘=0

𝞒 (
2k + 1

α
) . (𝑣0 + 𝐴0)

2𝑘      1 < 𝛼 < 2 

𝑝(1 0⁄ ) =  ∫ 𝑝(𝑣0)
∝

0

𝑑𝑣0 

= ∫
1

𝜋𝛼
∑

(−1)𝑘−1

2𝑘

∝

𝑘=0

𝛤 (
2𝑘 + 1

𝛼
) . (𝑣0 + 𝐴0)

2𝑘
∝

0

 𝑑𝑣0 

Let, 𝑣0 + 𝐴0 = 𝑥 

      𝑑𝑣0 = 𝑑𝑥 

when   𝑣0 = 0    𝑥 = 𝐴0  

            𝑣0 =∝       𝑥 =∝ 

𝑝(1 0⁄ ) = ∫
1

𝜋𝛼
 ∑

(−1)𝑘−1

2𝑘!

∝

𝑘=0

𝛤 (
2𝑘 + 1

𝛼
) . 𝑥2𝑘𝑑𝑥

∝

𝐴0

 

𝐴0
𝜎𝑔
= √𝛾0   𝑎𝑠 

𝐴0
2

𝜎𝑔2
= 𝛾0 

Let, 
𝑥

𝜎𝑔
= 𝑦 

Then 𝑑𝑥 = 𝜎𝑔. 𝑑𝑦  when  𝑥 = 0        𝑦 = 0 

                                        𝑥 = 𝐴0         𝑦 =
𝐴0

𝜎𝑔⁄  
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𝑝(1 0⁄ ) = ∫
1

𝜋𝛼
∑

(−1)𝑘−1

2𝑘!

∝

𝑘=0

. 𝛤 (
2𝑘 + 1

𝛼
)

𝑦=
𝐴0

𝜎𝑔⁄ =√𝛾0

(𝜎𝑔 𝑦)
2𝑘
𝑑𝑦 

𝐵𝐸𝑅(𝛾0) = ∫
1

𝜋𝛼
∑

(−1)𝑘−1

(2)(𝑘!)
𝛤

∝

𝑘=0

(
(2𝑘 + 1)

𝛼
) (𝜎𝑔 𝑦)

2𝑘
𝑑𝑦

∝

𝑦=√𝛾0

 

 

3.4   Result and Discussion 

Following the theoretical analysis Bit Error Rate Performance results for SISO OFDM 

with Poisson’s noise model are evaluated as depicted in Fig. 3.5 as BER versus 

received power Ps (dBm) with 𝜆Ts as a parameter for µ=0.85, BW=1250 MHz and 

N=1024. 

 

Fig. 3.5 : BER Vs Received Power for SISO OFDM System for different values of 

𝜆Ts (µ=0.85, BW=1250 MHz, N=1024) with Poisson’s Noise Model 
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From Fig. 3.5 it is revealed that BER performance is highly affected due to impulsive 

noise in presence of Gaussian noise.  

 

Fig.3.6: Receiver Sensitivity Vs 𝜆Ts under various Bandwidth (625 MHz, 1250 MHz, 

2500 MHz) values for SISO OFDM Poisson’s Noise Model 

 

The receiver sensitivity for BER 10-9 is also plotted in Fig. 3.6 as a function of 𝜆Ts at 

a given BW and µ. The BER performance curve without impulsive noise is also 

depicted in Fig. 3.5. It clearly indicates the degradation of BER performance due to 

impulsive noise over that of Gaussian noise. Comparison of receiver sensitivity 

Ps(dBm) at BER=10-9 for OFDM SISO system without and with impulsive noise gives 

the power penalty due to impulsive noise as plotted in Fig. 3.7. It is noticed that power 

penalty is  1 dB, 2 dB and 4 dB corresponding to 𝜆Ts=0.5, 0.005, 0.0005 respectively. 

Higher duration impulsive noise results in higher power penalty at a given BER. The 

similar power penalty for other values of µ and BW are also depicted in Fig. 3.7 

Penalty is higher at high system BW. 
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Fig. 3.7:  Power Penalty Vs 𝜆Ts for SISO OFDM System for different values of BW 

9625 MHz, 1250 MHz, 2500 MHz) with Poisson’s Noise Model 

 

Fig: 3.8  BER Vs Received Power for SISO OFDM System for different values of N 

(𝜆Ts=0.5, µ=0.85, BW=1250 MHz) with Poisson’s Noise Model 
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BER performance for SISO OFDM with impulsive noise is also plotted in Fig. 3.8 as 

a function of received signal power Ps(dBm) with number of OFDM subchannel, N as 

a parameter. The figure clearly depicts that higher number of OFDM sub-channel 

results in improvement is receiver sensitivity due to less effect of impulsive noise over 

a subchannel due to reduced subchannel bandwidth.  

 

Fig.3.9: Receiver Sensitive vs Number of Subchannel N for SISO OFDM 

Poisson Noise Model (𝜆Ts=0.5, µ=0.85) 

The plots of receiver sensitivity at a BER=10-9 as a function of number of OFDM 

subchannel N are depicted in Fig. 3.9 for different system Bandwidth BW at a given 

value of 𝜆Ts and µ. The improvement in receiver sensitivity clearly depicted at a given 

BER with increase in the number of subchannel N for given values of other system 

parameters and BER=10-9.  
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Fig: 3.10  BER Vs Received Power for SIMO OFDM System for different values of 

L (𝜆Ts=0.025, µ=0.85, BW=1250MHz, N=2048) with Poisson’s Noise Model 

The BER performance results for different values of number of receiving antennas are 

shown in Fig. 3.10 for 𝜆Ts=0.025, N=2048, µ=0.85 for SIMO OFDM with MRC with 

number of receiver antenna L=2, 4, 6 and 8. It is observed that there are significant 

improvement in receiver sensitivity with increase in number of receiving antenna, L.  

 

Fig. 3.11:  BER Vs Received Power for SIMO OFDM System for different values of 

N (𝜆Ts=A=0.025, mu1=0.85, BW=1250 MHz) with Poisson’s Noise Model 



66 
 

Similar BER performance results are also depicted in Fig. 3.11 as BER versus 

Ps(dBm) with number of OFDM subchannel N as a parameter with L=6. From Fig. 

3.10 and Fig. 3.11 it is clearly observed that there are significant improvement in 

receiver sensitivity with reduction in the amount of power received to achieve a given 

BER with increase in L due to diversity in reception and also due to increase in number 

of OFDM subchannel. Which results in less channel bandwidths and less effect of 

impulsive noise.  

 

Fig. 3.12: Receiver Sensitivity Vs Number of Receiving Antenna L for SIMO OFDM 

Poisson’s Model (𝜆Ts=A=0.025, µ=0.85) 

The receiver sensitivity at BER=10-9 is plotted in Fig. 3.12 as a function of number of 

receiving antenna, L with BW as a parameter for 𝜆Ts=0.025, µ=0.85. 

The BER performance result of a SISO OFDM wireless link in presence of Gaussian 

noise and impulsive noise are evaluated base on the analysis presented in Sec III 
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considering Middleton Class A noise model for impulsive noise. Fig. 3.13 depicts the 

plots of BER versus received power Ps (dBm) with are highly degraded because of 

 

Fig. 3.13: BER Vs Received Power for SISO OFDM System for different values of 

Impulsive Noise Index A with Middleton Noise Model 

impulsive noise and there occurs BER floors due to impulsive noise. The level of 

BER depends on the impulsive noise index A. At high value of A, BER floor occurs 

 

Fig. 3.14: BER vs Received Power for SISO OFDM System for different values of 𝞒 

(A=0.1, µ=0.85, N=2048, BW=1250 MHz) with Middleton Noise Model 
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at a Similar BER performance curves are also shown in Fig 3.14 for several values of 

ratio of gaussian noise power to impulsive noise power 𝞒 for a given value of N=2048, 

A=0.1, µ=0.85, BW=1250 MHz. It is observed that BER performance deteriorates 

significantly at smaller values of 𝞒 which indicates higher impacts of impulsive noise. 

The BER performance results for different values of number of OFDM subchannel N 

are shown in Fig. 3.15 with µ=0.85, BW=1250 MHz, 𝞒=0.01 and A=0.5. It is found 

that BER  

 

Fig. 3.15:  BER Vs Received Power for SISO OFDM System for different values of 

N (A=0.5, µ=0.85, 𝞒=0.01, BW=1250 MHz) with Middleton Noise Model 

performance can be highly improved by increasing the number of OFDM subchannel 

N for 512 to 4096. For example, receiver sensitivity at BER-10-9 is found to be Ps= 18  

dBm corresponding to N=1024. The corresponding value of Ps are 14 and 12 dBm for 

N=2048 and 4096 respectively. The receiver sensitivity at BER=10-6 is found to be 15 

dBm, 12 dBm and 8 dBm for N=1024, 2048 and 4096 respectively. Thus, there is 

improvement in receive sensitivity of about 3 to 4 dB due to increase in number of 

OFDM sub-channel for N=1024 to 4096. 
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Fig. 3.16:  BER vs SNR for SIMO OFDM System for different values of Impulsive 

Noise Index A (BW=1250 MHz, 𝞒= 0.50, µ=0.85, L=2 and N=2048) with Middleton  

The plot of BER vs SNR is shown in Fig. 3.16 where Impulsive Noise Index A is 

considered as a parameter. Here A varies from 0.0001 to 0.01. Due to the effect of 

impulsive noise, the receiver performance is highly degraded. 

 

Fig. 3.17: Golden Code performance for AWCN Channel 

Our work 

Considering 

Middleton Class A 

Noise Model 

Ref Paper 
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TABLE I 

Comparison of Reference Paper and Our Work 

 

 

 

 

 

 

The plot of BER vs SNR for a 2X2 MIMO receiver affected by Rayleigh fading and 

impulsive noise described by Middleton Class A model is shown in Fig. 17 at BER of 

10-3,  for impulsive index value of A=0.01, the SNR is found 20 dB.  

A comparison curve of our work where BER values are evaluated for same parameter 

as in Ref Paper [1]  considering Middleton Class A noise model which is depicted in 

Fig. 17. In Table I a comparison of SNR value against different BER value is shown 

for ref paper as well as our work. Here the results are  found in good conformity with 

the ref paper. 

The plot of BER vs SNR for a 2X2 MIMO receiver affected by Rayleigh fading and 

impulsive noise described by Middleton Class A model is shown in Fig. 3.17 at BER 

of 10-3,  for impulsive index value of A=0.01, the SNR is found 19 dB.  

The dependency of BER performance on impulsive noise index A is depicted in Fig. 

3.18 which shows the plots of BER versus Ps (dBm) and l-th impulsive noise index as 

a parameter. Here A varies for 0.00005 to 0.5. Due to the effect of impulsive noise 

index, the receiver performance is highly degraded and there is significant increase in 

BER at both value of A for given signal power Ps. At a BER 10-9, the system suffers 

power penalty of approximately 6 dB where A is increased from 0.00005 to 0.5, for 

N=2048, µ=0.85, 𝞒=0.05, BW=1250 MHz, number of receiving antennas L=2.  

 

BER 

SNR (dB) 
10-2 10-3 10-4 

Ref Work 12.5 20 22 

Our 

Work 

N=256 

L=2 10 17 20 

L=3 7 10 13.5 

L=4 4 6 10 
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Fig. 3.18:  BER Vs Received Power for SIMO OFDM System for different values of 

A (N=2048, 𝞒=0.50, µ=0.85, BW=1250 MHz) with Middleton Noise Model 

 

Fig. 3.19: Power Penalty (dB) Vs Impulsive Noise Index A for SISO OFDM with 

Middleton Noise Model 
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The plots of power penalty to achieve a given BER 10-9, due to effect of impulsive 

noise are depicted in Fig. 3.19 as a function of impulsive noise index A for µ=0.85, 

𝞒=0.5, BW=1250 MHz for L=2, 4, 6, 8. It is noticed that there is significant reduction 

in power penalty due to impulsive noise at a given BER with increase in the number 

of receiving antennas. It is found that power penalty is 5 dB, 5 dB and 20 dB 

corresponding to A=0.005, 0.05 and 0.5 for L=2. The corresponding power penalty 

values are found to be reduced to –dB, -- dB and – dB when L is increased to 8. 

 

Fig. 3.20  BER Vs Received Power for SIMO OFDM System for different values of 

L (A=0.025, 𝞒=0.5, µ=0.85, BW=1250 MHz) with Middleton Noise Model 

The BER performance with L as a parameter are also shown in Fig 3.20 for 𝞒=0.5, 

A=0.025, BW=1250 MHz. The plots revealed that there is a significant improvement 

in receiver sensitivity at higher values of number of receiving antenna L.  
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Fig. 3.21:   BER Vs Received Power for SISO OFDM System for different values of 

𝞒 (A=0.1, N=2048, µ=0.85, BW=1250 MHz) with Middleton Noise Model                                                 

BER performance degradation due to impulsive noise is also depicted in Fig. 3.21 as 

BER vs Ps (dBm) with ratio of Gaussian noise to impulsive noise 𝞒 as a parameter. 

Impulsive noise is prominent at smaller values of 𝞒 and their 1significant degradation 

in performance due to increase of 𝞒 at a given L=2. 

 

Fig. 3.22:  BER Vs Received Power for SIMO OFDM System= for different values of 

N (A=0.01, 𝞒=0.1, µ=0.85, BW=1250MHz) with Middleton Noise Model 
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BER performance improvement due to high number of OFDM sub-carriers in a SIMO 

OFDM MRC wireless link are depicted in Fig. 3.22 where BER is plotted as a function 

of received power Ps (dBm) with number of OFDM Sub-channel N as a parameter 

corresponding to number of receiving antenna L=2, A=0.0005, BW=1250 MHz, 

𝞒=0.50. It is noticed that to achieve a given BER of 10-9, there is less amount of 

received power required with increase in the number of sub-channel N and 

improvement in receiver sensitivity is high at high values of N.  

 

Fig. 3.23:  Improvement of Receiver Sensitivity (dB) Vs Number of Subcarrier for 

SIMO OFDM Middleton Noise Model 

The improvement in receive sensitivity over OFDM-SIMO, N=512 is shown in Fig 

3.23 for values of N=1024, 2048 and 4096 and L=2,4,6 and 8. Improvement in receiver 

performance can be obtained by increasing the number of OFDM subcarriers as well 

as the number of receiving antenna, L. The variation of Receiver Sensitivity with 

number of subchannel N is shown in Fig. 3.24 with 𝞒 as a parameter, which reveals 

that improvement does not change significantly with 𝞒. Receiver sensitivity at 

BER=10-9 as a function of number of subchannel L is shown in Fig. 3.25 for several 

values of system Bandwidth BW. 
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Fig. 3.24: Receiver Sensitivity Under Various 𝞒 value for SIMO OFDM System for 

different values of N (A=0.005, µ=0.85, BW=1250 MHz) with Middleton Noise 

Model 

 

Fig. 3.25: Receiver Sensitivity under various Bandwidth (1250 MHz, 2500 MHz and 

5000 MHz) foe SIMO OFDM System for different values of L (A=0.005, µ=0.85) 

with Middleton Noise Model 
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At higher BW effect of Impulsive noise is more prominent. Improvement still occurs 

due to increase in number of subchannel N.    

3.5   Summary 

In this chapter, a theoretical analysis is presented to find analytical expressions for 

average bit error rate considering the combined influence of Impulsive noise and 

Additive white Gaussian noise on the SISO and SIMO MRC OFDM wireless 

communication links over a Rayleigh fading channel. It is noticed that the level of 

BER depends on the impulsive noise index A and at high value of A, BER floor occurs 

at a high level which cannot be covered by increasing signal power. It is also observed 

that BER performance deteriorates significantly at smaller values of Gaussian Noise 

Factor 𝞒 which indicates higher impacts of impulsive noise. Results are evaluated 

numerically and are found to be in good conformity with simulation results reported 

earlier. It is found that the system suffers significant power penalty in receiver 

sensitivity at a given bit error rate due to impulsive noise depending on the ratio of 

Gaussian to impulsive noise. However, penalty can be significantly reduced by 

increasing the number of OFDM subcarriers and number of receiver antennas. It is 

noticed that to achieve a given BER of 10-9, there is less amount of received power 

required with increase in number of subchannel N and improvement in receiver 

sensitivity is high at high value of N. Further, at higher bandwidth, the effect of 

impulsive noise is more prominent. Improvement still occurs due to increase in 

number of subchannel N. For example, there is an improvement in receive sensitivity 

of about 3 to 4 dB due to an increase in number of OFDM sub-channel for N=1024 to 

4096. Finally, it is shown that improvement in receiver performance can be obtained 

by increasing the number of OFDM sub-carriers as well as the number of receiving 

antenna, L. Hence, the second objective of the thesis is achieved. which is “to 

formulate an analytical model and evaluate BER for the above systems considering 

Rayleigh fading channel, and Middleton Class A and Symmetric Alpha Stable noise 

models”.   
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CHAPTER 4 

OFDM OSTBC MIMO WIRELESS SYSTEM 

4.1   Introduction 

Orthogonal Frequency Division Multiplexing (OFDM) has been adapted to high data 

rate wireless data transmission system because of its high spectrum efficiency and its 

resistance to multi-path fading. Besides the above advantages, intersymbol 

interference (ISI) and inter-carrier interference (ICI) give intolerable degradation to 

the bit error rate (BER) performance over fading channels. The ISI, which is caused 

by the delay spread, can be easily neglected when multi-path delay is within a guard 

interval (GI), while the ICI, which is caused by the Doppler frequency shift, cannot be 

canceled without ideal estimation at a receiver [86]. 

In OFDM systems with differential phase shift keying (DPSK) it is possible to apply 

differential modulation either in the time or frequency domain depending on the 

condition of the fading channels such as the Doppler frequency shift and the delay 

spread. Besides the ICI, the BER performance in those systems is influenced by time 

or frequency correlation between the adjacent symbols. Generally, the symbol period 

in OFDM system is much longer than that in single carrier systems in order to reduce 

the effect of the delay spread. Owing to this fact inter-symbol fluctuation at the time 

domain caused by the Doppler frequency shift is led to be larger while inter-carrier 

fluctuation in the frequency domain caused by the delay spread is led to be small. 

Consequently, there exists a merit to adopt the differential modulation in the frequency 

domain depending on the channel condition [87]. 

MIMO (Multiple Input and Multiple Output) system is the latest and most popular 

arrangement and addition of antenna arrangement. In MIMO system limited 

bandwidth and power is utilized at the cost of space diversity. If the individual channel 

route gains between the broadcast and receive antennas fade separately, the likelihood 

of a well-conditioned channel state information matrix is high, and parallel spatial 
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channels are produced. MIMO introduces the advantages of higher data rates 

transmitted through different channels, time diversity for sending data packs at 

different time slots, frequency diversity for employing different frequency 

components, reduced fading and distortion, improved SNR, superior accuracy [88].  

4.2    Performance Analysis 

 

4.2.1   System Model with Description 

 

The model of a OFDM system with STBC considered for analysis is shown in Fig 

4.1.a. and Fig. 4.1.b 

 
Fig. 4.1.a : Block diagram of MIMO-OFDM System with STBC (Simple)

 

 

Fig. 4.1.b:  Block diagram of MIMO OFDM system with STBC (detail) 
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The serial data stream input is formatted into the word size required for transmission 

by serial to parallel conversion, e.g. 2 bits/word for QPSK, and shifted into a parallel 

format. The data is then transmitted in parallel by assigning each data word to one 

carrier in the transmission.  The data to be transmitted on each carrier is mapped into 

a Phase Shift Keying (PSK modulation) format. The data on each symbol is then 

mapped to a phase angle based on the modulation method. For example, for QPSK the 

phase angles used are 0, 90, 180, and 270 degrees. For DQPSK and DPSK (DBPSK) 

modulation, differential coding is performed in the time domain. The data is encoded 

by Space-Time Block Code (STBC) to achieve coding and diversity gain [93].  

The guard period/cyclic prefix is a copy of the last part of the OFDM symbol that is 

prepended to the transmitted symbol and removed at the receiver before the 

demodulation. The length of the cyclic prefix is made longer than the experienced 

impulse response to avoid ISI and ICI.  After the guard has been added, the symbols 

are then converted back to a serial time waveform. This is then the base band signal 

for the OFDM transmission. Cyclic Prefix (CP) is added to remove Inter-symbol 

Interference (ISI) and to cancel Inter-Carrier Interference (ICI).   

IDFT is the Inverse discrete Fourier transform of the input signal. Using IFFT, OFDM 

modulation is computed on each set of symbols, resulting in time-domain samples. 

The Inverse Discrete Fourier transform (IDFT) is given by [94]: 

𝑥𝑛 =
1

𝑁
∑ 𝑋𝑘𝑒

2𝜋𝑖

𝑁
𝑘𝑛𝑁−1

𝑘=0          n=0, . . . , N-1              (4.1) 

A simple description of these equations is that the complex numbers Xk represent the 

amplitude and phase of the different sinusoidal components of the input "signal" xn. 

The DFT computes the Xk from the xn, while the IDFT shows how to compute the xn 

as a sum of sinusoidal components Xkexp (2πikn / N) / N with frequency k / N cycles 

per sample. The diversity in transmission is achieved by multiple transmit antennas 

which helps to utilize space diversity also. The channel is time-selective 

Rayleigh/Rician fading with AWGN.   
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The receiver basically does the reverse operation to the transmitter. The guard period 

is removed. The DFT of each symbol is then carried out to find the original transmitted 

spectrum. This returns N parallel streams. The phase angle of each transmission carrier 

is then evaluated and converted back to binary stream by demodulating the received 

phase. These streams are then re-combined into a serial stream, b^[n] which is an 

estimate of the original binary stream at the transmitter. 

4.3   BER Analysis with Coding 

To improve transmission performance, channel coding is added. To optimize the use 

of the correction capacity of a particular code, soft decision is always a good solution. 

For this reason, convolutional coding is chosen for the system. In the presence of 

channel coding, an expression of the bit error probability Pe cannot be worked out 

exactly, showing the need for a good upper bound. It is well known that using a rate 

R= K/N convolutional coding and a Viterbi algorithm decoding, the bit error 

probability for an information symbol is bounded by as [94]  

                    


=


fdd
e dPdW

K
P )()(

1
                                                                               (4.2)  

where P(d) is the probability for the decoding algorithm to choose a path at distance d 

from the correct path in the decoding trellis, df is the free distance of the encoder and 

W(d), a characteristic coefficient of the encoder, is defined as [95]: 

                      


=
=

1
),()(

i
idiadW                                                                                      (4.3) 

where 𝑎(𝑑, 𝑖) is the number of paths at distance d from the correct path and 

corresponding to i information symbols equal to ‘1’. In general, the a(d, i) are deduced 

from the transfer function of the encoder. Considering the uncoded BER to be Pun  the 

value of )(dP can be expressed as follows: 

                   
2/})1(4{)( d

unun PPdP −=                                                                         (4.4) 
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W(d) is obtained from the code weights in Table 4.1 [95]. Substituting the 

unconditional BER (Pe) from Equation. (4.2) in Equation. (4.3), we can calculate the 

coded BER from Equation. (4.4). 

                                       Table 4.1: Weigh Spectrum of convolutional encoders 

Hamming Weight d W(d) for R=1/2 W(d) for R=1/3 

10 3.6×1001 - 

11 0 - 

12 2.11×1002 - 

13 0 - 

14 1.404×1003 - 

15 0 1.1 

16 1.633×1004 1.6 

17 0 1.9 

18 7.7433×1004 2.8 

19 0 5.5 

20 5.0269×1005 9.6 

21 0 1.69×1002 

22 3.322763×1006 3.38×1002 

23 0 6.36×1002 

24 2.129291×1007 1.276×1003 

25 0 2.172×1003 

26 1.3436491×1008 - 
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4.4   Performance Analysis of a OFDM System 

4.4.1   Performance with STBC: 

We consider MIMO-OFDM system with P number of transmitting and two receiving 

antennas. There are Ns number of OFDM subcarriers. We also consider Rayleigh and 

Rician fading channel. Binary input data is mapped to a modulation symbols {a(i)}that 

are assumed to have the following properties [96]:               

      E[a(i)] =0 

                   E[a(i) a*(j)] ={
1, 𝑖 = 𝑗
0, 𝑖 ≠ 𝑗

  

The input sequence {a(i), i=0, 1, 2 …….. (NsP-1)} is serial-to-parallel converted into 

P sequences each of length Ns, as  ap(k)= a(k+(p-1)Ns)    where   p=1, 2……P and k=0, 

1, 2……(Ns –1) Each of the Ns sequences {a1(k) …….. aP(k)}, k=0,1,2…….,(Ns –1) 

is mapped to a matrix Ψk of  size P×P by using a quasi orthogonal STBC with 

constellation rotation. For P=4, the 4×4 quasi orthogonal scheme is given as [96]:  

 

a1(k)    - a2*(k)        ejΦa3(k)          -e-jΦa4*(k)                                           

a2(k)      a1*(k)        ejΦa4(k)           e-jΦa3*(k)          

 Ψk = ejΦa3(k)    -e-jΦa4*(k)      a1(k)            -a2*(k) 

           ejΦa4(k)    e-jΦa3*(k)      a2(k)              a1*(k) 

 

where the rotation angle Φ depends on the signal constellation. Then we take the IDFT 

of Ψ1, Ψ2, …… Ψk in order to form the transmitted signals as    

                Sm=

sN

1 ∑ Ψk. e
j(2π/Ns)mk,  m=0,1……(Ns–1)                                                       (4.5)  

Sm is a P×P matrix, which represents the transmitted signals on the mth subcarrier. We 

define          
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                 Ψ=[Ψ
T

0 ,………..Ψ
T

Ns 1− ]T, (NsP×P)                                                         (4.6)  

                S=[S
T

0 ,…………S
T

Ns 1− ]T,(NsP×P)                                                                 (4.7)  

where (.)T denotes transpose, then S can be written as  

                S=(U Ip)
HΨ                                                                                                          (4.8) 

Here (.)H denotes  complex conjugate transpose,   denotes kronecker product, Ip is the 

P×P identity matrix, and U is the Ns×Ns unitary discrete Fourier transform (DFT) 

matrix. In frequency-selective fading channels with L resolvable paths, there exists 

inter block interference (IBI). To minimize this IBI, a cyclic prefix of length cp (cp≥L) 

is added to each OFDM symbol. At the receiver, the cyclic prefix is discarded, leaving 

IBI-free, information-bearing signals.                     

The model of the channel with L resolvable multipath components can be expressed 

as [24] 

              )()(
1

0
sl

L

l
l Th  −= 

−

=
                                                                                         (4.9)    

where ρl is the zero-mean complex Gaussian random variable, and τl is the delay of 

the lth path normalized with respect to Ts. The delays {τl} are assumed to be uniformly 

distributed over the cyclic prefix cp. The channel has an exponential power-delay 

profile θ(τl) = rms

l

e



−

, where τrms represents the rms delay spread, which is also 

normalized with respect to Ts. The P symbols in each column of Ψk are transmitted 

from the P transmit antennas simultaneously during every OFDM symbol period. 

Considering the channel matrix H the received signals is expressed in an Ns ×P matrix 

as:  

                R=HS+V,                      (4.10)                                                                                                        

Where, V=[v0,……..vNs-1]
T (Ns ×P) is the additive white Gaussian noise (AWGN) 

matrix whose elements are independent and identically distributed. Hence  

              E[vec(V).vec(V)H] = σ2 INsP                                                      (4.11)    
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where σ2 is the variance of the zero-mean noise samples when the transmitted symbol 

energy is normalized to unity. For OFDM systems over fast fading channels, channel 

estimation is generally carried out by transmitting pilot symbols in given positions of 

the frequency-time grid. We assume hereafter that channel state information (CSI) is 

known at the receiver. In the presence of time-selective fading, H is no longer a block-

circulant matrix. Consequently, G =UH(U IP )H is not a block diagonal matrix. This 

shows that time-selective fading causes ICI, which is represented by the off-diagonal 

blocks of G.  

The received signal R is processed by multiplying it with U, forming Ns×P matrix X 

as X=[x
T

0
,……….. x

T

Ns 1−
]T =UR,    

Now from (4.14) we get 

                   X=U(HS+V)=GΨ+W                        (4.12)                                                                            

where xk =[ x1(k), ……xP(k) ]T, wk =[ w1(k),…..wP(k) ]T and W=UV=[w0, ….wNs-1 

]T(Ns×P) 

k

T

kk

T

k gx = ,  + '

1

',0'
', k

sN

kkk

T

kkg 
−

=

 +
T

kw ,       k=0,…….,Ns-1 

and ,]....,,.........[ )(

',

)1(

',',

TP

kkkkkk ggg =    k, k’ =0,………, Ns-1                              (4.13)        

',kkg  is the ( ', kk )th block of G. The signal X is received in two receiving antennas. 

Diversity combiner at the receiver selects the best instantaneous signal of the two 

antennas. The received signal can be detected through differential or coherent scheme. 

SINR for quasi-orthogonal STBC-OFDM system has an expression as:  

    SINR=


−

=

−

=

−

=

−


−

=

−

=

−

+−+

−+

1

1'

1

0

1

1

2
0

1

0

1

1
0

])'
2

cos()2()1(2[4

)]2()1(2[4

sN

k

L

l

sN

i

rms

l

s

sdss

L

l

sN

i

rms

l

sdss

eik
N

TifJNN

eTifJNN
















     (4.14)       
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4.5   Performance Analysis of Transmit Diversity of MIMO-OFDM with STBC 

 

4.5.1   Two-Branch Transmit Diversity with One Receiver.     

At a given symbol period, two signals are simultaneously transmitted from the two 

antennas. The signal transmitted from antenna one is denoted by 1s  and from antenna 

two by 2s . During the next symbol period signal ( )− 2s  is transmitted from antenna 

one, and signal 


1s  is transmitted from antenna two where   is the complex conjugate 

operation. This sequence is shown in Table I. 

 

TABLE I 

The Encoding and Transmission Sequence for the Two-Branch Transmit Diversity 

Scheme 

                

           

 

The channel at time t  may be modeled by a complex multiplicative distortion ( )t1   

for transmit antenna one and ( )t2  for transmit antenna two. Assuming that fading is 

constant across two consecutive symbols, we can write                                                                                                                                     

    ( ) ( ) 1

1111 1
 j

ett ==+=  

                        ( ) ( ) 2

1222 1
 j

ett ==+=                                                        (4.15)      

Noise and interference are added at the receivers. The resulting received baseband 

signals are 

 antenna 1 antenna 2 

time  t  1    s  2s  

time 1+t  
− 2s  



1s  
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  ( ) 122111  ++== sstrr  

  ( ) 212212 1  ++−=+=  sstrr                                                                   (4.16)  

where 1r  and 2r  are the received signals at time t  and 1+t , 1  and 2  are complex 

random variables representing receiver noise and interference. Assuming 1  and 2  

are Gaussian distributed, the maximum likelihood decision rule at the receiver for 

these received signals is to choose signal is  if and only if (in case of 1s ) [97] 

                     ( ) ( ) ( ) ( )2 2 2 2

1 1 2 2 1, 1 2 2, , ,   i i k kd r s d r s d r s d r s i k    +  +    

choose signal is if and only if (in case of  2s ) 

       ( ) ( )( )2 2 2

1 2 2 1, ,i id r s d r s d  + −  ( ) ( )( )    kisrdsr kk −+ 

12

2

21 ,,         (4.17)                                                     

where ( )yxd ,2
  is the squared Euclidean distance between signals x  and y  calculated 

by the following expression:                        

                                ( ) ( )( ) −−= yxyxyxd ,2
                                            (4.18)      

                                               1    s                                2s  

                                                
− 2s                     



1s  

Tx-1

combiner
channel 

estimator

Maximum likelyhood detector

1
2

1

noise & 

interference

1

Tx-2

Rx-1

1 1s
2s



2 2

2

 

                                   Fig 4.2 Two-Branch Transmit Diversity with One Receiver 
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The combiner shown in Figure 4.2 builds the following two combined signals that are 

sent to the maximum likelihood detector:                  

( ) ( ) ( )2 2

1 1 1 2 2 1 1 1 1 2 2 1 2 1 2 1 1 1 2 2s r r s s s           
 

     = + = + + + =  +  + +  

( ) ( )2 2 1 1 2 2 2 2 1 1 1 2 2s r r s s       
 

   = − = + − − +                                                    (4.19)        

Expanding (3.17) and using (3.18) and (3.19) and some manipulation, we get 

choose signal is  if  (in case of  1s )   

                        

( ) ( )2 2 2 2 2 2

1 2 1 1 2 11  , 1  ,    i i k ks d s s s d s s i k
    

 +  − +   +  − +     
   

 

choose signal is  if (in case of  2s )   

( ) ( )2 2 2 2 2 2

1 2 2 1 2 21  , 1  ,    i i k ks d s s s d s s i k
    

 +  − +   +  − +     
   

             (4.20)                                                                           

For PSK signals (equal energy constellations)  kiEss ski ,        
22

==         (4.21)             

where sE  is the energy of the signal. Therefore, for PSK signals, the decision rule in 

(4.26) may be simplified to 

choose signal is  if (in case of  1s )            kissdssd ki 













 

      ,, 1

2

1

2  

choose signal is  if (in case of  2s )           kissdssd ki 













 

      ,, 2

2

2

2           (4.22)   

The maximal-ratio combiner may then construct the signal 


1s and 


2s , as shown in 

Figure 4.5, so that the maximum likelihood detector may produce 
~

1s and  
~

2s , which is 

a maximum likelihood estimate of 1s and 2s . 
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4.6   MIMO-OFDM: 

STBC-OFDM with transmitting diversity is transformed into MIMO-OFDM by 

addition of receiving diversity. The block diagram of a MIMO system is shown in Fig 

4.3. 

 

   Fig. 4.3 Block diagram of a MIMO system 

 

To utilize the receiving diversity scheme diversity combining is required. For selective 

diversity combining the instantaneous processed bit SNR/SIR at the output of the 

combiner is given by [96] 

             = max{ 1, 2 }                                                         (4.23)     

Here  is the instantaneous SIR at each receiving antenna and  is the the instantaneous 

SIR of the combined branch. For a single antenna the pdf of  is obtained as follows  

 P1()=
2)( A

A

+
                                                                                             (4.24)   

where A denotes the average value of 1. The pdf of  for the selection combining 

method is [94]  

 P2()= 2)(

2

A

A

+
-

2)2(

2

A

A

+
                                                     (4.25) 

The average Bit error probability without diversity is Pe1(A) and with diversity is 

Pe2(A) 

𝑃𝑒1(𝐴) = ∫ 𝑃𝑒(𝛾)𝑃1(𝛾)𝑑𝛾
∞

−∞
= ∫ 𝑃𝑒(𝛾)

𝐴

(𝜆+𝐴)2
𝑑𝛾

∞

−∞
                                              (4.26) 
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 Pe2(A)= 


−

Pe()P2()d= 


−

Pe(){
2)(

2

A

A

+
-

2)2(

2

A

A

+
}d                 (4.27) 

 Pe2 (A)= 


−

Pe(){
2)(

2

A

A

+
-

2)2(

2

A

A

+
}d=  



−

Pe()
2)(

2

A

A

+
d - 



−

Pe()
2)2(

2

A

A

+
d 

                =   2 


−

Pe()
2)( A

A

+
 d - 



−

Pe() 
2)

2
(

)2/(

A

A

+

d =  2 Pe1(A) - Pe1( A/2) 

So, for SIR=A, the relationship becomes: 

                           Pe2(A)=2Pe1(A) – Pe1(A/2)                                                        (4.28) 

For SNR=A the same result is found: Pe2(A)=2Pe1(A) – Pe1(A/2) 

From the expressions we can conclude that for SINR=A the same relationship will 

hold. In this case, Pe1(A) represents BER for average SINR=A  with single receiving 

antenna and Pe2(A) represents BER for average SINR=A   with diversity combining 

of two receiving  antennas. Substituting the unconditional BER of STBC-OFDM with 

single receiving antenna we obtain the unconditional BER for MIMO-OFDM with two 

receiving antennas [95-96]. The expression mentioned in Section 4.3 can be used to 

calculate the conventional coded BER for MIMO-OFDM systems. 

 In this chapter we have presented the analytical method for evaluating OFDM, STBC-

OFDM and MIMO-OFDM in presents of three impairments. We can notice that our 

coding offers a considerable performance gain of 6 dB at 8 dB for all the values of α.   

We have analyzed the performance of convolutional code versus non-Gaussian 

impulsive noise modeled as a stable alpha distribution in the OFDM system. We then 

provided a BER comparison between different modulation schemes and convolutional 

coding, as a result we saw that CC boosts the quality of OFDM transmission.  

4.7   Result and Discussion 

Following the theoretical analysis, Bit Error Rate performance results for MIMO 

OFDM with Middleton Class A noise model are evaluated as depicted in Fig. 4.4 as 
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BER versus received power Ps (dBm) with A as a parameter for µ=0.85, BW=1250 

MHz, N=256, T=𝞒=0.01. 

 

Fig. 4.4 BER vs Ps(dBm) or SNR (dB) for L=2 and M=2 (2X2 MIMO) 

In Fig. 4.5 the comparison of performance for Golden Code and our result for 2 

transmitting and 2 receiving antennas affected by Rayleigh fading and impulsive noise 

described by Middleton Class-A model are depicted. Here in this figure, up to 8dB 

SNR value (except for A=0.01 where SNR=12 dB), the Golden Code leads to better 

performance in Additive White Class A (AWCN) channel and after 9 dB, the AWCN 

channel has a low BER. At A=1, the BER is closer to AWGN. The performance is 

better for impulsive noise, for low SNR value.  The plot of BER vs SNR for a 2X2 

MIMO receiver affected by Rayleigh fading and impulsive noise described by 

Middleton Class A model is shown in Fig. 4.4 and Fig. 4.5 at BER of 10-3,  for 

impulsive index value of A=0.01, the SNR is found 20 dB.  
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Fig. 4.5: Comparison of performance for 2X2 MIMO  Golden Code (Ref Paper) and 

2X2 MIMO Middleton Class A model of Our Work 

TABLE III 

Comparison of our work for MIMO OFDM with Ref Paper (A=0.1) 

 

 

 

 

 

BER 

SNR (dB) 
10-2 10-3 10-4 

Ref Work 12.5 20 22 

Our 

Work 

N=256 

L=2 

M=2 
3 6 9 

L=3 

M=3 
4 8 10 

L=4 

M=4 
5 9 12 
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A comparison curve of our work where BER values are evaluated for same parameter 

as in Ref Paper [1]  considering Middleton Class A noise model which is depicted in 

Fig. 4.5 In Table I a comparison of SNR value against different BER value is shown 

for ref paper as well as our work. Here the results are  found in good conformity with 

the ref paper. 

 

Fig.4.6  BER versus Ps (dBm) curve for MIMO OFDM for different Antenna 

Configuration 

 

The BER performance results for different values on number of receiving and 

transmitting antennas are shown in Fig. 4.6 for BW=1250 MHz, 𝞒=0.01, µ=0.85, and 

N=2048 for MIMO OFDM with MRC with number of TX and Rx antennas. It is 

observed that there are significant improvement in receiver sensitivity with increase 

in Tx and Rx antennas, L and M. 
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4.8   Summary 

In this chapter, the study systematically assessed the efficiency of Maximal Ratio 

Combining (MRC) Techniques in mitigating the impact of impulsive noise on wireless 

communication system with and without receive diversity over a Rayleigh fading 

channel. BER and SNR response of a wireless communication system is a significant 

tool used to determine the rigidity of data transmitted through the system. In this paper, 

Poisson’s noise model and Middleton Class A models are studied for SISO, SIMO and 

MIMO OFDM system by observing their PDF and noise signal. The effects were 

observed for MRC for varying parameters. The noises having Gaussian characteristics 

stand out with the best BER response, whereas impulsive noise models make poor 

BER response. The improvement occurs in terms of lowering the BER floor, which 

cannot be lowered even by increasing number of receiving antennas. Order of 

improvement in BER floor is around 10-6 to 10-9. Performance improvement has been 

analyzed using L-th order diversity in transmitting and receiving side. It has also been 

analyzed that performance can be highly improved by increasing the number of OFDM 

subchannel N from 512 to 4096. For an example, there is an improvement in receive 

sensitivity of about 3 to 4 dB due to increase in number of OFDM sub-channel for 

N=1024 to 4096. 

Finally, it is shown that improvement in receiver performance can be obtained by 

increasing the number of OFDM sub-carriers as well as the number of receiving 

antenna, L. The practical implications of these findings extend to the development of 

communication system that are more robust and reliable in the face of impulsive noise, 

thereby providing valuable guidance for future research endeavour in their domain. 

Hence, the third objective of the thesis is achieved which is “to develop an analytical 

model to evaluate the impact of impulsive noise on BER performance of an OFDM 

OSTBC MIMO wireless communication system”. 
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CHAPTER 5 

SIMULATION MODEL FOR WIRELESS SYSTEM  

 

System Block Diagram 

 

5.1   In a wireless communication system, an impulsive noise refers to a type of 

interference characterized by sudden, high-amplitude disturbances that can cause 

significant degradation in signal quality. These disturbances can be caused by various 

sources including electrical equipment, atmospheric conditions, or external 

environmental factors. To model a wireless communication link with impulsive noise, 

a combination of blocks has been used that represented the different systems of 

communication system and the noise influences [105]. Block diagram of wireless 

communication link with impulsive noise is shown in figure 5.1 below:  

Fig. 5.1:  Block Diagram of Simulation Model for Wireless Communication Link with 

Impulsive Noise 

 

5.1.1   Data Input/ Information Source: This is the original data (e.g. text, voice, 

video) that needs to be transmitted over the communication channel. The data is 

typically converted to bits and then passed through a source encoder, which formats 
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the data appropriately for transmission. Data input block also performs error correction 

and channel coding (such as Turbo coding, OSTBC or LDPC codes) to increase the 

robustness of the transmission against error, including those induced by impulsive 

noise. 

5.1.2   OFDM Modulator: The OFDM Modulator process the encoded data by 

dividing it into multiple sub-channels (or subcarriers), each of which is modulated 

independently. The IFFT (Inverse Fast Fourier Transform) block maps the data onto 

subcarriers to create the OFDM symbols. This block also handles the cyclic prefix 

insertion to combat multipath interference. 

5.1.3   Wireless Channel: The wireless channel represents the propagation 

medium, where the signal is affected by various factors, including multipath fading, 

path loss, and impulsive noise. Impulsive noise is modeled as sudden, high-amplitude 

disturbances that interfere with the transmitted signal, often modeled using Poisson’s 

Process for burst-like interference. 

5.1.4   AWGN Noise Generation: AWGN is the most commonly used model for 

noise in communication systems, and it is represented by Gaussian random variables 

that have a zero mean and a constant power spectral density over all frequencies. 

AWGN noise is added to the transmitted signal, which simulates the random noise due 

to thermal effects, hardware imperfections, and environmental interference in the 

communication channel. In the simulation, AWGN noise is typically generated with a 

certain variance (𝜎2), which is related to the Signal-to-Noise Ratio (SNR). 

5.1.5   Impulsive Noise Generation: This block simulates the presence of impulsive 

noise in wireless channels. Impulsive noise is a non-Gaussian disturbance that results 

in sudden spikes, which can cause significant degradation of signal. In the simulation, 

impulsive noise can be modeled as a heavy-tailed distribution with occasional bursts 

of high-amplitude noise.  
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5.1.6   OFDM Demodulator: At the receiver side, the OFDM demodulator 

extracts the subcarriers, performing the FFT (Fast Fourier Transform) to convert the 

signal back to the frequency domain. It then removes the cyclic prefix and applies 

channel equalization to compensate for any distortions or multipath effects. 

5.1.7 Rectifier/ Noise Removal and Equalization: This block performs 

noise filtering and equalization techniques (such as MMSE equalization or ZF 

equalization) to mitigate the effects of impulsive noise. Impulsive noise being bursty, 

may require advanced filtering techniques to reduce its impact on received signal. The 

final output is the recovered data (e.g. text, image) after demodulation. If any errors 

occurred during transmission, they may be detected or corrected based on the error 

correction code. 

5.1.8   BER Meter: The BER meter compares the transmitted data (original data) 

with the received data after demodulation and correction to compute the bit error rate. 

Steps in BER calculation includes, storing original data or transmitted data in buffer, 

comparing received data (after demodulation and correction) with original data bit-by-

bit, counting the amount of bit error by comparing the transmitted it to the received 

bits.                

5.2   Pure Combining Techniques 

After obtaining the received signal components from all fading channels, they have to 

be combined to decode the transmitted signal. Numerous methods are there include, 

Maximal ratio combining technique (MRC), Equal gain combining technique (EGC), 

Selective combining technique (SC). 

5.2.1   Maximal ratio combining technique 

Maximal ratio combining capitalizes on the spatial domain and is used to stimulate the 

weight of the inner product and signal vector. In an MRC the number of received 

signals are weighted and combined to maximize the SNR at the output of the combiner. 

MRC utilizes both the amplitude and phase element of the signal to maximize the 
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SNR. The operations materialized by MRC are, time alignment of signal branches, co-

phasing, matching of channel gain and combining [106]. 

5.2.2   Equal Gain Combining Technique 

Equal gain combining comes with the advantages equally weighted signal followed by 

coherent detection where phase distortion is removed. The receiver do not have to 

anticipate the amplitude fading, thus it is less complex than MRC. As a result a number 

of unacceptable inputs achieve the possibility of acceptable signal in this scheme. The 

equal fading channel and co phasing is generally set to unity for all diversity paths. 

5.2.3   Selective combining technique 

It is the simplest of all Combining with the advantage of no performance demeaning. 

For signal detection it chooses the ones with highest SNR among the receiver monitors  

of each diversity channel. A receiver module having n number of antennas are sampled 

and the gains are adjusted to provide an average SNR for all branches. 

5.3   Simulation Result without Impulsive Noise:  

The simulation is done in MATLAB which evaluates the Bit Error Rate (BER) 

performance of BPSK modulation under Rayleigh fading with basic diversity 

combining (e.g. Maximal Ratio Combining (MRC)), without impulsive noise.  

Key Elements are: 

• Modulation: BPSK 

• Diversity: Maximal Ratio Combining (MRC) 

• Noise: AWGN (no impulsive noise) 
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Fig. 5.2 Comparison Between Simulated and Theoretical Result (BER vs SNR 

Curve) for Basic Diversity Combining Technique (MRC) Without Impulsive 

Noise for Various L  

Parameters: 

• N=1e6 

• Eb/N0 range in dB:  EbN0_dB = 0:2:20 

• Number of diversity branches: 4 

5.4   Details of Simulation: 

For BPSK over Rayleigh fading with Maximal Ratio Combining (MRC) of L 

independent branches, the theoretical BER is: 
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𝐵𝐸𝑅𝑡ℎ𝑒𝑜𝑟𝑦 =
1

2
(1 − √

𝛾

1 + 𝛾
   ∑ (

𝐿 − 1 + 𝑘

𝑘
)

𝐿−1

𝑘=0

(
1

4𝛾(1 + 𝛾)
)
𝑘

) 

But this is complex to evaluate directly. For particular purpose, a simplified 

approximation from Simon & Alouini (for BPSK and i.i.d Rayleigh fading): 

𝐵𝐸𝑅𝑀𝑅𝐶 ≈
1

2
(1 − √

𝛾

1 + 𝛾
)

𝐿

 

where, 𝛾 =
𝐸𝑏

𝑁0
  

Steps for simulations are as follows: 

• Selection of parameters 

• Generation of random bits and BPSK symbols 

• Storage of BER 

• Generation of Rayleigh fading and noise 

• Transmit symbol over L branches 

• Considerations for Maximal Ratio Combining 

• Consideration for Demodulation 

• BER Calculation 

• Theoretical BER approximation 

• Plot results 

As each bit is independently transmitted through a random Rayleigh fading channel, 

there are effectively 1 million independent channel realizations per point. As such, 

with N=106 , BER of 10-5 can be achieved.  
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5.5   Addition of Impulsive Noise to a Signal in MATLAB:  

To add impulsive noise to a signal in MATLAB, the function ‘imnoise’ with ‘salt & 

pepper’ option can be utilized, which can add random white and black pixels to the 

image or signal, simulating impulsive noise. Here is an example of how to add 

impulsive noise to a signal in MATLAB: 

 % Generate a signal 

 Signal = sin(2*pi*(0:0.001:10)); 

 % Add impulsive noise 

 Noisy_signal =  imnoise(signal, ‘salt & pepper’, 0.001); 

 % Plot the original and noisy signals 

 Subplot (2,1,1); 

title (‘original signal’); 

subplot (2,1,2); 

plot (noisy_signal); 

title (‘Noisy signal with impulsive noise’); 

In this example, we have generated a sine wave signal and added impulsive noise 

with a noise density of 0.005 (i.e. 0.5% of the signal’s pixels are randomly set to 

white or black). The resulting signals is then plotted alongside the original signal 

to compare them visually. The impulsive noise generated is shown below: 
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Fig. 5.3: Generated Impulsive Noise Signal through MATLAB Coding 

 

5.6   Simulation Result with Impulsive Noise: 

Transmitter: 

• Generate N random bits 𝑏𝑘 ∈ {0,1} 

• BPSK symbols: 𝑠𝑘 = +1 𝑓𝑜𝑟 𝑏𝑘 = 0,−1 𝑓𝑜𝑟 𝑏𝑘 = 1. 

Channel: 

• Each receive branch i=1,. . . , L  experiences an independent flat Rayleigh 

fading coefficient: 

ℎ𝑖.𝑘~𝐶𝑁 (0,1)  ⇒ |ℎ𝑖,𝑘|~𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ(𝛺 = 1), 

• Parameter sweep:   Vary A and 𝞒 to study impulsivity impact on BER Floor 

and Diversity gain. 
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• Accuracy:   Increase N or refine the impulsive model with full cluster-based 

Middleton A if deeper tail behaviour is needed. 

 

 

 

 

 

 

 

 

 

 

Fig 5.4   BER Performance for BPSK Modulation with MRC Rayleigh Fading 

channel with Impulsive Noise under Middleton Class-A Noise Model 

Considering Parameters: 

Table I: Consideration Parameters 

Parameters Value 

Modulation BPSK 

Number of Rx Module 2 

Number of Rx Antenna 4 

BER 10-5 

Impulsive Noise Index, A A=0.001 

Noise Model Middleton Class – A 

Gamma, 𝞒 𝞒=5 
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5.7   Comparison of Simulation and Theory for MRC under Middleton Class-A 

Noise (L=4) 

• The simulation and theoretical/ analytical curves displays good conformity 

across most of the SNR range. 

• Slight differences at very low or high SNR levels could be due to numerical 

exactness, limited number of Monte Carlo trials in simulation, or estimates in 

the theoretical model. 

• The use of MRC with 4 branches suggestively improves performance related 

to single-branch reception. 

• A conspicuous slope rise in the BER curve indicates effective diversity gain, 

dropping error rates sharply with growing SNR. 

• The performance deprivation compared to AWGN is apparent, especially at 

mid to low SNRs, which supports with the impulsive nature of Class-A noise. 

• The impact of impulsive noise is more noticeable at low SNR, where the noise 

bursts can govern signal energy even with MRC. 

• The analytical model likely includes assumptions about the Class-A 

parameters (e.g. impulsive index A, Gaussian factor 𝞒). 

• The close match to simulation authenticates the theoretical derivation under 

these parameters and confirms that MRC retains its robustness in impulsive 

environments. 

5.8   Simulations for Different Combining Schemes 

Simulation for different combining schemes under different noise models was done in 

MATLAB software to visualize the results. Three figures given below are the 

simulation results of two combining techniques namely Equal Gain Combining and 

Maximal Ratio Combining techniques. Along with AWGN theoretical and Middleton 
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Class A impulsive noise are considered for this simulation. It is observed that, 

according to simulation result, BER performance deteriorates with the incorporation 

of impulsive noise. Moreover, according to simulation, among EGC and MRC 

combining techniques, MRC performs better which is in conformity with the 

theoretical result.  

Fig 5.5: BER for BPSK with EGC over Rayleigh Fading with Middleton Class-A 

Noise Model 
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Fig 5.6: BER Performance for BPSK Modulation with MRC in Rayleigh Fading 

Channel under Middleton Class A Noise 

 

For simulating the comparison of BER curve taking consideration of impulsive noise 

in Maximal Ratio Combining (MRC) techniques, we have considered different values 

of impulsive noise index. Here we have considered the value of impulsive noise index 

A= 0.001. The resulted simulated and theoretical BER considering impulsive noise for 

Hybrid MRC is shown Fig 5.6.  

Analyzing different graphs (Fig 5.5 and 5.6) with considering impulsive noise, it is 

observed that simulated BER is better than analytical or numerical one in both the 

cases of diversity combining techniques. It is also observed that for different values of 

Impulsive Noise Index A, the simulated result is found in good conformity with the 
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earlier results. Moreover, as Rayleigh fading environment is considered, so, there is 

no line of sight (LOS) component and due to that simulated result is found better than 

that of analytical result. 

5.9   Comparison of Analytical and Simulated Result Considering Impulsive 

Noise Under Middleton Class- A Model 

A comparison table has been prepared for SNR values of analytical and simulated 

curve under different combining techniques considering fixed BER of 10-2 and 10-5 

which are shown below: 

Table II (L=4) 

BER 
Equal Gain Combining (EGC) 

SNR (dB) 

Maximal Ratio Combining (MRC) 

SNR (dB) 

 Simulated Theoretical Simulated Theoretical 

10-2 0.4 0.8 0.2 2.4 

10-3 4.4 5 3.9 6.2 

10-4 7.8 8 6.6 9.4 

10-5 10.4 11.2 10 12.1 

 

A comparative analysis is done in Table II for different combining techniques 

considering Middleton class A. From the table (Table II) it is evident that with any 

type of Combining Technique MRC outperforms other technique (EGC). 

5.10   Summary 

In this chapter, a system model has been developed to simulate OFDM OSTBC MIMO 

wireless communication system considering impulsive noise and Rayleigh fading. 

Initially, MATLAB program has been developed considering different combining 

techniques and simulated result was found out considering only Rayleigh fading 

environment without considering impulsive noise. Later on MATLAB program was 
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also developed taking in consideration of impulsive noise under Middleton Class – A 

model. BER vs SNR graph was found out for different values of Impulsive Noise 

Index A and it was observed that MRC performs better than EGC in terms of SNR 

gain for fixed BER which verifies the theoretical or analytical result. 

Hence, the fourth objective of the thesis is achieved which is “to simulate OFDM 

OSTBC MISO wireless communication system considering impulsive noise and 

Rayleigh fading and to verify analytical result”. 
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CHAPTER 6 

IMPULSIVE NOISE MITIGATION TECHNIQUES 

6.1   Introduction  

Impulsive noise has arisen as an important challenge in the present day’s wireless 

communication, especially in the context of Single Input Single Output (SISO) and 

Multiple Input Multiple Output (MIMO) systems. Impulsive noise is categorized by 

arbitrary amplitude and duration and has a substantial impact on the performance of 

these systems. Two popular models for impulsive noise are considered for the purpose 

of our thesis work which are Middleton Class A model and Symmetric alpha-stable 

(SαS) model. The Middleton Class – A model and SαS are widely used model in 

communication systems for modelling non-Gaussian and impulsive noise [102].  

In this context, the analysis and comparison of these two models i.e. Middleton Class 

– A and Symmetric Alpha Stable on SISO and MIMO systems have received 

substantial attention in recent research. Researchers have proposed various techniques 

to mitigate the effect of impulsive noise on SISO and MIMO systems. These 

techniques include filtering methods, such as Adaptive Filters and Median Filtering, 

as well as subspace-based approaches, such as Independent Component Analysis 

(ICA) and Principal Component Analysis (PCA). While both models have been 

extensively studied, the comparison of their impact on SISO and MIMO systems 

remains an active research area. The performance of the different mitigation 

techniques can also be evaluated based on the specific impulsive noise model used. 

Therefore, we have done a detailed analysis and comparison of these two models 

which will provide valuable insights into the design of efficient mitigation techniques 

for SISO and MIMO systems. In this chapter we have evaluated the impact of 

impulsive noise on the Bit Error Rate (BER) versus Signal-to-Noise Ratio (SNR) curve 

with the analysis and comparison of the MCA and alpha-stable impulsive noise models 

on SISO and MIMO systems [103]. The BER versus SNR curve is a plot of the 
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probability of bit error against the signal-to-noise ratio, which is a measure of the 

quality of the received signal. In the presence of impulsive noise, the BER versus SNR 

curve can exhibit non-Gaussian behavior, such as increased error rates and error floors 

[104].  

Various mitigating techniques has been taken into consideration to mitigate the impact 

of impulsive noise on the BER versus SNR curve. These techniques can improve the 

robustness of SISO and MIMO systems in the presence of impulsive noise and reduce 

the error rates on the BER versus SNR curve. Overall, the analysis and comparison of 

the Middleton Class-A and SαS impulsive noise models on the BER versus SNR curve 

of SISO and MIMO systems can provide valuable insights into the design of effective 

mitigation techniques for impulsive noise in communication systems which has been 

discussed briefly in this chapter.  

6.2   Impulsive Noise Modelling  

Impulsive noise modeling denotes to the method of simulating and modeling the 

behavior of impulsive noise in a given environment. Impulsive noise is a type of noise 

that is characterized by short, high-energy pulses. It is often encountered in industrial 

settings and can cause substantial damage to electronic equipment if it is not properly 

managed. The process of impulsive noise modeling involves analyzing the sources and 

characteristics of the impulsive noise in a given environment and then using 

mathematical models to simulate its behavior. This can include analyzing the 

frequency and time domain behavior of the noise, as well as its statistical properties 

such as cumulative distribution function (CDF) and probability density function 

(PDF). Once the impulsive noise has been modeled, it can be used to test the response 

of electronic equipment and to evaluate the effectiveness of different noise mitigation 

approaches. This information can then be used to design more effective noise 

mitigation systems and to improve the overall reliability of electronic equipment in 

noisy environments [105]. It can be modeled using various statistical methods, 

including the following: The Gaussian model: The Gaussian model assumes that the 
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impulsive noise is a Gaussian random process, but it is not effective in representing 

the non-Gaussian characteristics of impulsive noise. The Laplacian model: The 

Laplacian model is a better illustration of impulsive noise than the Gaussian model, as 

it considers the non-Gaussian characteristics of the noise. The GGD model: The GGD 

model can characterize a wide range of distributions, including Gaussian and 

Laplacian distributions. It is often used to model impulsive noise because it can 

provide a better fitting to the actual noise distribution. The Alpha-Stable distribution: 

The Alpha-Stable distribution is a class of distributions that can model both Gaussian 

and heavy-tailed noises. It is often used to model impulsive noise in wireless 

communication systems [106].  

6.2.1   Middleton Class A  

The Middleton Class A impulsive noise model is a arithmetical model used to describe 

impulsive noise in communication systems. The model undertakes that the impulsive 

noise is generated by a Poisson process, with a probability density function (PDF) that 

follows an exponential spreading. The Class A model is used for applications where 

the average number of impulses per symbol interval is less than one. The Class A 

impulsive noise model is characterized by two parameters: the average number of 

impulses per symbol interval (lambda), and the amplitude distribution of the impulses. 

The amplitude distribution of the impulses can be modeled using different 

distributions, such as Gaussian or Laplacian, depending on the characteristics of the 

impulsive noise in a particular system [107]. The Middleton Class A impulsive noise 

model is widely used in communication systems and is a useful tool for analyzing and 

designing systems that are susceptible to impulsive noise. Here are some mathematical 

expressions that describe the Middleton Class A impulsive noise model:  

Poisson process: The number of impulses per symbol interval, N, follows a Poisson 

distribution with mean λ:  

𝑃(𝑁 = 𝑘) =
𝜆𝑘𝑒−𝜆

𝑘!
      (6.1) 
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where k is a non-negative integer.  

Amplitude distribution: The amplitudes of the impulses, A, are modeled as 

independent and identically distributed random variables with a known distribution 

function, f(A). For example, if the amplitude distribution is Gaussian, the PDF is: ] 

𝑓(𝐴) =
1

√2𝜋𝜎2
, 𝑒
−
𝐴2

2𝜎2       (6.2) 

where sigma is the standard deviation of the Gaussian distribution. Received signal: 

The received signal, y, is given by: y = x + n where x is the transmitted signal and n is 

the impulsive noise. PDF of the received signal: The PDF of the received signal, f(y), 

can be obtained by convolving the PDF of the transmitted signal, f(x), with the PDF 

of the impulsive noise, 

𝑓(𝑦) = ∫(−∞,∞)𝑓(𝑥) ∗ 𝑓(𝑦 − 𝑥)𝑑𝑥       (6.3)  

This expression provides a mathematical representation of the effect of impulsive 

noise on the received signal. The performance of communication systems under 

impulsive noise con ditions can be analyzed using this expression. The class A model 

assumes that the noise is composed of two terms [14] N(t) = NG(t) + NI (t), (1) where 

NG(t) is a stationary Gaussian signal and NI (t) can be expressed as 

𝑁𝑖(𝑡) = 𝑋𝑗𝑈𝑗(𝑡, ∑)      (6.4)  

Where 𝑈𝑗 denotes the jth waveform from a noise source and ∑ denotes a set of random 

parameters which describes the waveform scale and structure. Under certain 

assumptions, the PDF of the instantaneous amplitude of  N(t) can be expressed as a 

mixture of zero-mean Gaussian terms weighted according to a Poisson process [108].  

𝑓𝑁(𝑛) = ∑
𝑒−𝐴𝐴𝑚

𝑚!
∞
𝑚=0  

1

√2𝜋𝜎𝑚
2
 𝑒
−
𝑛2

2𝜎𝑚
2   

                  (6.5)  



112 
 

where the variances 𝜎𝑚
2  can be expressed as 𝜎𝑚

2 = 𝜎𝑚,𝐴
2 + 𝛤1 + 𝞒, where 𝜎2 is the 

power of 𝑁(𝑡), and 𝜎𝐺
2  and 𝜎𝐼

2 are the power of the Gaussian and impulsive terms, 

respectively. Its ratio is denoted by 𝛤 =
𝜎𝐺
2

𝜎𝐼
2⁄  . For the sake of simplicity, in the rest 

of the paper we will consider signals with 𝜎2 = 1, and this term will be omitted 

conditions.                                         

6.2.2   Symmetric Alpha stable  

Symmetric alpha-stable distributions are a type of probability distribution that are 

usually used to model heavy-tailed features. Unlike Gaussian or normal distributions, 

symmetric alpha-stable distributions have heavy tails that are categorized by slow 

decay. This means that they are more likely to produce extreme values, or outliers, 

which can make them useful for modeling real-world characteristics that have a high 

degree of variability. In mathematical terms, a symmetric alpha-stable distribution is 

defined by four parameters: the scale parameter, the location parameter, the stability 

parameter (α), and a skewness parameter (β). The value of α determines the tail 

behavior of the distribution, with α = 2 corresponding to a Gaussian distribution, and 

α < 2 representing a heavy-tailed distribution. The value of β determines the skewness 

of the distribution, with β = 0 corresponding to a symmetric distribution and β= 0 

corresponding to a skewed distribution. Symmetric alpha-stable distributions have a 

number of properties that make them useful for modeling real-world characteristics. 

For example, they are self-similar, meaning that if X is a symmetric alpha-stable 

random variable, then for any constant c, the random variable cX is also symmetric 

alpha-stable. This property can make them useful for modeling phenomena that exhibit 

scale-invariant behavior. Symmetric alpha-stable distributions are often used to model 

impulsive noise in signal processing applications. Impulsive noise, also known as burst 

noise, is a type of noise that consists of short, intense spikes that occur randomly in 

time. This type of noise can be difficult to model using traditional Gaussian 

distributions, which are not well-suited to represent extreme values or outliers. The 
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value of the stability parameter alpha can be used to control the amount of heavy-

tailedness in the distribution, while the value of the skewness parameter beta can be 

used to control the skewness of the distribution. By modeling impulsive noise as a 

symmetric alpha-stable distribution, it is possible to capture the heavy-tailed behavior 

and extreme values that are often observed in real-world impulsive noise signals [108]. 

6.2.3   Experimental Results and Discussions 

MATLAB m. files are used to simulate the transmitter, receiver, and channel. Table 

1shows different simulation parameters. 

Table I. MATLAB simulation parameters 

Type of Modulation QPSK 

Number of OFDM Carriers 256 

Number of faded channel paths 4 

Number of cyclic prefix 16 

Number of Transmitted bits 2*256*5000 

Type of Fading Rayleigh Frequency Selective 

Number of Pilots 2 

 

6.3   Impulsive noise mitigation in a Single-Input Single-Output (SISO)  

Impulsive noise mitigation in Single Input Single Output (SISO) systems refers to the 

process of eliminating or reducing  the impact of impulsive noise on the signal being 

transmitted. There are several methods for mitigating impulsive noise in SISO systems 

which are discussed in subsequent paragraphs [111]. 

6.3.1   Wiener Filtering Detection  

Wiener filtering is a signal processing technique that can be used for detecting and 

mitigating the impact of impulsive noise in single-input single-output (SISO) 

communication systems. The Wiener filter is an adaptive filter that reduces the mean-

square error between the filtered signal and the original signal. In the context of 
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impulsive noise mitigation, the Wiener filter can be used to approximate the 

underlying signal by removing the impulsive noise. The filter is trained using the 

received signal and a reference signal, and the filter coefficients are updated over time 

to adapt to the changing noise conditions. The Wiener filter operates in the frequency 

domain and is based on a statistical model of the noise and the signal. The filter 

estimates the power spectral density (PSD) of the noise and the signal, and uses this 

information to calculate the filter coefficients that minimize the mean-square error 

[112]. In SISO communication systems, the Wiener filter can be implemented at the 

receiver and used to improve the reliability of the communication link. The filter can 

be trained using the reference signal and the received signal, and the filtered signal can 

be used to improve the performance of the demodulator. Overall, Wiener filtering can 

be an effective solution for detecting and mitigating the impact of impulsive noise in 

SISO communication systems. The method provides good results for low-level 

impulsive noise and is relatively simple to implement. However, the method may not 

be effective for high-level impulsive noise and may also introduce additional noise 

into the signal. The mathematical model and algorithm for Wiener filtering in a SISO 

communication system can be represented as follows: 

Let’s assume that the transmitted signal is given by x(t) and the received signal is given 

by y(t), where t is the time index. The reference signal, r(t), is known at the receiver. 

At the receiver, the received signal y(t) is correlated with the reference signal r(t) to 

obtain the cross-correlation function 𝑅𝑥𝑦(𝜏):  

𝑅𝑥𝑦(𝜏) = 𝔼[𝑦(𝑡)𝑟(𝑡 − 𝜏)]                                                            (6.6) 

where 𝔼 [y(t)r(t −τ)] represents the expectation operator and τ is the time lag. Next, 

the auto-correlation function of the reference signal Rrr(τ) is calculated:  

𝑅𝑟𝑟(𝜏) = 𝔼[𝑟(𝑡)𝑟(𝑡 − 𝜏)]       (6.7) 

The Winner filter is then calculated using the cross-correlation function 𝑅𝑥𝑦(𝜏) and 

the auto-correlation function 𝑅𝑟𝑟(𝜏): 
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𝐻(𝜏) =
𝑅𝑥𝑦(𝜏)

𝑅𝑟𝑟(𝜏)
          (6.8) 

The filtered signal z(t) is then obtained by convolving the received signal y(t) with the 

Wiener f ilter H(τ):  

z(t) = y(t)∗H(τ)         (6.9) 

where * represents the convolution operation. Finally, the estimated signal y(t) is 

obtained by adjusting the gain of the filtered signal: y(t) = g * z(t) where g is the gain 

factor that is adjusted to maintain a constant modulus. Overall, the mathematical model 

and algorithm for Wiener filtering in a SISO communication system involves the 

calculation of the cross-correlation function and auto-correlation function, the 

calculation of the Wiener filter, the convolution of the received signal with the Wiener 

filter, and the adjustment of the gain of the filtered signal to obtain the estimated signal 

[112]. 

6.3.2   Bayesian Detection  

In Bayesian detection of impulsive noise mitigation for a Single-Input Single-Output 

(SISO) system, the mathematical model involves updating our prior belief about the 

presence of im pulsive noise in the system based on the available data. 

Let’s assume that the received signal at the receiver is given by:  

𝑦(𝑡) = 𝑥(𝑡) + 𝑛(𝑡)         (6.10) 

where x(t) is the transmitted signal, n(t) is the additive noise and y(t) is the received 

signal. The task is to detect whether n(t) is impulsive or not. We can model this 

problem as a hypothesis testing problem, where H0 represents the hypothesis that the 

noise is not impulsive and H1 represents the hypothesis that the noise is impulsive.  

The Bayesian approach involves computing the likelihood of the received signal given 

each hypothesis and using Bayes’ theorem to update our prior belief about the presence 

of impulsive noise. Bayes’ theorem states that: 
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𝑃(𝐻1|𝑦) =
𝑃(𝑦|𝐻1)𝑃(𝐻1)

𝑃(𝑦|𝐻1)𝑃(𝐻1)+𝑃(𝑦|𝐻0)𝑃(𝐻0)
        (6.11)  

𝑃(𝐻1|𝑦) is the posterior probability of 𝐻1 given the received signal y, 𝑃(𝑦|𝐻1) is the 

likelihood of the received signal given 𝐻1, 𝑃(𝐻1) is the prior probability of 𝐻1 and 

𝑃(𝐻0) is the prior probability of 𝐻0.  

We can use various statistical models to compute the likelihood of the received signal 

given each hypothesis [47]. For example, if we assume that the impulsive noise 

follows a Laplacian distribution, then the likelihood of the received signal given H1 

can be computed as:  

𝑃(𝑦|𝐻1) =
1

2𝑏
𝑒−

|𝑦−𝑥|

𝑏                (6.12) 

 where b is a parameter that controls the spread of the Laplacian distribution.  

Once we have computed the posterior probabilities, we can make a decision about the 

presence of impulsive noise by comparing the values of This is a basic mathematical 

model for Bayesian detection of impulsive noise mitigation in a SISO system. More 

sophisticated models can be developed by incorporating additional information and 

making different assumptions about the underlying distributions.  

The mathematical model for Bayesian detection of impulsive noise mitigation in a 

Single Input Single-Output (SISO) system can be formulated as follows:  

Hypothesis testing: The problem of detecting impulsive noise can be treated as a 

hypothesis testing problem. Let 𝐻0 represent the hypothesis that the noise is not 

impulsive and 𝐻1 represent the hypothesis that the noise is impulsive.  

Prior probabilities: Define the prior probabilities of 𝐻0 and 𝐻1, 𝑃(𝐻0) and 𝑃(𝐻1), 

respectively. These can be estimated based on prior knowledge or past experience with 

similar systems.  
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Likelihood function: Define the likelihood function for the received signal, y(t), given 

each hypothesis. For example, if the impulsive noise is modeled as a Laplacian 

distribution, the likelihood function can be given by: 

𝑃(𝑦|𝐻1) =
1

2𝑏
𝑒𝑥𝑝 (−

|𝑦−𝑥|

𝑏
)               (6.13) 

where b is a parameter that controls the spread of the Laplacian distribution, and x(t) 

is the transmitted signal.  

Bayes’ theorem: Use Bayes’ theorem to calculate the posterior probabilities of 𝐻0 and 

𝐻1 given the received signal y(t): 

𝑃(𝐻1|𝑦) =
𝑃(𝑦|𝐻1).𝑃(𝐻1)

𝑃(𝑦|𝐻1).𝑃(𝐻1)+𝑃(𝑦|𝐻0).𝑃(𝐻0)
             (6.14) 

Decision rule: To compare the values of 𝑃(𝐻1|𝑦) and 𝑃(𝐻0|𝑦) to make a decision 

about the presence of impulsive noise, we can use the following decision rule:  

If 𝑃(𝐻1|𝑦) >  𝑃(𝐻0|𝑦), we can conclude that the noise is impulsive. If 𝑃(𝐻1|𝑦) <  

𝑃(𝐻0|𝑦), we can conclude that the noise is not impulsive.  

This is a simplified mathematical model for Bayesian detection of impulsive noise 

mitigation in a SISO system. The model can be refined and made more sophisticated 

by incorporating additional information and making different assumptions about the 

underlying distributions. 

 

6.3.3   Small signal approximation Bayesian detection  

Small signal approximation is a method used in control systems to linearize a nonlinear 

system around a operating point, so that it can be analyzed and controlled using linear 

control techniques. In the context of Bayesian detection, it is used to model the 

behavior of a signal in the presence of impulsive noise. Impulsive noise can severely 

impact the performance of communication systems and cause errors in the detection 



118 
 

of the signal. Mitigating the effects of impulsive noise in single input single output 

(SISO) systems is challenging because it is difficult to accurately model the behavior 

of the noise. The Bayesian approach provides a way to perform optimal signal 

detection by modeling the signal and noise as random variables and then computing 

the probabilities of the signal being in different states. In the Bayesian framework, the 

signal and noise are modeled as random variables, and a likelihood function is used to 

describe the relationship between the signal and the received signal. Given the 

likelihood function, the Bayesian approach can be used to compute the posterior 

probability distribution of the signal, which represents the probability of the signal 

being in different states given the received signal. The small signal approximation can 

be used to simplify the mathematical model by linearizing the system around the 

operating point. This allows the signal and noise to be modeled as Gaussian random 

variables, which makes the computation of the posterior probability distribution and 

the performance evaluation simpler. The small signal approximation is only valid for 

small signals and may not be accurate for large signals or in the presence of strong 

impulsive noise. This approximation simplifies the analysis and makes it easier to 

compute the probabilities of the signal being in different states. The Bayesian approach 

provides a flexible framework for signal detection in the presence of impulsive noise, 

and can be used to optimize the signal detection performance in SISO systems. 

6.3.4   Quantized Bayesian Detection  

Quantized Bayesian detection refers to the process of detecting a signal in the presence 

of impulsive noise using a Bayesian approach and quantizing the posterior probability 

distribution of the signal. In this method, the posterior probability distribution is 

quantized into a finite number of levels, and the signal state is determined by mapping 

the quantized levels to a finite set of signal states.  

The main advantage of quantized Bayesian detection is that it can reduce the 

computational complexity of Bayesian detection, making it more suitable for 

implementation in real-time systems with limited processing power. The trade-off is 
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that quantization introduces a quantization error, which can impact the performance 

of the detection system. To mitigate the effects of quantization error, the number of 

quantization levels and the map ping of the quantized levels to signal states should be 

carefully designed to minimize the impact on the performance of the detection system. 

In practice, the quantization error can be reduced by increasing the number of 

quantization levels, but this comes at the cost of increased computational complexity. 

In summary, quantized Bayesian detection provides a way to implement Bayesian 

signal detection in real-time systems with limited processing power, while balancing 

the trade-off between computational complexity and performance. 

6.3.5   Optimal and Selection Myriad Filtering  

The Myriad filter is a type of nonlinear filter that has been shown to be effective for 

impulsive noise mitigation in SISO systems. It is an adaptive filter that uses a set of 

multiple reference signals to estimate the signal corrupted by impulsive noise. The 

Myriad filter is designed to take into account both the temporal and spectral 

characteristics of the impulsive noise, making it a promising approach for impulsive 

noise mitigation. The design of the Myriad filter involves the selection of a set of 

reference signals that are used to estimate the clean signal. The optimal selection of 

reference signals depends on the statistical properties of the impulsive noise and the 

clean signal. Researchers have proposed various approaches for selecting the optimal 

set of reference signals, such as Principal Component Analysis (PCA), Independent 

Component Analysis (ICA), and subspace-based approaches. The performance of the 

Myriad filter in mitigating impulsive noise in SISO systems can be evaluated using 

the BER versus SNR curve, which measures the error rate of the system as a function 

of the signal to-noise ratio. Studies have shown that the Myriad filter can significantly 

improve the BER versus SNR curve of SISO systems in the presence of impulsive 

noise, compared to traditional linear filtering methods. One challenge in the design of 

the Myriad filter is the selection of the optimal number of reference signals. Increasing 

the number of reference signals can improve the estimation accuracy of the clean 
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signal but can also increase the computational complexity of the filter. The optimal 

number of reference signals can be determined based on the trade-off between 

estimation accuracy and computational complexity. In summary the Myriad filter is 

an effective approach for impulsive noise mitigation in SISO systems. The optimal 

design of the filter involves the selection of an optimal set of reference signals, which 

can be achieved using various approaches. The performance of the Myriad filter can 

be evaluated using the BER versus SNR curve, and the optimal number of reference 

signals can be determined based on the trade-off between estimation accuracy and 

computational complexity. 

6.4   Impulsive noise mitigation in a Multiple-Input Multiple-Output (MIMO)  

Impulsive noise mitigation in a Multiple-Input Multiple-Output (MIMO) system refers 

to techniques used to counteract the effects of impulsive noise, which is a type of 

interference that causes brief, sharp spikes in signal amplitude.  

Impulsive noise can cause significant degradation of the communication system 

performance, and it is often challenging to mitigate due to its short duration and large 

amplitude. Impulsive noise, also known as impulsive interference or burst noise, is a 

type of interference that can cause brief but high amplitude spikes in the received 

signal. This type of noise can significantly degrade the performance of a MIMO 

communication system, as it can introduce errors into the received data and reduce the 

signal-to-noise ratio. MIMO systems use multiple antennas at the transmitter and 

receiver to increase the data rate and improve the reliability of the communication link. 

However, impulsive noise can affect different antennas in different ways, and this can 

result in varying degrees of error in the received signal. Therefore, it is essential to 

mitigate the effects of impulsive noise in a MIMO system. Impulsive noise mitigation 

in MIMO systems can be challenging because impulsive noise is usually short in 

duration and has a high amplitude, making it difficult to distinguish from the desired 

signal. To mitigate the effects of impulsive noise, a combination of signal processing 

techniques can be used. These techniques can be broadly classified into two categories: 
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time-domain and frequency-domain techniques. Time-domain techniques operate on 

the received signa directly in the time domain, while frequency-domain techniques 

operate on the signal in the frequency domain. Some of the time-domain techniques 

include median filtering, waveform shaping, and pulse blanking. These techniques are 

used to remove the impulsive noise from the received signal or reduce its impact on 

the system. 

On the other hand, some of the frequency-domain techniques include spectral 

subtraction. Adaptive filtering techniques use an adaptive filter to remove the 

impulsive noise from the received signal, while spectral subtraction techniques 

estimate the noise spectrum and subtract it from the received signal. Here are some 

techniques that are used in this per to mitigate impulsive noise on MIMO system. 

6.4.1   Spatial Multiplexing with Gaussian ML Receiver 

Spatial multiplexing is a technique used in MIMO systems that employs multiple 

antennas to transmit independent data streams in parallel, thus increasing the data rate. 

Impulsive noise, on the other hand, is a type of noise that can occur in a communication 

system, which can cause errors in the received signal. To mitigate the effect of 

impulsive noise on a MIMO system that uses spatial multiplexing, a Gaussian ML 

receiver can be utilized to estimate the transmitted signals at each receiver antenna. 

The receiver uses these estimates to detect the transmitted symbols while also 

considering the noise statistics [112]. The Gaussian ML receiver is particularly useful 

in mitigating the effect of impulsive noise because it is robust to noise that is Gaussian-

like. The combination of spatial multiplexing and the Gaussian ML receiver can lead 

to more efficient and faster data transmission, while also reducing the impact of 

impulsive noise on the system’s overall performance. Spatial multiplexing with a 

Gaussian ML receiver on a MIMO system in the presence of impulsive noise can be 

described as y =Hx+n+s where y is the received signal vector, H is the MIMO channel 

matrix, x is the transmitted signal vector, n is the additive white Gaussian noise 

(AWGN), and s is the impulsive noise. The transmitted signal vector, x, is a function 
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of the input symbols, and the MIMO channel matrix, H, is a function of the channel 

gains and fading coefficients. The impulsive noise, s, is modeled as an additional 

component that can cause errors in the received signal. The Gaussian ML receiver 

model can be used to estimate the transmitted signal vector, x, by maximizing the 

likelihood function of the received signal vector, y, given the channel matrix, H, and 

noise statistics. The estimated signal vector is then used to detect the transmitted 

symbols, taking into account the impulsive noise statistics. The specific mathematical 

expressions for the likelihood function and the detection algorithm depend on the 

specific implementation of the Gaussian ML receiver and the spatial multiplexing 

technique being used. 

6.4.2   Alamouti Coding  

Alamouti coding is a technique used in MIMO systems to transmit data over multiple 

antennas. The basic idea behind Alamouti coding is to transmit two copies of the same 

data over two different antennas with a specific phase relationship. This allows the 

receiver to decode the transmitted data even if one of the antennas experiences 

interference or fading. Im pulsive noise can be a problem in MIMO systems that use 

Alamouti coding, as it can cause errors in the received signal. To model impulsive 

noise in Alamouti coding-based systems, we can use a similar approach to the one I 

described earlier. Let’s assume that we have a MIMO system with two transmit 

antennas and one receive antenna. The transmitted data is encoded using Alamouti 

coding and transmitted over the two antennas. The received signal at the receiver can 

be modeled as: y = H*x + n where H is the channel response matrix, x is the transmitted 

signal vector, and n is the noise vector. We assume that n is a random variable with a 

heavy-tailed distribution, such as the alpha-stable distribution [113]. 

6.5   Analysis of communication performance on SISO and MIMO system  

The key performance metric for evaluating the effectiveness of the impulsive noise 

mitigation method is BER vs SNR curve. The Bit Error Rate (BER) vs Signal-to-Noise 
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Ratio (SNR) curve for a SISO and MIMO system with impulsive noise mitigation 

describes the relationship between the BER of the system and the SNR of the received 

signal when impulsive noise is present in the system. The curve is obtained by 

simulating the SISO and MIMO systems under different levels of SNR, typically over 

a range of several decibels. At each SNR level, a large number of bits are transmitted, 

and the received bits are compared with the transmitted bits to calculate the BER. The 

simulation is repeated for different levels of SNR, and the results are plotted to obtain 

the BER vs SNR curve. In the case of impulsive noise mitigation, the BER vs SNR 

curve exhibited some unique characteristics compared to a system without mitigation. 

For example, the presence of impulsive noise caused occasional errors that are not 

well-described by traditional statistical models used to analyze Gaussian noise. 

Therefore, the curve had a higher BER at lower SNR values compared to Gaussian 

noise, as the noise can cause occasional errors that are difficult to mitigate [114].  

The effectiveness of the impulsive noise mitigation method is reflected in the shape of 

the curve. In general, a lower BER indicates better system performance, and a higher 

SNR is required to achieve a lower BER. The curve having a ”knee” point represents 

the SNR at which the system transitions from high error rates to lower error rates. The 

knee point is typically determined by the sensitivity of the system to noise, and affected 

by factors such as the modulation scheme and coding used in the system. Overall, the 

BER vs SNR curve for a SISO and MIMO system with impulsive noise mitigation has 

provided valuable insight into the performance of the system under various noise 

conditions. By analyzing the curve, system designers can optimize the system 

parameters to achieve the desired performance under various noise conditions. 

6.5.1   Parameter Estimation on SISO system 

In the Middleton Class A noise model, the impulsive noise is modeled as a Poisson 

process with a continuous probability density function. The impulsive noise is 

characterized by two parameters: the impulsive index and the Gamma parameter. The 

impulsive index determines the fraction of samples that are affected by impulsive 
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noise, while the Gamma parameter samples affected by impulsive noise, which make 

the BER vs SNR curve more sensitive to changes in the SNR. A higher Gamma 

parameter increase the severity of the impulsive noise, which makes it more difficult 

to mitigate and results in a higher BER at lower SNR values. The performance of the 

mitigation method is affected by the specific values of the impulsive index and Gamma 

parameter. The range of gamma parameter is 0 to 2 and Impulsive index will be within 

1. The gamma parameter basically introduces the distribution of the noise is peaked or 

flat. Impulsive index parameter is taken 0.20, 0.35, 0.5, 0.75 and 1. In the Alpha-Stable 

noise model, the impulsive noise is modeled as an Alpha-Stable random process, 

which is characterized by four parameters: the stability index α, the skewness 

parameter β, the scaling parameter c, and the location parameter µ. In this model, the 

dispersion parameter is defined as the ratio of the power of the impulsive noise to the 

power of the additive Gaussian noise. The effect of the stability index alpha and the 

dispersion parameter on the BER vs SNR curve for a SISO system with impulsive 

noise mitigation in the Alpha-Stable noise model would depend on the design of the 

mitigation method and the characteristics of the system. A higher stability index alpha 

increases the severity of the impulsive noise, which make it more difficult to mitigate 

and result in a higher BER at lower SNR values. The dispersion parameter has a 

significant impact on the shape of the BER vs SNR curve. A higher dispersion 

parameter result in a higher power of the impulsive noise relative to the additive 

Gaussian noise, which make it more difficult to distinguish the signal from the noise. 

As a result, the BER vs SNR curve exhibits a higher BER at lower SNR values 

compared to a system with a lower dispersion parameter. A well-designed mitigation 

method is used to reduce the impact of the impulsive noise and result in a lower BER 

overall, but the performance of the mitigation method is affected by the specific values 

of the dispersion parameter. Simulating the system under different levels of alpha 

taking value of 0.5 , 1 and 1.5 and dispersion parameter and analyzing the resulting 

BER vs SNR curves has provided valuable insight into the performance of the system 

and the effectiveness of the mitigation method under various noise conditions. M-
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PAM modulation technique is used for the purpose of simulation in this paper. Now 

the effect of the parameter M on the BER vs SNR curve for a SISO system with 

impulsive noise mitigation is that a higher value of M increases the number of possible 

symbols that can be transmitted, which increases the data rate and potentially improve 

the BER at high SNR values. However, a higher value of M also increases the distance 

between adjacent symbols, which makes the modulation scheme more susceptible to 

noise and interference, including impulsive noise. Considering all positive and 

negative sides the parameter M has been selected.  Which is 4-PAM, 8-PAM, 16- 

PAM, 32- PAM for noise type alpha stable and 2- PAM, 8-PAM, 16-PAM for noise 

type Middleton class A.  

6.5.2   Parameter Estimation on MIMO system 

In a MIMO (Multiple Input Multiple Output) system, the performance can be 

evaluated in terms of Bit Error Rate (BER) versus Signal-to-Noise Ratio (SNR) curve. 

The k (kappa) value represents the impulsive noise level, which is characterized by the 

distribution of the noise. When the k value is high, the impulsive noise level is high, 

and the performance of the MIMO system degrades. The high k value indicates that 

the impulsive noise is dominant in the channel, and the Gaussian noise component is 

relatively small. As a result, the BER vs SNR curve shifts to the right, indicating a 

higher SNR required to achieve a particular BER. When the k value is low, the 

impulsive noise level is low, and the performance of the MIMO system improves. The 

low k value indicates that the Gaussian noise component is dominant in the channel, 

and the impulsive noise is relatively small. We will take three different k values0.1, 

0.5 & 0.9 in all kinds of detection techniques. The INI value is a parameter used to 

adjust the strength of the noise filter that is applied to the received signal to reduce the 

impact of impulsive noise. If the INI value is set too low, the noise filtering is 

insufficient to effectively remove the Bivariate Middleton Class A Impulsive Noise 

from the received signal. As a result, the noise will have a significant impact on the 

system performance. If the INI value is set too high the curve will shift rightwards, 
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and a higher BER will be observed at higher SNR. This is because the noise filtering 

is too strong and is affecting the useful signal information, leading to a higher error 

rate. The system will be responded to a INI value of 0.1 & 0.8 in each case to clearly 

view the impact of INI value. M-QAM is a modulation scheme that uses a constellation 

diagram with M points to encode data. The ”m” value in M-QAM refers to the number 

of points in the constellation diagram. As the m value increases, the points in the 

diagram become closer to each other, which means that the modulation is more 

susceptible to noise and interference. To test impulsive noise mitigation ‘M’ value of 

4dB, 8dB & 16dB are considered.  

6.6   Performance Analysis of SISO system  

This section presents the comparative study of the performance and effectiveness of 

SISO system in case of various Noise type and detection method by changing the 

parameter and signal constellation. For SISO system , two type of noise type has been 

selected for simulation in MATLAB. Which are Middleton Class A and Alpha Stable. 

For Middleton class a parameter of impulsive index has been changed and different 

curve of BER vs SNR has been noticed in case of different detection and mitigation 

method. These detection methods are discussed elaborately before. For alpha stable 

parameter alpha which is stability index is changed and effect of BER vs SNR curve 

is observed. 

6.7   Performance Analysis of MIMO system 

In a MIMO system, the performance can be evaluated in terms of BER versus SNR 

curve. The κ (kappa) value represents the impulsive noise level, which is characterized 

by the distribution of the noise. When the κ value is high, the impulsive noise level is 

high, and the performance of the MIMO system degrades. The high k value indicates 

that the impulsive noise is dominant in the channel, and the Gaussian noise component 

is relatively small [112-115]. When the k value is low, the impulsive noise level is 

low, and the performance of the MIMO system improves. The low k value indicates 

that the Gaussian noise component is dominant in the channel, and the impulsive noise 
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is relatively small. Three different k values 0.1, 0.5 & 0.9 are taken in all kinds of 

detection techniques. INI is a parameter used to adjust the strength of the noise filter 

that is applied to the received signal to reduce the impact of impulsive noise. If the INI 

value is set too low, the noise filtering is insufficient to effectively remove the 

Bivariate Middleton Class A Impulsive Noise from the received signal. As a result, 

the noise will have a significant impact on the system performance. The system is 

responded to an INI value of 0.1 and 0.8 in each case to clearly view the impact of INI 

value.  

6.7.1   Effect for Kappa 

To mitigate the impulsive noise in a MIMO system, it is essential to choose an 

appropriate k value that balances the trade-off between the noise reduction and the  

Figure 6.3: BER performance of Bivariate Middleton class A impulsive noise for 

different Kappa values k= 0.9  
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system performance. We chose a constant parameter gamma= 0.01, INI=0.8 & M=8 

and by taking k value 0.9, we have generated the performance curve.  

6.7.2  Effect for Impulsive Noise Index  

The INI value represents the strength of the noise filter that is applied to the received 

signal to reduce the impact of the impulsive noise. We selected two different INI value  

at m=8 & k=0.5 to simulate graph. When the INI value is set too low (INI=0.1), the 

impulsive noise had a significant impact on the system performance, and the BER vs  

Figure 6.4  : BER performance of bivariate Middleton class A impulsive noise for 

different INI values of 0.8 

SNR graph had a higher BER for given SNR. The curve on the graph is flatter and 

reached a higher BER point at a lower SNR value. This is because the noise filtering 
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is insufficient to effectively remove the impulsive noise from the received signal. If 

the INI value was set too high (INI=0.8), the filtering of impulsive noise was very 

effective, but it also filtered out some of the useful signal information, which lead to a 

higher BER in the system.  

6.8   Performance Comparison between Without and With Mitigation 

In this paper we have evaluated some practical impulsive noise mitigation techniques 

like Spatial Multiplexing (SM) with Gaussian Maximum Likelihood (ML) Receiver, 

S M with Zero Forcing, Alamouti Coding, S M with a Class A Sub optimal ML (two 

piece and four piece) Receiver etc. The key performance metric for evaluating the 

effectiveness of the impulsive noise mitigation method is BER vs SNR curve. By 

analysing the curve of figure 6.4 a table has been prepared for the SNR gain against 

BER of 10-3 to 10-5 which is given below: 

Table II: Analysis of performance between with and without 

impulsive noise mitigation techniques 

BER 

Suboptimal 

ML 

Receiver 

(four 

piece) 

SNR (dB) 

Suboptimal 

ML 

Receiver 

(two piece) 

SNR (dB) 

Gaussian 

ML 

SNR 

(dB) 

Alamouti 

SNR 

(dB) 

Without 

Mitigation 

SNR (dB) 

10-3 7.6 7.9 8.8 12 22 

10-4 9.2 9.5 11 14 24 

10-5 11 12 14 16 26 

 

From the above table it is evident that with any type of Mitigation technique, around 

10 dB gain is achieved. Moreover, it is revealed that, Suboptimal ML receiver (four 

piece) outperforms other mitigation techniques.  
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An example is considered for comparing the performance of impulsive noise 

mitigation which is analysed in the fol table: 

Table III : Communication Performance 

K value INI value 
SNR (dB) 

5 10 15 

0.1 

0.1 

0.001 0.0001 0.00001 

0.5 0.02 0.001 0.0001 

0.9 0.5 0.2 0.02 

Mitigation Yes 

 

In this example, we are comparing the performance of impulsive noise mitigation with 

three different k values (0.1, 0.5 and 0.9) and INI value 0.1at three different SNR level 

(5 dB, 10 dB, and 15 dB). The table shows the resulting BER and whether or not 

impulsive noise mitigation was successful for each combination of k value, INI value, 

and SNR level. 

6.9   Summary 

In this paper, the communication performance of various impulsive noise scheme on 

MIMO system have been summarized. Different parameters have been considered to 

portrait and model different types of noise distribution in case of Middleton class A 

and alpha stable noise. Then in this chapter, we have also analyzed and compared the 

BER vs SNR curve of mitigating the modeled noise in different mitigation method by 

varying the signal constellation from lower to higher. It has been also shown that the 

simulation result of the communication performance through the BER vs SNR curve 

and then finally analyzed and compared with the result. The simulation result 

suggested that, the performance of wiener filter is better in case of Middleton class A 

noise model which decrease the BER with the increase of SNR. For alpha stable noise 

model optimum and selection myriad filter has shown better performance than wiener 
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filter. Performance of other parameters was described briefly in this chapter. It allows 

system designers to analyze the tradeoff between transmission quality and bandwidth 

efficiency. The BER vs SNR curve enables designers to determine the minimum 

required SNR for a given targeted BER, which in turn allows them to select an 

appropriate modulation scheme and coding strategy that balances the need for reliable 

communication and efficient use of the available bandwidth. 

In this chapter some practical impulsive noise mitigation techniques like Spatial 

Multiplexing (SM) with Gaussian Maximum Likelihood (ML) Receiver, S M with 

Zero Forcing, Alamouti Coding, S M with a class A Suboptimal M L (two piece and 

four piece) Receiver etc. have been evaluated. The key performance metric for 

evaluating the effectiveness of the impulsive noise mitigation method is BER vs SNR 

curve. A comparison table has been prepared and it was revealed that with any types 

of Mitigation technique, around 10 dB gain is achieved and Suboptimal M L receiver 

(four piece) outperforms other mitigation techniques. 

Hence, the fifth objective of the thesis is achieved which is “to find out an appropriate 

mitigation technique to overcome the effect of impulsive noise”. 
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CHAPTER 7 

CONCLUSION AND FUTURE WORKS 

7.1   Conclusion 

7.1.1   Summary of the Research Work 

Wireless communication technology is emerging with a great promise to meet up 

future demand for ultra-high speed data communications and networking. OFDM is a 

multicarrier technique that suits well for high-speed wired and wireless applications. 

OFDM offers added spectral efficiency as well as robustness against selective fading, 

narrowband interference and impulsive noise which makes it a contender for high-

speed communication system. Further to capture sufficient multipath energy the 

information in each sub band is modulated by utilizing OFDM technique. Thus 

multiband OFDM is one of the leading proposal for wireless personal area network 

(WPAN) standards. A major performance-limiting factor in wireless communication 

system is multipath-induced fading. Fading severely degrades the link performance 

and powerful counter-measures such as diversity techniques should be employed to 

maintain an acceptable performance. Different diversity combining schemes have 

been proposed in the literature which include Maximum Ratio Combining (MRC), 

Equal Gain Combining (EGC), Selection Combining (SC) and Post Detection 

Combining (PDC). However, these diversity combining schemes are designed for 

Gaussian noise, and may perform poorly when impulsive noise is present which 

necessitates analysis and design of diversity combining schemes by taking into 

account the impulsive nature of the noise. Impulsive, non-Gaussian noise is prevalent 

in many communication environments due to a variety of sources, such as man-made 

electromagnetic interference, atmospheric noise, or ignition noise. A widely accepted 

model for impulsive noise is Middleton Class A model. 

Aiming to fill this research gap, my research presents an error rate performance 

analysis of hybrid SC-EGC diversity over Rayleigh fading channel in presence of 
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impulsive noise. This research also investigates the signal propagation in indoor 

environments. To examine the system performance, a channel model has been chosen 

which will allow to find the performance of wireless system with dual receiver 

diversity with selection combining followed by Equal Gain combining. Analysis has 

been carried out to find the probability density function of the signal to noise ratio 

(SNR) at the output of the dual diversity combiner and Bit Error Rate has also been 

calculated for several system parameters considering fading channel as well as 

impulsive noise environment. 

A notable contribution of this research lies in the extensive evaluation of hybrid 

combining techniques across a spectrum of noise models encountered in wireless 

communication systems, spanning both man-made and natural sources of impulsive 

noise. The practical applications of these findings extend to the development of 

communication systems that are more robust and reliable in the face of impulsive noise 

thereby providing valuable guidance for future research work.  

7.1.2   Special Remarks 

To develop a reliable and effective wireless communication system, the investigation 

is carried out in the following chronology: 

a.   Theoretical analysis is carried out for signal to noise ratio and bit error rate 

of an OFDM SIMO Wireless Communication System with Hybrid Receive 

Combining and MRC Techniques over Rayleigh fading channel. The 

analysis is extended to receiver diversity to estimate its effectiveness in 

overcoming the limitations. 

b.   Analytical development is carried out to find out the probability of bit error 

considering Middleton Class A and S𝛼S noise models for impulsive noise, 

without and with diversity in wireless communication receiver. 
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c.   Analysis is carried out in terms of SNR and BER for OFDM OSTBC MIMO 

wireless communication system considering impulsive noise models to 

evaluate the combined influence of Rayleigh fading and impulsive noise 

and improvement due to hybrid receive diversity. 

d.  Utilizing MATLAB Program, simulation of a OFDM STBC MIMO 

wireless communication system with hybrid receive combining is carried 

out considering impulsive noise and Rayleigh fading and analytical result 

is verified. 

e.  Available Impulsive Noise Mitigation techniques are studied and an 

appropriate mitigation technique i.e. Sub-Optimal M L Receiver (four 

piece) is suggested to overcome the effect of impulsive noise. 

7.2   Major Contributions 

The main motivation of this work has been to obtain analytical models to characterize 

wireless receiver noise and other channel impairments and evaluate their performance 

analytically and by simulation. Impulsive noise is found to be one of the main limiting 

factors for wireless communication. Colour background noise and multipath fading 

play a remarkable role in limiting the communication performance. Therefore, 

accurate models are needed to describe the propagation and performance evaluation 

of the transmitted signal through wireless medium. In this respect analytical models 

are essential for a deeper comprehension. Overall view of the system can be used to 

reduce the computation time. Keeping this in mind, several analytical models have 

been presented to give physical insight of the effect of channel impairments and its 

compensation in a wireless communication system. The major results obtained from 

each approach are summarized as follows: 

a.   An analytical model is developed for the performance analysis of a wireless 

communication system considering the background noise. The expression 

of the signal to noise ratio is developed considering frequency and time 
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dependence on the cyclostationary noise. The system bit error rate (BER) 

is then evaluated numerically for several system parameters like system bit 

rate, Fourier coefficients of the non-white Gaussian noise process etc. The 

BER results show that there is deterioration in system BER due to time and 

frequency dependence of noise and the degradation is found to be 

significant at high bit rates and bandwidth. The system suffers penalty in 

receiver sensitivity due to non-white nature of the noise process. 

b.   An analytical approach using diversity reception is carried out to examine 

the performance improvement of a wireless communication channel in 

fading and impulsive noise. The impulsive noise is considered time variant 

which has short duration, random occurrence with a high power spectral 

density (PSD). It causes bit error in the signal. Using orthogonal frequency 

division multiplexing (OFDM) technique, the effect of impulsive noise and 

fading can be improved greatly. The system bit error rate (BER) is 

compared numerically for binary phase shift keying (BPSK) and OFDM 

system. The obtained BER results show that there is significant 

improvement in performance. Also the performance is remarkably 

upgraded using diversity reception. The BER performance is investigated 

using multiple antennas and also calculated analytically. 

c.  Analysis is carried out to find the expression of the signal to noise ratio 

(SNR) and bit error rate (BER) considering orthogonal frequency division 

multiplexing (OFDM), with binary phase  shift keying (BPSK) modulation, 

and with coherent demodulation of OFDM sub-channels. Middleton class-

A noise model is considered to evaluate the effect of impulsive noise. The 

results are evaluated numerically considering the multipath transfer 

function model of wireless communication. The computed result show that 

the system suffers significant power penalty due to impulsive noise which 

is higher at higher channel bandwidth and can be reduced by increasing the 
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number of OFDM subcarriers. It is found that there is power penalty due 

to impulsive noise of the order of 0 to 25 dB depending on the value of 

impulsive noise index at a Ber=10-9. The penalty can be reduced by 

increasing the OFDM carriers. All results conform well with the simulation 

results. 

d.   Analysis is carried out to apply STBC coding to wireless communication 

channel. The analysis is presented to evaluate the bit error rate of wireless 

channel considering background noise, impulsive and multipath fading 

effect. It is observed that application of STBC codes improve the BER 

performance of a wireless channel better than conventional analysis of 

MIMO OFDM codes. The analytical results show that the BER 

performance improves when STBC code blocks are increased. It is further 

improved by the increase of transmitters, receivers or both. 

e.   The practical implications of these findings extend to the development of 

communication systems that are more robust and reliable in the face of 

impulsive noise, thereby providing valuable guidance for further research 

endeavours in their domain. 

7.3   Recommendations for Future Work 

Topics in the field of broadband wireless communications in the industrial 

environment are open for research. The scope of the research work was kept limited 

within the environment of Rayleigh fading. This work can be extended by evaluating 

the performance of hybrid SC-EGC system for different fading channels like Rician 

and Nakagami-n fading channel. The current study prioritizes practical insights 

gleaned from extensive simulations. The forthcoming work aims to complement this 

empirical foundation with theoretical rigour. Therefore, further research may be 

expanded in the following areas as recommended for future work: 
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a.   The applicability of sophisticated and modern digital signal processing 

techniques. 

b.   Extensive field trials can be performed in different types of industrial 

environments in order to get a better insight into the limitations and 

possibilities of wireless data transfer.  

c. For improving the performance of wireless communication channel and 

to enhance the data rate. 

d. The future research endeavour can be concentrated on formulating explicit 

mathematical expression for the BER in the context of hybrid combining 

technique across diverse noise models and fading channels. 

7.4   List of Publications 

Conference Paper: 

a. Conference Paper-1: “Performance Analysis of a SIMO Wireless Link 

with Turbo Coding”, ICEEICT, 2018, MIST, Dhaka, Bangladesh 

b.   Conference Paper-2:  “Comparative Analysis of Hybrid Diversity Schemes 

under AWGN and Impulsive Noise Models for Rayleigh Fading Channels” 

ICEEICT, 2021, MIST, Dhaka, Bangladesh. 

c.   Conference Paper 3: “ Performance Analysis of  a UWB RFID System with 

Hybrid SC-EGC Receive Combining Technique”, IEEE Region 10 

Symposium (TENSYMP), 5-7 June2020, Dhaka, Banglaesh, pg 710-713. 

d.   Conference Paper 4: “ A Study on the Performance Analysis of Hybrid 

Diversity Combining Techniques for Rayleigh and Rician Fading Channels 

under AWGN”,  ICEEICT, 2021, MIST, Dhaka, Bangladesh. 

 



138 
 

Journal Paper: 
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Class-A and SαS Impulsive Noise Model”, Published in Journal named 

“The Journal of Engineering”. 

b.   “Comparison of Various Schemes for Mitigation of Impulsive Noise in a 

Wireless Communication System with Middleton Class a Noise Model”, 

under review on “Journal of Electrical and Electronic Engineering”.  
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APPENDIX – A 

MATLAB SCRIPT FOR BER PERFORMANCE AND SIMULATION 

 

1.   MATLAB Script for Comparison of BER vs SNR for MRC in Case of Theory 

and Simulation without Impulsive Noise 

% BPSK over Rayleigh fading channel with MRC diversity 

clear; clc; 

  

% Parameters 

N = 1e6;                     % Number of bits 

EbN0_dB = 0:2:20;            % Eb/N0 range in dB 

EbN0_lin = 10.^(EbN0_dB/10); % Linear scale 

L_values = [1 2 3 4];        % Diversity orders to simulate 

  

% Generate random bits and BPSK symbols once 

bits = randi([0 1], 1, N); 

symbols = 2*bits - 1;        % BPSK mapping 

  

% Storage for BER 

BER_sim = zeros(length(L_values), length(EbN0_dB)); 

BER_theory = zeros(length(L_values), length(EbN0_dB)); 

  

for l_idx = 1:length(L_values) 

    L = L_values(l_idx); 

  

    for i = 1:length(EbN0_dB) 

        EbN0 = EbN0_lin(i); 

        N0 = 1 / EbN0; 

  

        % Generate Rayleigh fading and noise 

        h = (randn(L, N) + 1j*randn(L, N)) / sqrt(2);          % 

Rayleigh fading 

        n = sqrt(N0/2) * (randn(L, N) + 1j*randn(L, N));       % 

AWGN 

  

        % Transmit symbols over L branches 

        r = h .* repmat(symbols, L, 1) + n; 

  

        % Maximal Ratio Combining 

        y_comb = sum(conj(h) .* r, 1);       % Coherent combining 

        h_power = sum(abs(h).^2, 1); 

        y_comb = y_comb ./ h_power;          % Normalize 

  

        % Demodulation 

        bits_rx = real(y_comb) > 0; 
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        % BER calculation 

        BER_sim(l_idx, i) = sum(bits_rx ~= bits) / N; 

  

        % Theoretical BER (approximation) 

        gamma = EbN0_lin(i); 

        BER_theory(l_idx, i) = 0.5 * (1 - sqrt(gamma / (1 + 

gamma)))^L; 

    end 

end 

  

% Plot results 

figure; hold on; grid on; 

colors = lines(length(L_values)); 

  

for l_idx = 1:length(L_values) 

    semilogy(EbN0_dB, BER_sim(l_idx, :), 'o-', 'Color', 

colors(l_idx,:), ... 

        'LineWidth', 2, 'DisplayName', ['Simulated L = ' 

num2str(L_values(l_idx))]); 

    semilogy(EbN0_dB, BER_theory(l_idx, :), '--', 'Color', 

colors(l_idx,:), ... 

        'LineWidth', 2, 'DisplayName', ['Theory L = ' 

num2str(L_values(l_idx))]); 

end 

  

xlabel('Eb/N0 (dB)'); 

ylabel('Bit Error Rate (BER)'); 

title('BER for BPSK in Rayleigh Fading with MRC (Various L)'); 

legend('Location','northwest'); 

  

2.   MATLAB Script for Comparison of BER vs SNR for MRC in Case of Theory 

and Simulation with Impulsive Noise 

clear; clc; 

N = 1e6;                      % Number of bits 

EbN0dB = 0:2:20;              % SNR range 

L = 2;                        % MRC branches 

  

A = 0.1;   % impulse index 

Gamma = 0.01; % impulsive variance ratio 

  

BER_sim = zeros(1, numel(EbN0dB)); 

BER_awgn = zeros(1, numel(EbN0dB)); 

  

for idx = 1:numel(EbN0dB) 

    EbN0 = 10^(EbN0dB(idx)/10); 

    bits = randi([0 1],1,N); 

    symbols = 2*bits - 1; 

  

    % Rayleigh channels 



154 
 

    h = (randn(L,N)+1j*randn(L,N))/sqrt(2); 

  

    %% 1) Simulate impulsive noise case 

    y = zeros(1,N); 

    for l = 1:L 

        sig = h(l,:).*symbols; 

        p = exp(-A); 

        bg = rand(1,N) < p; 

        noise = sqrt(1/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

        impuls = sqrt(Gamma/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

        n_all = bg.*noise + (~bg).*impuls; 

        y = y + conj(h(l,:)).*(sig + n_all); 

    end 

    est = real(y) > 0; 

    BER_sim(idx) = mean(xor(est,bits)); 

  

    %% 2) Rayleigh + AWGN only reference (no impulsive noise) 

    y0 = zeros(1,N); 

    for l = 1:L 

        sig = h(l,:).*symbols; 

        noise0 = sqrt(1/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

        y0 = y0 + conj(h(l,:)).*(sig + noise0); 

    end 

    est0 = real(y0) > 0; 

    BER_awgn(idx) = mean(xor(est0,bits)); 

end 

  

% theoretical reference for Rayleigh + AWGN (closed-form) 

theory_awgn = zeros(size(EbN0dB)); 

for k = 1:L 

    % uses combination formula for L=2 

    theory_awgn = theory_awgn + (-1)^(k-1)*nchoosek(L,k)*0.5*(1 - 

sqrt((k*(10.^(EbN0dB/10)))./(1 + k*(10.^(EbN0dB/10))))); 

end 

  

% Plot 

figure; 

semilogy(EbN0dB, BER_sim,'ro-','DisplayName','Sim MRC L=2 

(Class?A)'); 

hold on; 

semilogy(EbN0dB, BER_awgn,'bs-','DisplayName','Sim MRC L=2 (AWGN 

only)'); 

semilogy(EbN0dB, theory_awgn,'k--','DisplayName','Theory MRC L=2 

Rayleigh+AWGN'); 

xlabel('E_b/N_0 (dB)'); 

ylabel('Bit Error Rate (BER)'); 

grid on; 

legend('Location','southwest'); 

title('BPSK BER over Rayleigh with 2?branch MRC: Class?A vs AWGN'); 
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3.   MATLAB Script for Comparison of BER vs SNR for MRC in Case of Variable 

Antennas (L=2&4) Considering with and without Impulsive Noise 

clear; clc; 

N = 1e6; 

EbN0dB = 0:2:20; 

Llist = [2, 4]; 

A = 0.1; Gamma = 0.01; 

  

BER_imp = zeros(length(Llist), length(EbN0dB)); 

BER_awgn = zeros(length(Llist), length(EbN0dB)); 

BER_theory = zeros(length(Llist), length(EbN0dB)); 

  

% theoretical BER for M?branch MRC in Rayleigh + AWGN: 

% for each L: P_b = sum_{k=1}^L (-1)^{k-1} C(L,k) 0.5*(1 - 

sqrt(k*?/(1+k*?))) 

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        tmp = 0; 

        for k = 1:L 

            tmp = tmp + (-1)^(k-1)*nchoosek(L,k)*0.5*(1 - 

sqrt((k*EbN0)/(1 + k*EbN0))); 

        end 

        BER_theory(iL, idx) = tmp; 

    end 

end 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        bits = randi([0 1],1,N); 

        symbols = 2*bits - 1; 

        h = (randn(L,N)+1j*randn(L,N))/sqrt(2); 

  

        y_imp = zeros(1,N); 

        y_awgn = zeros(1,N); 

  

        p = exp(-A); 

        bg = rand(L,N) < p; 

        noise_awgn_full = 

sqrt(1/(2*EbN0))*(randn(L,N)+1j*randn(L,N)); 

        noise_impulse = 

sqrt(Gamma/(2*EbN0))*(randn(L,N)+1j*randn(L,N)); 

        n_all = bg .* noise_awgn_full + (~bg) .* noise_impulse; 
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        for l = 1:L 

            sig = h(l,:).*symbols; 

            % impulsive case 

            y_imp = y_imp + conj(h(l,:)).*(sig + n_all(l,:)); 

            % AWGN-only case 

            y_awgn = y_awgn + conj(h(l,:)).*(sig + 

noise_awgn_full(l,:)); 

        end 

  

        BER_imp(iL, idx) = mean(xor(real(y_imp)>0, bits)); 

        BER_awgn(iL, idx) = mean(xor(real(y_awgn)>0, bits)); 

    end 

end 

  

figure; hold on; 

markers = {'o-','s-'}; 

for iL=1:2 

    semilogy(EbN0dB, BER_imp(iL,:), markers{iL}, 'DisplayName', 

sprintf('Sim MRC L=%d (Class?A)', Llist(iL))); 

    semilogy(EbN0dB, BER_awgn(iL,:), ['--' markers{iL}(1)], 

'DisplayName', sprintf('Sim MRC L=%d (AWGN only)', Llist(iL))); 

    semilogy(EbN0dB, BER_theory(iL,:), ['-.' markers{iL}(1)], 

'DisplayName', sprintf('Theory MRC L=%d Rayleigh+AWGN', Llist(iL))); 

end 

xlabel('E_b/N_0 (dB)'); ylabel('BER'); 

grid on; legend('Location','southwest'); 

title('BPSK BER over Rayleigh with 2 branch & 4 branch MRC: with vs 

without impulsive noise'); 

 

4.   MATLAB Script for Basic Selection Combining with Impulsive Noise 

clc; 

clear; 

close all; 

  

% Simulation parameters 

N = 10^4;        % Number of bits 

nRx = 4;         % Number of receive antennas 

Eb_N0_dB = 0:35; % Eb/N0 range in dB 

  

% Preallocate error counters 

nErr_awgn = zeros(1, length(Eb_N0_dB)); 

nErr_middA = zeros(1, length(Eb_N0_dB)); 

nErr_sas = zeros(1, length(Eb_N0_dB)); 

  

% Transmitter 

ip = rand(1, N) > 0.5; % Generate bits 

s = 2*ip - 1;          % BPSK modulation: 0->-1, 1->1 

  

for ii = 1:length(Eb_N0_dB) 

    % Noise generation 

    noise_awgn = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 
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    noise_middA = (RFI_MakeDataClassA(nRx, 0.1, 100, N) + 

1j*RFI_MakeDataClassA(nRx, 0.1, 100, N)) / sqrt(2); 

    noise_sas = (RFI_MakeDataAlphaStable(1.8, 7, nRx, N) + 

1j*RFI_MakeDataAlphaStable(1.8, 7, nRx, N)) / sqrt(2); 

  

    % Rayleigh channel 

    h = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 

  

    % Transmit signal replicated for each antenna 

    sD = repmat(s, nRx, 1); 

  

    % Channel + Noise 

    y_awgn = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_awgn; 

    y_middA = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_middA; 

    y_sas = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_sas; 

  

    % --- Selective Combining --- 

    % Find the branch with maximum channel gain (best SNR) for each 

symbol 

    [~, bestBranch_awgn] = max(abs(h), [], 1); 

    [~, bestBranch_middA] = max(abs(h), [], 1); 

    [~, bestBranch_sas] = max(abs(h), [], 1); 

  

    % Select the corresponding received signals 

    idx = sub2ind(size(y_awgn), bestBranch_awgn, 1:N); 

    yHat_awgn = y_awgn(idx) ./ h(idx); 

  

    idx = sub2ind(size(y_middA), bestBranch_middA, 1:N); 

    yHat_middA = y_middA(idx) ./ h(idx); 

  

    idx = sub2ind(size(y_sas), bestBranch_sas, 1:N); 

    yHat_sas = y_sas(idx) ./ h(idx); 

  

    % Receiver - Hard decision decoding 

    ipHat_awgn = real(yHat_awgn) > 0; 

    ipHat_middA = real(yHat_middA) > 0; 

    ipHat_sas = real(yHat_sas) > 0; 

  

    % Error counting 

    nErr_awgn(ii) = sum(ip ~= ipHat_awgn); 

    nErr_middA(ii) = sum(ip ~= ipHat_middA); 

    nErr_sas(ii) = sum(ip ~= ipHat_sas); 

end 

  

% BER computation 

simBer_awgn = nErr_awgn / N; 

simBer_middA = nErr_middA / N; 

simBer_sas = nErr_sas / N; 

  

% Theoretical BER for BPSK in Rayleigh (1 branch) 

EbN0Lin = 10.^(Eb_N0_dB/10); 

theoryBer_nRx1 = 0.5*(1 - (1 + 1./EbN0Lin).^(-0.5)); 
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% Plotting 

figure; 

semilogy(Eb_N0_dB, simBer_awgn, 'mo-', 'LineWidth', 2); hold on; 

semilogy(Eb_N0_dB, simBer_middA, 'co-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, simBer_sas, 'bo-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, theoryBer_nRx1, 'k--', 'LineWidth', 2); 

axis([0 35 10^-5 0.5]); 

grid on; 

legend('AWGN', 'Middleton Class A', 'S?S', 'Theoretical AWGN'); 

xlabel('Eb/No (dB)'); 

ylabel('Bit Error Rate (BER)'); 

title('BER for BPSK with Selective Combining over Rayleigh Channel 

with Different Noises'); 

  

%% --- Function Definitions --- 

function noise = RFI_MakeDataClassA(nRx, A, Gamma, N) 

    % Generate Middleton Class A noise 

    % Inputs: nRx - antennas, A - impulsive index, Gamma - power 

ratio, N - samples 

    % Output: noise [nRx x N] 

     

    bg_noise = sqrt(Gamma) * randn(nRx, N);      % Background 

Gaussian 

    impulsive_noise = randn(nRx, N);              % Impulsive noise 

    impulse_mask = rand(nRx, N) < A;              % Impulse 

occurrence 

    noise = (1 - impulse_mask).*bg_noise + 

impulse_mask.*impulsive_noise; 

end 

  

function noise = RFI_MakeDataAlphaStable(alpha, gamma, nRx, N) 

    % Generate Symmetric Alpha Stable noise 

    % Inputs: alpha - stability, gamma - scale, nRx - antennas, N - 

samples 

    % Output: noise [nRx x N] 

  

    V = pi*(rand(nRx, N) - 0.5);  % Uniform random variable 

    W = exprnd(1, nRx, N);         % Exponential random variable 

    noise = gamma * sin(alpha*V) ./ (cos(V).^(1/alpha)) .* ... 

            (cos(V - alpha*V) ./ W).^((1-alpha)/alpha); 

end 

 

5.   MATLAB Script for Basic EGC (Equal Gain Combining) with Impulsive 

Noise 

clc; 

clear; 

close all; 

  

% Simulation parameters 
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N = 10^4;        % Number of bits 

nRx = 4;         % Number of receive antennas 

Eb_N0_dB = 0:35; % Eb/N0 range in dB 

  

% Preallocate error counters 

nErr_awgn = zeros(1, length(Eb_N0_dB)); 

nErr_middA = zeros(1, length(Eb_N0_dB)); 

nErr_sas = zeros(1, length(Eb_N0_dB)); 

  

% Transmitter 

ip = rand(1, N) > 0.5; % Generate bits 

s = 2*ip - 1;          % BPSK modulation: 0->-1, 1->1 

  

for ii = 1:length(Eb_N0_dB) 

    % Noise generation 

    noise_awgn = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 

    noise_middA = (RFI_MakeDataClassA(nRx, 0.1, 100, N) + 

1j*RFI_MakeDataClassA(nRx, 0.1, 100, N)) / sqrt(2); 

    noise_sas = (RFI_MakeDataAlphaStable(1.8, 7, nRx, N) + 

1j*RFI_MakeDataAlphaStable(1.8, 7, nRx, N)) / sqrt(2); 

  

    % Rayleigh channel 

    h = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 

  

    % Transmit signal replicated for each antenna 

    sD = repmat(s, nRx, 1); 

  

    % Channel + Noise 

    y_awgn = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_awgn; 

    y_middA = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_middA; 

    y_sas = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_sas; 

  

    % --- Equal Gain Combining (EGC) --- 

    % Co-phasing: only correct phase 

    y_eq_awgn = sum(y_awgn .* exp(-1j*angle(h)), 1); 

    y_eq_middA = sum(y_middA .* exp(-1j*angle(h)), 1); 

    y_eq_sas = sum(y_sas .* exp(-1j*angle(h)), 1); 

  

    % Receiver - Hard decision decoding 

    ipHat_awgn = real(y_eq_awgn) > 0; 

    ipHat_middA = real(y_eq_middA) > 0; 

    ipHat_sas = real(y_eq_sas) > 0; 

  

    % Error counting 

    nErr_awgn(ii) = sum(ip ~= ipHat_awgn); 

    nErr_middA(ii) = sum(ip ~= ipHat_middA); 

    nErr_sas(ii) = sum(ip ~= ipHat_sas); 

end 

  

% BER computation 

simBer_awgn = nErr_awgn / N; 

simBer_middA = nErr_middA / N; 
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simBer_sas = nErr_sas / N; 

  

% Theoretical BER for BPSK in Rayleigh (1 branch) 

EbN0Lin = 10.^(Eb_N0_dB/10); 

theoryBer_nRx1 = 0.5*(1 - (1 + 1./EbN0Lin).^(-0.5)); 

  

% Plotting 

figure; 

semilogy(Eb_N0_dB, simBer_awgn, 'mo-', 'LineWidth', 2); hold on; 

semilogy(Eb_N0_dB, simBer_middA, 'co-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, simBer_sas, 'bo-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, theoryBer_nRx1, 'k--', 'LineWidth', 2); 

axis([0 35 10^-5 0.5]); 

grid on; 

legend('AWGN', 'Middleton Class A', 'S?S', 'Theoretical AWGN'); 

xlabel('Eb/No (dB)'); 

ylabel('Bit Error Rate (BER)'); 

title('BER for BPSK with Equal Gain Combining over Rayleigh Channel 

with Different Noises'); 

 

6.   MATLAB Script for Basic Combining (SC, EGC, MRC) with Impulsive Noise 

For SC 

clear; clc; 

N = 1e6; 

EbN0dB = 0:2:20; 

Llist = [4];      % e.g. L=4 selection combining 

A = 0.1; Gamma = 0.01; 

  

BER_sim = zeros(length(Llist), length(EbN0dB)); 

theory_rayleigh = zeros(length(Llist), length(EbN0dB)); 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        % theoretical BER for selection combining: 

        tmp = 0; 

        for k = 1:L 

            tmp = tmp + (-1)^(k-1) * nchoosek(L, k) * 0.5 *(1 - 

sqrt((k*EbN0)/(1 + k*EbN0))); 

        end 

        theory_rayleigh(iL, idx) = tmp; 

  

        bits = randi([0 1],1,N); 

        symbols = 2*bits - 1; 

        h = (randn(L,N)+1j*randn(L,N))/sqrt(2); 

  

        r = zeros(1,N); 

        for l = 1:L 
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            sig = h(l,:).*symbols; 

            p = exp(-A); 

            bg = rand(1,N) < p; 

            noise = sqrt(1/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

            impuls = 

sqrt(Gamma/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

            n_all = bg.*noise + (~bg).*impuls; 

            rx(l,:) = sig + n_all; 

        end 

  

        % selection combining: pick branch with max |h|^2 each bit 

        [~, idxmax] = max(abs(h).^2, [], 1); 

        selected = rx(sub2ind(size(rx), idxmax, 1:N)); 

        hsel = h(sub2ind(size(h), idxmax, 1:N)); 

        y = conj(hsel).*selected; 

        est = real(y) > 0; 

        BER_sim(iL, idx) = mean(xor(est, bits)); 

    end 

end 

  

figure; 

semilogy(EbN0dB, BER_sim(1,:), 's-', 'DisplayName','Sim L=4 SC 

(Class-A)'); 

hold on; 

semilogy(EbN0dB, theory_rayleigh(1,:), '--', 'DisplayName','Theory 

L=4 Rayleigh SC'); 

xlabel('E_b/N_0 (dB)'); ylabel('BER'); 

grid on; legend('Location','southwest'); 

title('BPSK BER: Selection Combining (L=4), Rayleigh + Class?A 

noise'); 

 

For EGC 

clear; clc; 

N = 1e6; 

EbN0dB = 0:2:20; 

Llist = [4];      % e.g. L=4 selection combining 

A = 0.1; Gamma = 0.01; 

  

BER_sim = zeros(length(Llist), length(EbN0dB)); 

theory_rayleigh = zeros(length(Llist), length(EbN0dB)); 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        % theoretical BER for selection combining: 

        tmp = 0; 

        for k = 1:L 
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            tmp = tmp + (-1)^(k-1) * nchoosek(L, k) * 0.5 *(1 - 

sqrt((k*EbN0)/(1 + k*EbN0))); 

        end 

        theory_rayleigh(iL, idx) = tmp; 

  

        bits = randi([0 1],1,N); 

        symbols = 2*bits - 1; 

        h = (randn(L,N)+1j*randn(L,N))/sqrt(2); 

  

        r = zeros(1,N); 

        for l = 1:L 

            sig = h(l,:).*symbols; 

            p = exp(-A); 

            bg = rand(1,N) < p; 

            noise = sqrt(1/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

            impuls = 

sqrt(Gamma/(2*EbN0))*(randn(1,N)+1j*randn(1,N)); 

            n_all = bg.*noise + (~bg).*impuls; 

            rx(l,:) = sig + n_all; 

        end 

  

        % selection combining: pick branch with max |h|^2 each bit 

        [~, idxmax] = max(abs(h).^2, [], 1); 

        selected = rx(sub2ind(size(rx), idxmax, 1:N)); 

        hsel = h(sub2ind(size(h), idxmax, 1:N)); 

        y = conj(hsel).*selected; 

        est = real(y) > 0; 

        BER_sim(iL, idx) = mean(xor(est, bits)); 

    end 

end 

  

figure; 

semilogy(EbN0dB, BER_sim(1,:), 's-', 'DisplayName','Sim L=4 SC 

(Class-A)'); 

hold on; 

semilogy(EbN0dB, theory_rayleigh(1,:), '--', 'DisplayName','Theory 

L=4 Rayleigh SC'); 

xlabel('E_b/N_0 (dB)'); ylabel('BER'); 

grid on; legend('Location','southwest'); 

title('BPSK BER: Selection Combining (L=4), Rayleigh + Class?A 

noise'); 

 

L=2, L=4 Comparison MRC 
 

clear; clc; 

N = 1e6;                         % number of bits 

EbN0dB = 0:2:20; 

Llist = [2, 4];                 % compare L = 2 and 4 

A = 0.1; Gamma = 0.01;          % Middleton Class?A parameters 

  

BER_sim = zeros(length(Llist), length(EbN0dB)); 

theory_rayleigh = zeros(length(Llist), length(EbN0dB)); 
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% function handle for theoretical Rayleigh?MRC BER 

ber_mrc = @(L, snr) 0.5*(1 - sqrt(snr./(1 + snr))).^L ... 

    .* sum(arrayfun(@(l) nchoosek(L-1+l, l)*(snr./(1 + snr)).^l, 

0:L-1)); 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        theory_rayleigh(iL, idx) = ber_mrc(L, EbN0); 

         

        bits = randi([0 1], 1, N); 

        symbols = 2*bits - 1; 

        h = (randn(L, N) + 1j*randn(L, N))/sqrt(2); 

         

        r = zeros(1, N); 

        for l = 1:L 

            sig = h(l, :) .* symbols; 

            p = exp(-A); 

            bg = rand(1, N) < p; 

            noise = sqrt(1/(2*EbN0))*(randn(1, N) + 1j*randn(1, N)); 

            impuls = sqrt(Gamma/(2*EbN0))*(randn(1, N) + 1j*randn(1, 

N)); 

            n_all = bg .* noise + (~bg) .* impuls; 

            r = r + conj(h(l, :)) .* (sig + n_all); 

        end 

        est = real(r) > 0; 

        BER_sim(iL, idx) = mean(xor(est, bits)); 

    end 

end 

  

% Plot results 

figure; semilogy(EbN0dB, BER_sim(1, :), 'o-', 'DisplayName', 'Sim 

L=2 (Class-A)'); 

hold on; 

semilogy(EbN0dB, BER_sim(2, :), 's-', 'DisplayName', 'Sim L=4 

(Class-A)'); 

semilogy(EbN0dB, theory_rayleigh(1, :), '-','DisplayName', 'Theory 

L=2 Rayleigh'); 

semilogy(EbN0dB, theory_rayleigh(2, :), '--','DisplayName', 'Theory 

L=4 Rayleigh'); 

xlabel('E_b/N_0 (dB)'); ylabel('BER'); 

grid on; legend('Location','southwest'); 

title('BPSK BER: MRC with L=2 and L=4 branches, Rayleigh + Class?A 

noise'); 

 

L2 L4 Comparison EGC Middleton 

 

clear; clc; 

N = 1e6;                      % Number of bits 

EbN0dB = 0:2:20; 
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Llist = [2, 4];              % EGC with L = 2 and 4 

A = 0.1; Gamma = 0.01;       % Class?A parameters 

  

BER_sim = zeros(length(Llist), length(EbN0dB)); 

BER_ref  = zeros(length(Llist), length(EbN0dB)); 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

         

        bits = randi([0 1], 1, N); 

        symbols = 2*bits - 1; 

        h = (randn(L, N) + 1j*randn(L, N))/sqrt(2); 

         

        % Generate Middleton Class?A noise per branch 

        p = exp(-A); 

        bg = rand(L, N) < p; 

        noise = sqrt(1/(2*EbN0))*(randn(L, N) + 1j*randn(L, N)); 

        impuls = sqrt(Gamma/(2*EbN0))*(randn(L, N) + 1j*randn(L, 

N)); 

        n_all = bg .* noise + (~bg) .* impuls; 

         

        rx = h .* symbols + n_all; 

        % Phase compensate and equal-weight 

        y = sum(conj(h)./abs(h) .* rx, 1); 

        est = real(y) > 0; 

        BER_sim(iL, idx) = mean(xor(est, bits)); 

         

        % Reference without impulsive noise (Rayleigh + AWGN) 

        noise_awgn = sqrt(1/(2*EbN0))*(randn(L, N) + 1j*randn(L, 

N)); 

        rx0 = h .* symbols + noise_awgn; 

        y0 = sum(conj(h)./abs(h) .* rx0, 1); 

        est0 = real(y0) > 0; 

        BER_ref(iL, idx) = mean(xor(est0, bits)); 

    end 

end 

  

figure; 

semilogy(EbN0dB, BER_sim(1,:), 'o-', 'DisplayName', 'Sim EGC L=2 

(Class?A)'); 

hold on; 

semilogy(EbN0dB, BER_sim(2,:), 's-', 'DisplayName', 'Sim EGC L=4 

(Class?A)'); 

semilogy(EbN0dB, BER_ref(1,:), '--', 'DisplayName', 'Ref EGC L=2 

AWGN only'); 

semilogy(EbN0dB, BER_ref(2,:), '--', 'DisplayName', 'Ref EGC L=4 

AWGN only'); 

xlabel('E_b/N_0 (dB)'); ylabel('Bit Error Rate'); 

grid on; legend('Location','southwest'); 
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title('BPSK BER: Equal?Gain Combining for L=2 & 4, Rayleigh + 

Class?A vs AWGN'); 

 

L2L4 Comparison SC Middleton 

 

clear; clc; 

N = 1e6; 

EbN0dB = 0:2:20; 

Llist = [2, 4]; 

A = 0.1; Gamma = 0.01; 

  

BER_sim = zeros(length(Llist), length(EbN0dB)); 

BER_theory = zeros(length(Llist), length(EbN0dB)); 

  

for iL = 1:length(Llist) 

    L = Llist(iL); 

    for idx = 1:length(EbN0dB) 

        EbN0 = 10^(EbN0dB(idx)/10); 

        bits = randi([0 1],1,N); 

        symbols = 2*bits - 1; 

        h = (randn(L,N)+1j*randn(L,N))/sqrt(2); 

         

        % Middleton Class?A noise per branch 

        p = exp(-A); 

        bg = rand(L,N) < p; 

        noise = sqrt(1/(2*EbN0))*(randn(L,N)+1j*randn(L,N)); 

        impuls = sqrt(Gamma/(2*EbN0))*(randn(L,N)+1j*randn(L,N)); 

        n_all = bg.*noise + (~bg).*impuls; 

         

        rx = h.*symbols + n_all; 

        % pick branch with max |h|^2 

        [~, idxmax] = max(abs(h).^2,[],1); 

        sel = rx(sub2ind(size(rx), idxmax, 1:N)); 

        hsel = h(sub2ind(size(h), idxmax, 1:N)); 

        y = conj(hsel).*sel; 

        est = real(y)>0; 

        BER_sim(iL, idx) = mean(xor(est,bits)); 

         

        % Reference Rayleigh+AWGN theoretical (closed-form) 

        tmp = 0; 

        for k = 1:L 

            tmp = tmp + (-1)^(k-1)*nchoosek(L,k)*0.5*(1 - 

sqrt((k*EbN0)/(1 + k*EbN0))); 

        end 

        BER_theory(iL, idx) = tmp; 

    end 

end 

  

figure; 

semilogy(EbN0dB, BER_sim(1,:), 'o-', 'DisplayName','Sim SC L=2 

(Class?A)'); 

hold on; 
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semilogy(EbN0dB, BER_sim(2,:), 's-', 'DisplayName','Sim SC L=4 

(Class?A)'); 

semilogy(EbN0dB, BER_theory(1,:), '--', 'DisplayName','Theory SC L=2 

Rayleigh'); 

semilogy(EbN0dB, BER_theory(2,:), '-.', 'DisplayName','Theory SC L=4 

Rayleigh'); 

xlabel('E_b/N_0 (dB)'); ylabel('Bit Error Rate (BER)'); 

grid on; legend('Location','southwest'); 

title('BPSK BER: Selection Combining for L=2 & 4, Rayleigh + Class?A 

vs Theory'); 

 

 

 

clear; 

close all; 

  

% Simulation parameters 

N = 10^5;        % Number of bits 

nRx = 4;         % Number of receive antennas 

Eb_N0_dB = 0:35; % Eb/N0 range in dB 

  

% Preallocate error counters 

nErr_awgn = zeros(1, length(Eb_N0_dB)); 

nErr_middA = zeros(1, length(Eb_N0_dB)); 

nErr_sas = zeros(1, length(Eb_N0_dB)); 

  

% Transmitter 

ip = rand(1, N) > 0.5; % Generate bits 

s = 2*ip - 1;          % BPSK modulation: 0->-1, 1->1 

  

for ii = 1:length(Eb_N0_dB) 

    % Noise generation 

    noise_awgn = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 

    noise_middA = (RFI_MakeDataClassA(nRx, 0.1, 100, N) + 

1j*RFI_MakeDataClassA(nRx, 0.1, 100, N)) / sqrt(2); 

    noise_sas = (RFI_MakeDataAlphaStable(1.8, 7, nRx, N) + 

1j*RFI_MakeDataAlphaStable(1.8, 7, nRx, N)) / sqrt(2); 

  

    % Rayleigh channel 

    h = (randn(nRx, N) + 1j*randn(nRx, N)) / sqrt(2); 

  

    % Transmit signal replicated for each antenna 

    sD = repmat(s, nRx, 1); 

  

    % Channel + Noise 

    y_awgn = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_awgn; 

    y_middA = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_middA; 

    y_sas = h .* sD + 10^(-Eb_N0_dB(ii)/20) * noise_sas; 

  

    % MRC Equalization 

    yHat_awgn = sum(conj(h).*y_awgn, 1) ./ sum(abs(h).^2, 1); 

    yHat_middA = sum(conj(h).*y_middA, 1) ./ sum(abs(h).^2, 1); 
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    yHat_sas = sum(conj(h).*y_sas, 1) ./ sum(abs(h).^2, 1); 

  

    % Receiver - Hard decision decoding 

    ipHat_awgn = real(yHat_awgn) > 0; 

    ipHat_middA = real(yHat_middA) > 0; 

    ipHat_sas = real(yHat_sas) > 0; 

  

    % Error counting 

    nErr_awgn(ii) = sum(ip ~= ipHat_awgn); 

    nErr_middA(ii) = sum(ip ~= ipHat_middA); 

    nErr_sas(ii) = sum(ip ~= ipHat_sas); 

end 

  

% BER computation 

simBer_awgn = nErr_awgn / N; 

simBer_middA = nErr_middA / N; 

simBer_sas = nErr_sas / N; 

  

% Theoretical BER for 1 branch MRC 

EbN0Lin = 10.^(Eb_N0_dB/10); 

theoryBer_nRx1 = 0.5*(1 - (1 + 1./EbN0Lin).^(-0.5)); 

  

% Plotting 

figure; 

semilogy(Eb_N0_dB, simBer_awgn, 'mo-', 'LineWidth', 2); hold on; 

semilogy(Eb_N0_dB, simBer_middA, 'co-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, simBer_sas, 'bo-', 'LineWidth', 2); 

semilogy(Eb_N0_dB, theoryBer_nRx1, 'k--', 'LineWidth', 2); 

axis([0 35 10^-5 0.5]); 

grid on; 

legend('AWGN', 'Middleton Class A', 'S /Alpha S', 'Theoretical 

AWGN'); 

xlabel('Eb/No (dB)'); 

ylabel('Bit Error Rate (BER)'); 

title('BER for BPSK with MRC over Rayleigh Channel with Different 

Noises'); 

  

%% --- Function Definitions --- 

function noise = RFI_MakeDataClassA(nRx, A, Gamma, N) 

    % Generate Middleton Class A noise 

    % Inputs: nRx - antennas, A - impulsive index, Gamma - power 

ratio, N - samples 

    % Output: noise [nRx x N] 

     

    bg_noise = sqrt(Gamma) * randn(nRx, N);      % Background 

Gaussian 

    impulsive_noise = randn(nRx, N);              % Impulsive noise 

    impulse_mask = rand(nRx, N) < A;              % Impulse 

occurrence 

    noise = (1 - impulse_mask).*bg_noise + 

impulse_mask.*impulsive_noise; 

end 
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function noise = RFI_MakeDataAlphaStable(alpha, gamma, nRx, N) 

    % Generate Symmetric Alpha Stable noise 

    % Inputs: alpha - stability, gamma - scale, nRx - antennas, N - 

samples 

    % Output: noise [nRx x N] 

  

    V = pi*(rand(nRx, N) - 0.5);  % Uniform random variable 

    W = exprnd(1, nRx, N);         % Exponential random variable 

    noise = gamma * sin(alpha*V) ./ (cos(V).^(1/alpha)) .* ... 

            (cos(V - alpha*V) ./ W).^((1-alpha)/alpha); 

end 

 

7.  MATLAB Script for BER of BPSK Modulation with Maximal Ratio 

Combining in Rayleigh Fading with Impulsive Noise (MRC_Single_BER) 

clc  

close all  

  

N = 10^6; % number of bits or symbols 

  

% Transmitter 

ip = rand(1,N)>0.5; % generating 0,1 with equal probability 

s=2*ip-1; % BPSK modulation 0 -> -1; 1-> 0 

s1 = 2*ip-1; % BPSK modulation 0 -> -1; 1 -> 0 

s=imnoise(s1, 'salt & pepper', 0.005); 

nRx =  [1,2]; 

Eb_N0_dB = [0:35]; % multiple Eb/N0 values 

  

for jj = 1:length(nRx) 

  

    for ii = 1:length(Eb_N0_dB) 

  

       s1 = 1/sqrt(2)*[randn(nRx(jj),N) + j*randn(nRx(jj),N)]; % 

white gaussian noise, 0dB variance 

        h = 1/sqrt(2)*[randn(nRx(jj),N) + j*randn(nRx(jj),N)]; % 

Rayleigh channel 

    

        % Channel and noise Noise addition 

        sD = kron(ones(nRx(jj),1),s); 

        y = h.*sD + 10^(-Eb_N0_dB(ii)/20)*N; 

  

        % equalization maximal ratio combining  

        yHat =  sum(conj(h).*y,1)./sum(h.*conj(h),1);  

  

        % receiver - hard decision decoding 

        ipHat = real(yHat)>0; 

  

        % counting the errors 
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        nErr(jj,ii) = size(find([ip- ipHat]),2); 

  

    end 

  

end 

  

simBer = nErr/N; % simulated ber 

EbN0Lin = 10.^(Eb_N0_dB/10); 

theoryBer_nRx1 = 0.5.*(1-1*(1+1./EbN0Lin).^(-0.5));  

p = 1/2 - 1/2*(1+1./EbN0Lin).^(-1/2); 

theoryBer_nRx2 = p.^2.*(1+2*(1-p));  

  

close all 

figure 

semilogy(Eb_N0_dB,theoryBer_nRx1,'gp-','LineWidth',2); 

hold on 

semilogy(smooth(Eb_N0_dB,simBer(1,:),7),'ko-','LineWidth',2); 

semilogy(Eb_N0_dB,theoryBer_nRx2,'rd-','LineWidth',2); 

semilogy(smooth(Eb_N0_dB,simBer(2,:),7),'cs-','LineWidth',2); 

axis([0 35 10^-5 0.5]) 

grid on 

legend('nRx=1 (theory)', 'nRx=1 (sim)', 'nRx=2 (theory)', 'nRx=2 

(sim)'); 

%xlabel('Eb/No, dB'); 

xlabel('SNR,dB'); 

ylabel('Bit Error Rate'); 

%title('BER for BPSK modulation with Maximal Ratio Combining in 

Rayleigh channel'); 

title('BER for BPSK modulation with Maximal Ratio Combining in 

Rayleigh Fading with Impulsive Noise'); 
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