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Abstract 

Ultra Wide Band (UWB) is a promising technology for short range broadband wireless data 

communication, sensor networks, radar imaging and target identification, location finding and 

positioning applications. This technology is the best choice for short range wireless 

communication systems since it is cost-effective, power-efficient and has extremely higher data 

rates. Any wireless system that has a fractional bandwidth greater than or equal to 20% or a total 

bandwidth larger than or equal to 500MHz enters in the UWB definition. The Federal 

Communications Commission (FCC) has allocated 7.5GHz of spectrum for unlicensed use of 

ultra-wideband (UWB) devices in the 3.1 to 10.6 GHz frequency band and limits the maximum 

power spectral density (PSD) of the transmitted signal to -41.3dBm/MHz. 

The main subject of this thesis is to evaluate bit error rate (BER) performance of RAKE and 

adaptive MMSE receivers for UWB wireless communication systems. First, bit error rate (BER) 

performance of RAKE receiver on standard IEEE 802.15.3a channel model has been simulated. 

Here, the BER performance of RAKE receiver for different RAKE types, number of RAKE 

fingers, combining techniques, length of bit repetition codes, transmitted signal formats and 

channel types has been evaluated and compared for single user scenario. The simulation results 

show that an ideal ARAKE receiver using TH-BPSK-UWB transmitted signal format, MRC 

technique and applying bit repetition coder has the best performance. Then, bit error rate (BER) 

performance of adaptive MMSE receiver using LMS, NLMS and RLS adaptive algorithms has 

been evaluated and analyzed on standard IEEE 802.15.3a channel model for different number of 

users and the simulation results illustrate that adaptive MMSE receiver using RLS algorithm has 

the best BER performance. Finally, BER performance SRAKE receiver with 5 and 10 fingers has 

been compared with BER performance adaptive MMSE receiver using the above three adaptive 

algorithms for single user scenario. The simulation result describes that adaptive MMSE receiver 

using all the above three algorithms has by far the best BER performance compared to SRAKE 

receiver with 5 and 10 fingers. All the above simulations have been conducted using MATLAB 

software. 

Key Words: UWB, RAKE Receiver, Adaptive MMSE Receiver, LMS, NLMS, RLS, 

Modulation, Multiple Access, Spread Spectrum, WPAN 
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Chapter 1 

Introduction 
 

1.1. Overview of UWB wireless Communication Systems 

Ultra-wideband (UWB) has emerged as a technology that offers great promise to satisfy the 

growing demand for low-cost, high-speed digital wireless indoor and home networks. The 

enormous bandwidth available, the potential for high data rates, and the potential for small size 

and low processing power along with low implementation cost all present a unique opportunity 

for UWB to become a widely adopted radio solution for future wireless home-networking 

technology. Currently, UWB technology is able to support various data rates, ranging from 100 to 

500 Mbps within a distance of 20 meters. 

1.1.1. Definition of UWB 

 Ultra wideband (UWB) is a technology that uses short-duration (picoseconds to nanoseconds) 

pulses for transmission and reception of information. Since frequency is inversely related to time, 

the short-duration UWB pulses spread their energy across a wide range of frequencies from near 

DC to several gigahertzes (GHz) with very low power spectral density (PSD). The average 

transmission power of a UWB system is very low (usually in the order of microwatts) due to low 

duty cycle short-duration UWB pulses. 

     According to FCC’s definition, any signal with a bandwidth wider than 500 MHz or a 

fractional bandwidth greater than 20% can be considered as UWB. The fractional bandwidth is 

defined as the ratio of signal bandwidth to the center frequency [19] and is given by: 

                                                 
  

  
 

       

         
                                                                                                     

Where fH and fL are the highest and the lowest transmitted frequencies at –10 dB emission point, 

respectively, BW is the signal bandwidth and fc is the center frequency. 

1.1.2. FCC Mask 

The bandwidth of UWB signals requires a strict regulation of their transmission spectrum in 

order to avoid interference with other coexisting narrowband and wideband wireless 

communication systems. Indeed, many systems, whether licensed or not, are presented in UHF 
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and SHF bands, which are very favorable for radio systems deployment. To allow the use of 

UWB signals over several GHz, regulatory authorities imposed a strict limitation on the 

transmission power. Figure 1.1 shows some radio systems existing in UHF and SHF bands. We 

can note that there are reserved bands for several systems like the standards of cellular telephony 

GSM (900 MHz), DCS (1.8 GHz) and UMTS (2 GHz). The global positioning system (GPS) also 

occupies a reserved band around 1.5 GHz. Other frequency bands are already used for unlicensed 
communication systems. For example, the ISM band is used by systems such as Bluetooth, WiFi 

and DECT, and is also authorized for domestic devices such as microwave ovens. The UNII band 

is the frequency band where the WiFi 802.11a and HiperLAN standards operate. 

 
           Figure 1.1: The spectrum of the UWB signal versus conventional signals 
 
To avoid interference with existing communication systems, various regions of the spectrum 

should have different allowed power spectral densities. The Federal Communications 

Commission (FCC) has assigned the effective isotropic radiated power (EIRP) allowed for each 

frequency band [19].  

The FCC mask depicts the allowed power spectral densities for specific frequencies. Figure 1.2 

illustrates the FCC radiation limits for the indoor UWB communication system. The level –41.3 

dBm/MHz, in the frequency range of 3.1–10.6 GHz, is set to limit interference to existing 

communication systems, and to protect the existing radio services. This level (–41.3 dBm/MHz), 
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is 75 nW/MHz which is in fact at the unintentional radiation level of television sets or monitors 

(FCC part 15 limit). For the UWB communications the FCC has assigned two FCC masks for the 

indoor and outdoor UWB devices. For the indoor and outdoor UWB communications, the FCC 

radiation limits in the frequency range of 3.1–10.6 GHz are alike. While for the 1.61–3.1 GHz 

frequency range the outdoor radiation limit is 10 dB lower than the indoor mask. The FCC mask 

for the outdoor UWB communication devices is shown in Figure 1.2. It should be noted that 

according to the FCC rules, the outdoor UWB communications is confined to handheld devices 

with no use of fixed infrastructure. 

 
Figure 1.2: FCC Emission limits for indoor and outdoor UWB communications a) Indoor   b) 

Outdoor 

1.1.3. Advantages of UWB 

The nature of the short-duration pulses used in UWB technology offers several advantages over 

narrowband communications systems [48]. The main advantages of UWB technology are: 

 High channel capacity: The extremely large bandwidth occupied by UWB gives the potential 

of very high theoretical capacity, yielding very high data rates. This can be seen by 

considering Shannon’s capacity equation [3], given by: 

                                              
 

 
                                                                           

where C is the maximum channel capacity (bits/s), B the signal bandwidth (Hz), S the 

signal power (W) and N the noise power (W).  
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Shannon’s equation shows that capacity is directly proportional to signal bandwidth. Thus, due to 

its extremely large bandwidth, UWB technology has a great potential for high-speed wireless 

communications. 

While current chipsets are continually being improved, most UWB communication applications 

are targeting the range of 100–500 Mbps [41], which is roughly the equivalent of wired Ethernet 

to USB 2.0. It is significant that this data rate is 100 to 500 times the speed of Bluetooth, around 

50 times the speed of the 802.11b, or 10 times the 802.11a WLAN standards. 

As can be seen in Table 1.1 the current target data rate for indoor wireless UWB transmission is 

between 110 Mbps and 480 Mbps. This is fast compared with current wireless and wired 

standards. In fact, the speed of transmission is currently being standardized into three different 

speeds: 110 Mbps with a minimum transmission distance of 10 m; 200 Mbps with a minimum 

transmission distance of 4 m; and 480 Mbps with less than 1m distance.  

The reasons for these particular distances lie mostly with different applications. For example, 10 

m will cover an average room and may be suitable for wireless connectivity for home theater. A 

distance of less than 4 m will cover the distance between appliances, such as a home server and a 

television. A distance of less than 1 m will cover the appliances around a personal computer. 

Table 1.1: Comparison of UWB bit rate with other wired and wireless standards 

Wireless standard  Maximum speed [Mbps] 

UWB (1m minimum), USB 2.0 480 

UWB (4m minimum) 200 

UWB (10m minimum) 110 

Fast Ethernet 90 

802.11a 54 

802.11g 20 

802.11b 11 

Ethernet 10 

Bluetooth 1 
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 Low power consumption: With proper engineering design the resultant power consumption of 

UWB can be quite low. As with any technology, power consumption is expected to decrease 

as more efficient circuits are designed and more signal processing is done on smaller chips at 

lower operating voltages. The current target for power consumption of UWB chipsets is less 

than 100 mW.  

 High spacial and low spectral capacities: Another basic property of UWB systems is their 

high spatial capacity, measured in bits per second per square meter [bps/m2] [34]. Spatial 

capacity is a relatively recent term, and its use stems from the interest in even higher data 

rates, even over extremely short distances. Spatial capacity can be calculated as the maximum 

data rate of a system divided by the area over which that system can transmit. The 

transmission area can be calculated from the circular area, assuming a transmitter in the center. 

However, in practice a rule of thumb is to use the square of the maximum transmission 

distance. 

                 
   

  
  

                       

                     
                                       

 

  Table 1.2:  Comparison of the spatial capacity of various indoor wireless systems 

Communication 

system 

Maximum data 

rate (Mbps) 

Transmission 

distance (m) 

Spacial 

capacity 

(kbps/m2) 

Spectral 

capacity 

(bps/Hz) 

UWB   100 10  318.3  0.013 

IEEE 802.11a  54 50 6.9 2.7 

Bluetooth  1 10 3.2 0.012 

IEEE 802.11b  11 100 0.350 0.1317 

 

For narrowband systems the most popular measure of capacity has been spectral capacity, 

measured in bits per second per hertz (bps/Hz), because the spectrum has been the most limited 

resource. Power has generally only been limited by safety and commercial reasons, such as the 

battery life of mobile devices. 
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For UWB systems, which operate in other licensed spectra, the power has to be kept very low. 

This is compensated for by the use of extremely large bandwidths. Using the traditional measure 

of spectral capacity [bits/Hz], UWB has very low spectral capacity compared with existing 

systems. 

 Coexistence with other services: UWB systems have low power spectral density that allows 

them to coexist with other services such as cellular systems, wireless local area networks 

(WLAN), global positioning systems (GPS), etc… 

 Fading robustness: Multipath fading occurs when modulated signals arrive at the receiver 

from different paths. Combining these signals at the receiver can result in signal distortion. 

The ultra-short duration of UWB waveforms gives rise to a fine resolution of reflected pulses 

at the receiver. As a result, UWB technology is capable of resolving multipath components 

and is rich in multipath diversity. Thus, UWB systems are immune to multipath fading. 

 Security:  Since UWB systems operate below the noise floor, they are inherently covert and 

extremely difficult for unintended users to detect. 

 Superior penetration properties: UWB systems can penetrate obstacles and thus operate 

under both line-of-sight (LOS) and non-LOS (NLOS) conditions. 

 High precision ranging: UWB systems have good time-domain resolution and can promise 

sub-centimeter resolution capability for location and tracking applications. 

 Simple transceiver architecture: transmission of low-powered pulses eliminates the need for a 

power amplifier (PA) in UWB transmitters and since UWB transmission is carrierless, there is 

no need for mixers and local oscillators to translate the carrier frequency to the required 

frequency band. This in turn avoids the need for a carrier recovery stage at the receiver end. 

1.1.4. Applications of UWB 

UWB technology can enable a wide variety of applications in wireless communications, 

networking, radar imaging, and localization systems. For wireless communications the use of 
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UWB technology under the FCC guidelines [19] offers significant potential for the deployment of 

two basic communications systems: 

 High-data-rate short-range communications: The high-data-rate wireless personal area 

networks (WPANs) can be defined as networks with a medium density of active devices per 

room (5 to 10) transmitting at data rates ranging from 100 to 500 Mbps within a distance of 20 

m. The ultra-wide bandwidth of UWB enables various WPAN applications, such as high-

speed wireless universal serial bus (WUSB) connectivity for personal computers (PCs) and PC 

peripherals, high-quality real time video and audio transmission, file exchange among storage 

systems, and cable replacement for home entertainment systems. 

The IEEE 802.15.3 standard task group has established the 802.15.3a study group [TG3a] to 

define a new physical layer concept for high-data-rate WPAN applications. A major goal of 

this study group is to standardize UWB wireless radios for indoor WPAN transmissions. The 

goal for the IEEE 802.15.3a standard is to provide a higher-speed physical layer for the 

existing approved 802.15.3 standard for applications that involve imaging and multimedia. 

The work of the 802.15.3a study group includes standardizing the channel model to be used 

for UWB system evaluation. 

 Low-data-rate and long range communications: Under the low-rate operation mode, UWB 

technology could be beneficial and potentially useful in sensor, positioning, and identification 

networks over relatively long range.  A sensor network comprises a large number of nodes 

spread over a geographical area to be monitored. Depending on the specific application, the 

sensor nodes can be static or mobile. Key requirements for sensor networks operating in 

challenging environments include low cost, low powers, and multi-functionality. With its 

unique properties of low complexity, low cost, and low power, UWB technology is well suited 

to sensor network applications [44]. Moreover, due to the fine time resolution of UWB signals 

UWB-based sensing has the potential to improve the resolution of conventional proximity and 

motion sensors. The low-rate transmission, combined with accurate location tracking 

capabilities, offers an operational mode known as low-data-rate and location tracking. 

The IEEE also established the 802.15.4 study group to define a new physical layer concept for 

low-data-rate applications utilizing UWB technology at the air interface. The study group 
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addressed new applications which require only moderate data throughput but long battery life, 

such as low-rate wireless personal area networks, sensors, and small networks. 

1.2. Problem Statement 

Due to its potential advantages and applications, UWB technology for wireless communication 

has been the subject of extensive research in recent years. Researchers are nowadays devoting 

considerable efforts and resources to develop robust, reliable and flexible wireless 

communication systems using UWB technology. However, there are many challenges that have 

not yet been thoroughly examined and need to be carefully studied to ensure the success of this 

technology in the wireless communication industry. The main challenges that still require a great 

deal of investigation include: optimum transmitter and receiver design, narrow band interference 

(NBI) cancellation from other coexisting systems, multiple access interference cancellation, time 

synchronization for short-duration pulses, accurate channel modeling and estimation, etc… 

Being one of the main components for reliable communication, many receiver types have been 

proposed for UWB wireless communication systems. But due to their better bit error rate (BER) 

performance in multipath fading environment, RAKE and adaptive MMSE receivers are the best 

choices for this technology and most commonly found in different UWB literatures. Infact, these 

two receiver types have different bit error rate (BER) performance for different system 

parameters. Thus, in order to select the best receiver for a certain application, it is very essential 

to investigate its bit error rate (BER) performance for different system parameters including 

transmitted signal formats, number of users, channel types, adaptive algorithms, etc… 

In this thesis, bit error rate (BER) performance of RAKE and adaptive MMSE receivers has been 

evaluated thoroughly based on the above parameters. Specifically, BER performance of RAKE 

receiver for different bit repetition code lengths and selective combining (SC) technique, BER 

performance of adaptive MMSE receiver using LMS adaptive algorithm and BER performance 

comparison of RAKE and adaptive MMSE receivers have not been covered in previous literature 

and are the main focus for this thesis. 
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1.3. Objective of the Thesis 

1.3.1. General Objective 

The general objective of this thesis is to evaluate the bit error rate (BER) performance of RAKE 

and adaptive MMSE receivers for UWB wireless communication systems. 

1.3.2. Specific Objectives 

 The specific and detailed objectives of this thesis are described as follows. 

 To analyze and compare different modulation techniques and multiple-access schemes for 

UWB wireless communication systems. 

 To evaluate bit error rate (BER) performance of Rake receiver on standard IEEE 

802.15.3a channel model for different RAKE receiver types (ARAKE, PRAKE, SRAKE), 

number of RAKE fingers, RAKE combining techniques (MRC, EGC, SC), transmitted 

signal formats (TH-PAM, TH-OOK, TH-PPM, TH-BPSK, DS-BPSK) and bit repetition 

code lengths. 

 To evaluate bit error rate (BER) performance of adaptive MMSE receiver on standard 

IEEE 802.15.3a channel model for different adaptive algorithms (LMS, NLMS, RLS).  

 To evaluate bit error rate (BER) performance of adaptive MMSE receiver for different 

number of users (single-user, multi-user) by considering the effect of multiple access 

interference (MAI). 

 To compare bit error rate (BER) performance of RAKE and adaptive MMSE receivers for 

single user scenario. 

1.4. Literature Review 

So far many researches have been conducted on different aspects UWB wireless communication 

systems, in general, and on RAKE and adaptive MMSE receivers, in particular. A short summary 

of some of the researches are reviewed here.  

X. Chen and S. Kiaei [1] investigated several candidate monocycle (narrow pulse) shapes, their 

spectrum characteristics and BER performance in AWGN using pulse position modulation 

(PPM). Their performances in the fading multipath channel are also investigated. 
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I. Guvenc and H. Arslan [5] reviewed various modulation options for ultra-wideband (UWB) 

systems and evaluated their performances under practical conditions such as multipath, multiple-

access interference (MAI), narrowband interference (NBl) and timing jitter. In this paper, it is 

shown that BPSK has the best performance and the performance PPM degrades in multipath and 

multi-user environments since symbols occupy larger time durations.  In addition, it is shown that 

OOK and M-ary PAM are more susceptible against timing jitter compared to other modulations. 

G. Durisi and S. Benedetto [8] evaluated BER performance of UWB systems employing TH and 

DS multiaccess techniques in presence of multiuser and narrowband interference under multipath 

channel analytically. In this paper, TH is shown to be as robust as DS in presence of strong 

narrowband and multiuser interference and dense multipath channel. But only PAM modulation 

technique is used for system analysis and evaluation and in this thesis work this is extended to 

other possible UWB modulation techniques. 

M. G. Khan, et al. [2] evaluated the BER performance of RAKE receivers operating in a non line-

of-sight (NLOS) scenario industrial environments using measured channels. In this paper, 

measured channels in a medium-sized industrial environment and a standard IEEE 802.15.4a 

channel model are used and only TH-BPSK-UWB transmitted signal format is considered for 

BER performance evaluation. The performance of PRAKE and SRAKE receivers is evaluated in 

terms of uncoded bit-error-rate (BER) using different number of RAKE fingers. The performance 

of maximal ratio combining (MRC) and equal gain combining (EGC) is compared for the RAKE 

receiver assuming perfect knowledge of the channel state. This paper illustrated that SRAKE 

receiver has better BER performance compared to PRAKE receiver for the same number of 

fingers and MRC combining technique performs better compared to EGC. However, in my thesis 

work thesis work, ARAKE receiver, selective combining (SC), bit repletion coding and other 

possible UWB modulation schemes are also considered for performance comparison in addition 

to the above parameters and the standard IEEE 802.15.3a channel model is used. 

A. Rajeswaran, et al. [6] studied the BER performance of RAKE receiver in a realistic channel 

model that is based on an extensive set of indoor channel measurements with different number of 

RAKE taps. In this paper, it is shown that the RAKE receiver contributes to a mitigation of the 

ISI. In particular, at low input SNR values and small number of RAKE taps, it is shown that 

employing additional RAKE taps for energy capture is more important to overall system 
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performance than employing equalization to combat the ISI. The performance of the RAKE with 

some realistic channel estimation errors is also studied. 

D. Cassioli, et al. [9] presented the performance of PRAKE and SRAKE receivers under a 

statistical tapped-delay-line channel model that is based on extensive measurement campaigns, 

and reflects both small-scale and large scale variations of the channel. In this paper, it is shown 

that SRAKE receiver has in general better BER performance than PRAKE receiver for the same 

number of RAKE fingers. 

L. Jiabin and L. Zhonghua [4] analyzed the BER performance of adaptive MMSE receiver using 

RLS adaptive algorithm for DS-BPSK-UWB transmitted signal format under standard 802.15.3a 

UWB indoor channel model for different number of users. In this paper, it is shown that nearly 

without loss of BER performance compared with the traditional Rake receiver scheme, the 

adaptive MMSE receiver requires no channel estimation and, therefore, is simpler in structure 

and easier for implementation and with a relatively higher data rate. In my thesis work, BER 

performance of adaptive MMSE receiver using LMS and NLMS algorithms is also analyzed in 

addition to the RLS algorithm used in this paper. 

1.5. Methodology 

The methodology used in conducting this thesis work can be summarized into three basic steps. 

The major tasks performed in each step are described as follows.   

Literature review: In this step, the issues and concepts that are closely related to this thesis work 

have been thoroughly studied in order to acquire a deep understanding and knowledge of the 

relevant areas and where the problem lies. Different literatures (books, standard journals, research 

papers, class lecture notes, research publications and other information available on the Internet) 

that are conducted on UWB signal generation, modulation options, multiple access techniques, 

RAKE and adaptive MMSE receiver modeling and analysis, adaptive algorithms and combining 

techniques have been reviewed. 

System Modeling and Analysis: In this step, the general UWB system for wireless 

communication including the transmitter, transmission channel, RAKE and adaptive MMSE 

receivers are modeled and mathematically analyzed. 
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Simulation and Evaluation of Results: In this final step, the bit error rate (BER) performance of 

both RAKE and adaptive MMSE receivers  for different system parameters has been simulated  

according to the given system model using MATLAB software and conclusions are drawn based 

on the results. 

1.6. Organization of the Thesis 

This thesis has been divided into 6 chapters. A general overview of UWB wireless 

communication systems and literature survey of some selected papers on RAKE and adaptive 

MMSE receivers is covered in chapter 1. Chapter 2 presents the general system modeling for 

UWB wireless communications. UWB Pulse generation, modulation options, and multiple access 

techniques are discussed. An overview UWB channels, in general, and basic feature of standard 

IEEE 802.15.3a channel model, in particular, is presented. Chapter 3 deals with the RAKE 

receiver. The general structure of RAKE receiver is defined and different RAKE receiver types 

are discussed. The most common RAKE combining techniques are also explained.  Chapter 4 

provides a study of adaptive MMSE receiver. The general structure of adaptive MMSE receiver 

is defined and different adaptive algorithms are also discussed here. Chapter 5 presents the 

simulation results of the two receivers for different system parameters and discussion of results. 

Chapter 6 contains the conclusion of the thesis and some suggestions for future work. The 

reference materials that are used in this thesis directly follow the conclusion and suggestion 

section. 
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Chapter 2 

UWB Wireless Communication System Modeling 

2.1. Transmitted Signal Model 

So far, several UWB transmission techniques have been proposed in the literature. These 

techniques can be categorized into two major groups: single-band and multi-band UWB. The 

single-band approaches, also referred to as carrier-free and impulse communications, are 

implemented by direct modulation of information into a sequence of impulse like waveforms 

which occupy the available bandwidth of 7.5 GHz. Multi-band approaches, on the other hand, 

divide the available UWB bandwidth into smaller sub-bands, each with a bandwidth greater 

than 500 MHz, to comply with the FCC’s definition of UWB signals. This thesis deals with 

only single-band transmission approaches. 

Figure 2.1 presents the general block diagram of UWB wireless communication systems. The 

diagram consists of three main blocks, transmitter, channel and receiver, which are also 

common for any communication system. 

 

         Figure 2.1: General block diagram for UWB wireless communication systems 

In this thesis work, different transmitted signal formats are generated by the transmitter and the 

standard IEEE 802.15.3a channel model is considered. Although different receiver types are 

proposed for UWB wireless communication systems by many researchers, especial attention is 
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given to RAKE and adaptive MMSE receivers due to their better performance and interference 

cancellation characteristics in multipath fading environment. Thus, in this thesis, only RAKE and 

adaptive MMSE receivers are considered and their BER performance is examined thoroughly for 

different system parameters.  

Figure 2.2 illustrates the detail structure of a typical UWB transmitter that transmits different 

signal formats for UWB wireless communication systems. 

 

 Figure 2.2: Transmitter block diagram for UWB wireless communication systems 

Pulse generation, data modulation and multiple access are the three main tasks that are performed 

at the transmitter end of a typical UWB communication system and each task is discussed in 

detail in the next subsections. 

2.1.1. UWB Signal Generation 

The first step in a radio communication link involves the generation of a suitable signal, which is 

then modulated with desired information before transmission through the communication 

channel. Several waveforms have been proposed in the literature for UWB wireless 

communication systems such as Gaussian, Rayleigh, Laplacian, cubic, and Hermitian pulses [40]. 

The Gaussian pulse is the most common one since its shape can be easily modified by modifying 

its shape factor, infinite waveforms can be obtained by differentiating the original pulse and it 

can be generated by pulse generators more easily. Thus, a detail description of only Gaussian 
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pulses is presented here. Gaussian pulses are waveforms whose mathematical definition is similar 

to the normal Gaussian function. Mathematical expressions for the Gaussian pulse and its higher 

order derivatives are given in [22, 24, 28, 40]. The zero-order Gaussian pulse is given by 

         
  

  

        
    

  

                                                                                   

where   
 

     
 

     ,    and    represent the amplitude constant, spread of the Gaussian pulse and the pulse 

shaping factor respectively.  

The frequency domain representation of the zero-order Gaussian pulse is given by: 

                          
 

  
   

 

 
                                                                                  

Usually higher derivatives of Gaussian pulses are more popular for the UWB transmission. This 

is mainly due to lower DC value of the pulses as the order of the derivative increases. As 

antennas are not efficient at DC, it is preferable to use derivatives of Gaussian pulses having 

smaller DC components. The nth derivative of Gaussian pulse can be obtained recursively from 

the following expression: 

       
   

  
        

 

  
                                                                      

The frequency domain representation of the nth derivative Gaussian pulse can be obtained from 

              
                                                                                                                              

Figure 2.3 shows the time domain graphical representation of the zero-order Gaussian pulse and 

the its first five higher order derivatives. 
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Figure 2.3:  Time-domain representation of Gaussian pulse and its higher order derivatives 

In this thesis, the second-order Gaussian pulse is used. The mathematical representation for this 

pulse is given  

      
  

     
  

  
  

  
  

     
      

       
  

  
  

    
  

  
 
                                                  

The frequency domain representation of the second-order Gaussian pulse can be expressed as 

              
                                                                                                                                                                     

Figure 2.4 illustrates the time and frequency domain graphical representation of the second-order 

Gaussian pulse.  

 

          



Performance Evaluation of Receivers for UWB  
         Wireless Communication Systems                                                               UWB Wireless Communication System Modeling 
 

  17 
  

 

Figure 2.4: Graph of second-order Gaussian pulse in time and frequency domain 

In order to minimize intersymbol interference (ISI) between consecutive trains of pulses, UWB 

signals are usually transmitted with very low duty cycle.  The duty cycle of UWB pulses is 

defined by 

           
  
  

                                                                                                         

where Tw is the pulse width (pulse duration) and Tf is the pulse repetition time (frame interval). 

Figure 2.5 depicts a sequence of second order Gaussian pulses with a low duty cycle. Typically, 

the frame interval    is 100 or 1000 times longer than the pulse width    in order to minimize the 

ISI in practical UWB wireless communication systems. 

 

Figure 2.5: A sequence of second order Gaussian pulse train with low duty cycle 

2.1.2. UWB Modulation Options 

A major challenge when designing UWB systems is the selection of the appropriate modulation 

scheme. Data rate, transceiver complexity, BER performance, spectral characteristics of the 

transmitted signal, and robustness against impairments and interference are all related with the 

employed modulation type. Thus, determining the right modulation for a given application is 
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crucial in UWB system design. For pulsed UWB systems, the widely used forms of modulation 

schemes include on-off keying (OOK), pulse amplitude modulation (PAM), pulse position 

modulation (PPM) and binary phase shift keying (BPSK) [5, 29, 33]. 

2.1.2.1.  On-Off Keying (OOK) 

On-off keying (OOK) is the simplest form of pulse modulation, in which the transmission of a 

pulse represents a data bit 1 and its absence represents a data bit 0. An OOK signal can be 

modeled as 

        

 

    

                                                                                       

             Where: 

                                    is the amplitude of the jth pulse 

                                 is the second derivative Gaussian pulse 

                               is the pulse repetition period 

The main advantages of OOK are simplicity and low implementation cost. The OOK transmitter 

is quite uncomplicated; a simple RF switch can be turned on and off to represent data. This way, 

OOK modulation allows the transmitter to idle while transmitting a bit 0 and thus save power. 

The detection of OOK-modulated pulses is typically done with a no coherent energy detector 

receiver, although classical matched filter (CMF) receivers can also be used. 

Despite the simplicity of OOK transmitters, this modulation scheme has several disadvantages in 

UWB systems. OOK is highly sensitive to noise and interference: an unwanted signal can be 

detected as a false data bit 1. Therefore, OOK is not a popular modulation technique for multiple-

access communications channels.  

 

Figure 2.6: On-off keying (OOK) modulated signal 
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2.1.2.2. Pulse Amplitude Modulation (PAM) 

The information in a PAM signal is conveyed in the amplitude of pulses. Specifically, an M-ary 

PAM signal comprises a sequence of modulated pulses with M different amplitude levels. The 

PAM signal can be modeled as   

         

 

    

                                                                                     

             Where: 

                                is the amplitude of the jth pulse 

                                 is the second derivative Gaussian pulse 

                               is the pulse repetition period 

 

 PAM generation is simple because it requires pulses with only one polarity to represent data. 

Pulses modulated with PAM can be detected with an energy detector receiver or a classical 

matched filter (CMF) receiver. Although PAM pulses are less sensitive to noise than OOK-

modulated pulses, attenuation in wireless channels can convert them to the OOK case. 

Furthermore, because of the periodicity of transmitted pulses, some discrete lines will be present 

on the power spectral density (PSD) of PAM pulses. These discrete lines can cause harmful 

interference to other narrowband and wideband signals sharing the frequency spectrum with 

UWB systems.  

 

 Figure 2.7: Four-ary Pulse Amplitude Modulation (PAM) modulated signal 

2.1.2.3.  Pulse Position Modulation (PPM) 

In this technique signals are pseudo randomly encoded based on the position of the transmitted 

pulse trains by shifting the pulses in a predefined window in time. A PPM represents a data bit 0 

by a pulse with no shift with respect to a specific reference point in time and it represents a data 
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bit 1 by a shifted pulse with respect to a specific reference point in time.  The M-ary PPM signal 

can be modeled as 

        

 

    

                                                                                 

             Where: 

                              is the jth pulse M-ary symbol 

                                 is the second derivative Gaussian pulse 

                               is the pulse repetition period 

                                is the modulation delay 

 

Compared to OOK and PAM pulses, PPM signals are more immune to false detection. This is 

because the pulses that represent the data bits in PPM have the same amplitude, so the probability 

of detecting a false data bit is reduced. However, they are vulnerable to catastrophic collisions 

that are caused by multiple-access channels.  

Moreover, the pseudorandom code sequence of the pulse positions reduces the discrete lines on 

the power spectral density of the PPM signal more than those of the PAM signal. 

 
Figure 2.8:  Four-ary pulse position modulated (PPM) signal 

2.1.2.4.  Binary Phase Shift Keying (BPSK) 

In binary phase shift keying (BPSK), the polarity of the pulse changes to represent digital data 

bits. A pulse with positive polarity represents a digital bit 1 where as a pulse with negative 

polarity corresponds to a bit 0. A BPSK signal can be modeled as  
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             Where: 

                                     is the polarity of the modulated pulse 

                                 is the second derivative Gaussian pulse 

                               is the pulse repetition period 

This type of modulation scheme is less susceptible to distortion because the difference between 

the two pulse levels is twice the pulse amplitude. Another advantage of BPSK is that the change 

in polarity can remove the discrete spectral lines in the pulse's PSD, because changing the 

polarity of pulses produces a zero mean. However, this modulation scheme results in more 

complexity in the physical implementation of the transmitter: It requires one transmitter to 

generate positive pulses and another transmitter to generate negative pulses. 

  

   Figure 2.9:  Binary Phase Shift Keying (BPSK) signal 

2.1.3. UWB Multiple Access Schemes 

In single-band UWB systems, multiple users share a single UWB spectrum simultaneously. To 

accommodate these multiple users, proper multiple access techniques are necessary. Two 

commonly used multiple techniques in single-band UWB systems are time-hopping (TH) and 

direct-sequence (DS) spreading techniques. In TH-based systems [13, 29, 33], the information is 

sent with a time offset for each pulse determined by the TH sequence. In DS spreading systems 

[30, 39], the data are carried in multiple pulses whose amplitudes are based on a certain spreading 
code. TH and DS spreading codes both provide robustness against multiuser interference. The 

performance comparisons of TH and DS schemes for single-antenna systems have been studied 

[18, 45] and it has been shown that TH-UWB systems are suitable in theory and analysis but are 

seldom used in practice due to the need for perfect time synchronization between the transmitter 

and the receiver. On the other hand, DS-UWB has been shown to be a promising scheme for 

single-carrier UWB communications. 
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2.1.3.1.  Time Hoping (TH) 

TH-UWB utilizes low-duty-cycle pulses, where the time spreading between the pulses is used to 

provide time multiplexing of users. Basically, each frame interval duration is divided into 

multiple smaller segments and only one of these segments carries the user’s transmitted 

monocycle. A unique code, also referred to as a TH sequence, is assigned to each user to specify 

which segment in each frame interval is used for transmission.  In TH-UWB systems, the frame 

interval     is divided into    segments of    seconds such that        . The TH sequence is 

denoted by                 It provides an additional time shift of        seconds to the jth 

monocycle to allow multiple access without catastrophic collisions. The signal for TH-UWB 

system can be modeled as 

               

 

    

                                                                             

In a synchronized network, an orthogonal TH sequence that satisfies       
   for all j’s and for 

any two users      can be adopted to minimize interference between the users. The 

performance of synchronous multiple access systems using various TH sequences such as the 

Gold sequence and a simulated annealing code has been studied in [43]. For an asynchronous 

system, the choice of orthogonal TH sequence does not guarantee collision-free transmission 

[18]. By combining the TH technique with the various modulation options discussed in section 

2.1.2, different transmitted signal formats can be generated. The transmitted signal formats using 

PAM, PPM and BPSK modulation schemes can be modeled as follows. 

 TH-PAM-UWB transmitted signal format: 

         

 

    

                                                                          

 TH-PPM-UWB transmitted signal format:  
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 TH-BPSK-UWB transmitted signal format:  

                         

 

    

                                                  

 

2.1.3.2.  Direct Sequence (DS) 

DS-UWB employs a train of high-duty-cycle pulses whose polarities follow pseudorandom code 

sequences. Specifically, each user in the system is assigned a pseudorandom sequence that 

controls pseudorandom inversions of the UWB pulse train. 

In a DS-UWB system with BPSK modulation, the binary symbol    to be transmitted over the jth 

frame interval is spread by a sequence of multiple monocycles                         

    
 

whose polarities are determined by the spreading sequence            

     . Such a spreading 

sequence is assigned uniquely to each user in a multiple access system in order to allow multiple 

transmissions with little interference. Similar to the TH system, an orthogonal spreading 

sequence such as a Gold sequence or Hadamard–Walsh code can be selected to mitigate multiple 

access interference in a synchronous network [39]. 

The DS-BPSK-UWB transmitted signal format can be described as [30, 39] 

     
 

   

   

 

    

     

    

    

                                                      

Where: 

                     is the modulated binary data 

                       is the pseudorandom code or spreading sequence 

                 represents the hop period 

The factor        is introduced such that the sequence of      monocycles has unit energy. 
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2.2. Channel Model 

Analysis and design of UWB communication systems require an accurate channel model to 

determine the data rate that can be achieved, to design efficient modulation and coding schemes, 

and to develop associated signal-processing algorithms. 

2.2.1. General Overview of UWB Channel Models 

Although narrowband wireless channels have been well documented in the literature, they cannot 

be generalized directly to UWB channels. In particular, the narrowband channels were 

constructed based on a signal bandwidth of less than 20 MHz. The radiation in UWB systems, on 

the other hand, can cover as much as 10 GHz of bandwidth. Such a large bandwidth gives rise to 

important differences between UWB and narrowband channels, especially with respect to the 

number of resolvable paths and arrival times of multipath components [10].  

For a narrowband signal with a bandwidth less than the coherence bandwidth of the propagation 

channel, multipath components arrive continuously and severe multipath fading can be observed. 

When a large number of multipath components are observed at the receiver within its resolution 

time, the central limit theorem is commonly invoked to model the amplitude of the signal 

received as Rayleigh distributed. Rayleigh fading is therefore used extensively for channel 

models in many narrowband systems. In UWB systems, on the other hand, the number of 

multipath components that arrive at the receiver within the period of an ultra-short waveform is 

much smaller as the duration becomes shorter. Consequently, the channel fading is not as severe 

as that in narrowband channels and Rayleigh fading may not perfectly match the amplitude of the 

signal received. In addition, since the multipath components can be resolved on a very fine time 

duration, the time of arrival of the multipath components may not be continuous. In other words, 

there are empty delay bins (bins containing no energy) between the arriving multipath 

components.  

In general, the large bandwidth of a UWB waveform considerably increases the ability of a 

receiver to resolve a variety of reflections in UWB channels and the signal received contains a 

significant number of resolvable multipath components. Additionally, due to the fine time 

resolution of a UWB waveform, the multipath components tend to occur in a cluster rather than 

in a continuum as is common for narrowband channels. 
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In recent years, a lot of research effort has been devoted to UWB channel modeling in order to 

construct channel models that are able to capture these important characteristics of UWB 

channels. In [23], simulation results for indoor communications using UWB signals were 

presented. The UWB channel is modeled as a tap-delay-line fading model and the amplitude of 

the multipath coefficients is characterized by Nakagami-m distribution. A statistical UWB 

channel model based on the clustering approach for multipath effects is presented in [27]. The 

time-domain measurement approach generally excites the channel by a short pulse and has 

samples of the channel response recorded at the receiver. UWB channel modeling using a 

frequency-domain measurement approach was presented in [20] [31].  In the frequency domain 

measurement approach, a vector network analyzer is used to record the channel frequency 

response (instead of the time-domain response). Measurements in the frequency domain are then 

converted to the time domain using inverse Fourier transform (IFT). 

2.2.2. The Standard IEEE 802.15.3a Channel Model 

As discussed above, the channel measurements in UWB systems showed multipath arrivals in 

clusters rather than in a continuum as is common for narrowband channels. In particular, due to 

the very fine resolution of UWB waveforms, different objects or walls in a room could contribute 

different clusters of multipath components. Therefore, reliable channel model that captures such 

important characteristics of UWB channel is critical for the analysis and design of UWB systems. 

To have a common channel model for the evaluation of UWB communications systems, 

standardization groups SG3a and SG4a recently established within the IEEE 802.15 have been 

working to set up standard models of the UWB channel. UWB channel model for the IEEE 

802.15.3a standard has been established in [10] and the model for the IEEE 802.15.4a in [11]. 

In this thesis, the standard IEEE 802.15.3a channel model is used for performance evaluation of 

RAKE and adaptive MMSE receivers since this channel model is designed for short range 

wireless communication systems. Thus, the main features of this channel model are described in 

detail as follows.    

The three main indoor channel models considered to develop the standard IEEE 802.15.3a 

channel model are: 
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 Tap-Delay-Line Fading Model: A simple model for characterization of a UWB channel is the 

tap-delay-line fading model [10] [23], in which the signal received is a sum of the replicas of 

the signal transmitted, being related to the reflecting, scattering, and/or deflecting objects via 

which the signal propagates. Such a tap-delay-line fading model allows frequency selectivity 

of UWB channels to be taken into consideration. Under the tap-delay-line fading model, the 

channel impulse response can be described as [3] 

              

   

   

                                                                                        

where      is the multipath gain coefficient of the ith path, L denotes the number of resolvable 

multipath components, and    represents the path delay of the ith path. 

 ∆-K Model: The ∆–K model was introduced for the outdoor environment, and popularized for 

the indoor scenario by [35]. The ∆–K model defines two states: state A, where the arrival rate 

of paths is λ, and state B, where the rate is Kλ. The model starts in state A. If a path arrives at 

time t, a transition is made to state B for a minimum of time λ. If no path arrives during that 

time, the model reverts to state A; otherwise, it remains in state B. The ∆–K model was used 

for UWB channels in [17] [25]. 

 Saleh–Valenzuela Model: The Saleh–Valenzuela (S-V) model [15] was introduced for a 

wideband indoor channel. In the S-V model multipath arrivals are grouped into two different 

categories: a cluster arrival and a ray arrival within a cluster. This model requires four main 

parameters: the cluster arrival rate, the ray arrival rate within a cluster, the cluster decay factor, 

and the ray decay factor. The channel impulse response of the S-V model is modeled by 

                

 

   

 

   

                                                                         

where     denotes the gain of the ith multipath component in the cth cluster, C is the total 

number of clusters, and L is the total number of rays within each cluster 
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Figure 2.10: Principle of the Saleh–Valenzuela fading model 

 

The path loss, shadowing, and small-scale fading models of the standard IEEE 802.15.3a UWB 

channel model are provided below. 

 Path loss: The path loss specified in the standard is based on free-space path loss, with the 

center frequency fc given by              , where fL and fH are obtained at the −10dB edges 

of the waveform spectrum 

 Shadowing: The shadowing is assumed log-normally distributed with standard deviation of 3 

dB [i.e., the shadowing is Xσ [dB] ∼ N(0, σ2), with a σ value of 3 dB]. 

 Small-scale fading: The small-scale fading adopted in the IEEE 802.15.3a standard is based 

on the S-V model. Although the path amplitude |   | may follow the lognormal distribution 

[10], the Nakagami distribution [23], or the Rayleigh distribution [27], the lognormal 

distribution is adopted in the standard.  

The standard IEEE 802.15.3a channel model defined four channel types for UWB applications, namely 

CM1, CM2, CM3 and CM4 for different types of indoor measurement environments. CM1 describes a 

line-of-sight (LOS) scenario with a separation distance between the transmitter and receiver of 

less than 4 m. CM2 describes the same range but for a non-LOS situation. CM3 describes a non-
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LOS scenario for distances of 4 to 10 m between a transmitter and a receiver. CM4 describes an 

environment with strong delay dispersion, resulting in a delay spread of around 25 ns. Table 2.1 

provides the model parameters of CM1 to CM4.  

The time domain expression for the channel impulse response is defined by 

                 

   

   

   

   

                                                                         

Where:  

             is the channel impulse response 

            is the number of clusters 

           is the number of rays of each cluster 

              is the fading coefficient of the mth path of the ith cluster 

             is the channel fading factor 

              is the arrival time of the ith cluster  

             is the delay of the mth path of the ith cluster relative to Ti 

Generally, there are six key model parameters that define this standard channel. These are: cluster 

arrival rate ( ), ray arrival rate (), cluster decay factor (), ray decay factor (), standard 

deviation of cluster lognormal fading term ( 1 ), standard deviation of ray lognormal fading term 

( 2 ) and standard deviation of lognormal shadowing term for total multipath realization ( x ). 

The distribution of cluster arrival time and the ray arrival time are given by  

                                                                                             

                                                                                                        

Mean excess delay, RMS delay spread, number of multipath components (defined as the number 

of multipath arrivals that are within 10 dB of the peak multipath arrival) and power decay profile 

the main characteristics of the channel that are used to derive the above model parameters. 
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But since it is difficult to match the model parameters with the average power decay profile, the 

main channel characteristics that are used to determine the model parameters are the first three.  

 Table 2.1: Multipath channel characteristics and corresponding model parameters [10]  

 
A complex tap model was not adopted here.  The complex baseband model is a natural fit for 

narrowband systems to capture channel behavior independently of carrier frequency, but this 

motivation breaks down for UWB systems where a real-valued simulation at RF may be more 

natural. In addition, since the log-normal shadowing of the total multipath energy is captured by 

the term,  , the total energy contained in the terms {   } is normalized to unity for each 

realization.  This shadowing term is characterized by                        
  . 

Figure 2.11 depicts the discrete time channel impulse response for the four channel types of the 

standard IEEE 802.15.3a channel model. As it can be seen from the plot, CM1 has considerable 

magnitude response up to 50ns, CM2 up to 75ns, CM3 up to 120ns and CM4 up to 200ns. This is 

due to the characteristics of the four channel types. CM1 is designed for LOS and CM4 is 

designed for highly NLOS scenarios. 
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Figure 2.11: Discrete time impulse response for the four channel types of standard model 

2.3.  Received Signal Model 

Consider a multiuser UWB system with K users. The kth user transmits a single-band UWB signal 

                   carrying information sequence   
         as described in Section 

2.1.3. The channel impulse response of the kth user for the standard IEEE 802.15.3a channel 

model discussed in section 2.2.2 can be written as 

             
       

 

   

   

   

   

    
                                                  

where the superscript k  indicates the user k,     
  represents the multipath gain coefficients,   

denotes the number of resolvable paths,    
  represents the path delays relative to the delay of 

the desired user’s first arrival path,   indicates the number of rays of each cluster and 

  
  represents the arrival time of the ith cluster for the desired user.  
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The signal received consists of multipath signals from all active users and thermal noise. The 

general expression for the received signal from user k can be written as 

                                                                                                  

where        is the transmitted signal format by user k,       the channel impulse response and 

     is the additive noise, which is modeled as a real additive white Gaussian noise process with 

zero mean and two-sided power spectral density N0/2. 

Using the channel impulse response for user k of the standard IEEE 802.15.3a channel model 

given in (2.19), the received signal can be modeled as 

             
        

 

   

   

   

   

    
   

 

   

                                                 

In order to detect the information in the received signal      different UWB receiver types are 

proposed in the literature. But in this thesis, detecting the received using RAKE and adaptive 

MMSE receivers will be discussed in detail. The basic features and performance of RAKE 

receiver are discussed in chapter 3 and chapter 4 deals adaptive MMSE receiver. Without loss of 

generality, we let user 1 be the desired user and assume that           . 
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Chapter 3 

RAKE Receiver for UWB Wireless Communication Systems 

3.1.   Introduction 

Multipath is a common phenomenon that is manifested during the transmission of wireless 

signals. In this process the transmitted signal proceeds towards its receiver along multiple routes 

while reflecting, scattering and dispersing due to obstacles it encounters on the way. 

The transmitted signal bandwidth in UWB systems is much larger than the coherent bandwidth of 

the channel, in which case the channel is frequency selective [9]. In frequency selective channels 

the RAKE principle is conceived as one that employs a certain type of signal processing to 

different portions of the received signal stream and takes advantage of all the received signal 

paths that carry the same signal information. 

The idea behind the RAKE reception technique is that the signals propagating through different 

multipath are received in individual fingers of the RAKE receiver, and the outputs from these 

fingers are then coherently combined to provide the input signal for the symbol decision. An 

ideal RAKE receiver collects the signal energy from all different multipath components. In 

practice, however, not all of multipath components can be collected; the N strongest paths must obviously 

be acquired. The continually acquisition of the multipath components is known as multipath searching and 

must be done periodically to ensure the N strongest paths are always used for combining. 

The optimal RAKE receiver actually implements a channel matched filer which maximizes the 

received signal to noise ratio. This means that the identified multipath components are weighted 

proportionally to the amplitude of the component. Of course, the optimal RAKE receiver can 

only be implemented if the multipath components or the channel impulse response are known. 

3.2. RAKE Receiver Structure 

A typical RAKE receiver is composed of several correlators followed by a linear combiner, as 

shown in Figure 3.1. The signal received at the RAKE receiver is correlated with delayed 

versions of the reference pulse            
    , multiplied by the tap weights         

   }, and 

finally, combined linearly.  
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Figure 3.1: Block diagram of RAKE receiver with N fingers 

A reference or template signal matched to the incoming received signal is used by the RAKE 

receiver. Each finger of the RAKE uses a delayed version of the template signal to match the 

delay to a specific multipath component. This reference signal, also known as the correlation 

mask, depends on modulation and multiple access techniques (transmitted signal format) used at 

the transmitter. 

 The reference signal for TH-PPM-UWB transmitted signal format  depends on the PPM delay 

   and is given by 

                                                                                 

 The reference signal used in a TH-BPSK-UWB system is the delayed version of the 

monocycle received and is given by 

                                                                                   

 The DS-BPSK-UWB  reference signal is a sequence of pulses whose polarities are modulated 

with the desired user’s spreading code and is given by 
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Depending on the diversity method implemented at the receiver a different set of weighting 

factors,                  is used to combine the outputs of the correlators. The output of the 

linear combiner gives the decision variable,        which in turn is fed to the detector for the 

decision process on the transmitted symbol. 

3.3.  Rake Receiver Types 

In general, the number of resolvable path components in a realistic dense multipath channel (i.e., 

an indoor channel) is approximately proportional to the transmission bandwidth BW and the 

coherence bandwidth,    , of the channel and is given by  

   
  

  
                                                                                          

Since BW is very high for a UWB system compared to   , the total number of resolvable 

multipath components      is very large and it is practically difficult design a RAKE receiver that 

combines all these multipath components which in turn degrades the performance of the receiver. 

Complexity and performance issues have motivated studies of reduced-complexity RAKE 

receivers that process only a subset of the resolved multipath components available. Depending 

on the number of resolvable multipath components used, RAKE receivers can be further 

classified into all RAKE (ARAKE), selective RAKE (SRAKE) and partial RAKE receiver 

(PRAKE) receivers. The three RAKE receiver types are described briefly in [9]. 

3.3.1. All RAKE Receiver 

The term All RAKE has been largely used in the literature to indicate the receiver with unlimited 

resources (taps or correlators) and instant adaptability, so that it can, in principle, combine all of 

the resolved multipath components [9]. From the energy capture perspective, these types of 

receivers are very efficient and captures most of the energy carried by a very large number of 

different multipath signals [32]. Since the number of resolvable multipath components increases 

with the signal bandwidth as given in (3.4), the number of correlators required for the ARAKE 

receiver may be quite large for UWB communication systems. However, the number of multipath 
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components that can be utilized in a typical RAKE combiner is limited by power consumption, 

design complexity and channel estimation. Thus, we consider the ARAKE receiver only as a 

benchmark that provides an upper limit of achievable performance [9]. 

3.3.2. Selective RAKE Receiver 

The selective RAKE (SRAKE) receiver selects the Lb best paths from a subset of the L available 

resolved multipath components. To select Lb best paths properly requires keeping track of all L 

path components, using algorithms to sort all these L paths by the magnitude of their 

instantaneous path gains, which would require instantaneous and highly accurate channel 

estimation. 

3.3.3. Partial Rake Receiver 

The partial RAKE (PRAKE) receiver selects the first nonzero Lp arriving paths, which are not 

necessarily the best. The partial selection requires neither path amplitude knowledge nor the 

selection mechanism. It only needs to find the position of the first arriving path [9]. This 

alleviates the need to sort the multipath components by the magnitude of their instantaneous path 

gains, which would require instantaneous and highly accurate channel estimation. Thus, PRAKE 

receiver has less complexity than ARAKE and SRAKE receivers but at the cost of lower 

performance. It has been shown [9] that the performance loss of PRAKE receiver compared to 

SRAKE receiver is quite small in a Nakagami fading channel but larger in a Rayleigh fading 

channel. 

3.4. Rake Receiver Combining Techniques 

For the combination of different shifted, delayed and attenuated received signals at the RAKE’s 

fingers and for the determination of the desired signal, different combining techniques are used. 

Maximal ratio combining (MRC), equal gain combining (EGC) and selective combining (SC) are 

the three most commonly used RAKE receiver combining techniques in CDMA and UWB 

communication systems. 

3.4.1. Maximal Ratio Combining 

In this technique, all branches of the RAKE receiver are used simultaneously. The weights in 

each branch are chosen so that the output SNR is maximized. This is an analytical technique that 
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works only if the individual signals must have the same phase shift before combining which 

would require estimation of channel parameters which can be difficult in a fast fading 

environment or a system that is non-coherent.  The RAKE receiver using MRC maximizes the 

system’s instantaneous signal-to-noise ratio (SNR) when no narrowband interference exists. Its 

performance degrades in the presence of narrowband interference [50]. 

Assuming that co-phasing has been achieved, the envelope of the resulting combined signal      

can be written as 

          

   

   

                                                                                         

where    is the gain factor of each branch and     is the output of each finger 

The MRC has the advantage of producing an output with an acceptable SNR even when none of 

the individual signals are themselves acceptable. This technique gives the best statistical 

reduction of fading of any known linear diversity combiner. The drawback with maximal ratio 

combing is that the receiver tends to be complex, because of the need of measuring the 

instantaneous SNR in each branch. 

Assume that the noise components in the branches are independent. Consequently, the total noise 

power is given by the sum of the noise power in each branch, where each noise component is 

multiplied with the combining gain factor of the branch, i.e.  

        
 

   

   

                                                                              

Assume that the noise power is equal in all branches. By using the Schwarz inequality, the 

resulting SNR is  

    
    

  
 

         
 

     
 

 
  

  

   
    

 

   
 

 
  

  
   

                                                        

In MRC, the outputs of the correlators are weighted in direct proportion to the received signal 

strength. 

                                                                                                  

where k is an arbitrary constant. 



Performance Evaluation of Receivers for UWB                                                                    RAKE Receiver for UWB Wireless 
         Wireless Communication Systems                                                                                        Communication Systems                                                             
 

  37 
  

3.4.2. Equal Gain Combining 

MRC is the method that maximizes the SNR of the resulting combined signal using variable 

weighting coefficients. However, the variable weighting capability for the MRC is not convenient 

since the receiver tends to be complex, because of the need of measuring the instantaneous SNR 

in each branch. A natural step to decrease the complexity is the Equal Gain Combing (EGC) 

method. In this technique, outputs of the correlators are summed together directly and fed to the 

detector and it is relatively the simplest form of combiner that does not require any knowledge of 

the path amplitudes. The weights in this scheme are chosen to remain constant and equal in all 

branches: 

                                                                                               

 

The resulting total combined output signal from the linear combiner can be written 

        

   

   

                                                                             

Under the assumption of equal noise power in all branches, the resulting SNR becomes 

    
    

   
 

  

   
    

   

   

 

 

                                                                        

where N represents the number of RAKE fingers and N0 the noise power spectral density. 

The benefit of using this type of combining is that it allows the receiver to exploit the signals that 

are received simultaneously on each branch. This dictates that the possibility of producing an 

acceptable signal from a number of unacceptable input signals is still retained and the 

performance is marginally inferior to maximal ratio combining.  

3.4.3. Selective Combining 

This is the simplest RAKE receiver combining technique. In this technique, the receiver simply 
chooses the signal with the highest SNR of all the signals from the different fingers, and only 

uses this signal for detection. This RAKE receiver combining technique has the least complexity 

and poorest performance when compared with maximum ratio combining (MRC) and equal gain 

combining (EGC) techniques. 
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The total combined output signal for this combining technique can be expressed as 

wi = 


 

otherwise
yyyyif Mi

,0
},...,,max{,1 21

                                                 (3.12) 

3.5.  Rake Receiver Performance Analysis 

The output of the ith finger of the RAKE receiver for the kth symbol is given by 

               

 

 

                                                                                          

Assuming a perfect match of the received signal with the reference signal, zero inter-frame and 
inter-symbol interference, and symbol rate sampling at the output of RAKE fingers, then (3.13) 
can be rewritten in discrete time as 

                                                                                                 

           where               is the number of fingers and k represents the symbol index. 

The noise at the output of the correlators which is approximately distributed as         
   is 

given by 

                                                                                      
 

 

      

The outputs of the correlators for the kth symbol can be written in vector notation as 

                                                                                           

where                     
  ,                     

   and                
  

Depending on the combining technique applied, different tap weight coefficients can be used by 

the RAKE receiver. Let                    be the RAKE combining weights. If maximal 

ratio combining (MRC) technique is used, the amplitudes of the received multipath components 

are estimated and used as weighing vector   in each finger. In case of ARake, the combining 

weights are chosen as w = α, where                    are the fading coefficients of the 

channel. If the set of indices of the N best fading coefficients with largest amplitude is denoted by 

S, then the combining weights w of an SRAKE are chosen as follows [36] 
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Similarly, for PRAKE using the first N multipath components, the weights of MRC combining 

are given by [36] 

   
                             
                             

                                                               

 where N ≤ L. 

 In case of equal gain combining (EGC) scheme, all the tracked multipath components are 

weighted with their corresponding signs and combined [6]. The output after RAKE combining is 

sent to the decision device and can be written as 

             

   

   

                                                                        

To determine the bit error performance (BER) at the output of the RAKE, the output signal-to-

noise (SNR) needs to be evaluated. From (3.19), the approximate signal energy and the noise 

variance at the output of RAKE are evaluated as 

                   

   

   

 

 

                                                                    

            
    

                                                                             

   

   

 

In case of BPSK modulation, for a given SNR per bit   , the approximate expression of BER 

performance conditioned on a particular channel realization is given by [3] 

                    

 

 
         

   
         

   
    

    
    

                                                  

Similarly, BER performance expressions for PAM and PPM modulations can be derived by 

following the same steps. 
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Chapter 4 

Adaptive MMSE Receiver for UWB Wireless Communication Systems 

4.1. Introduction 

Adaptive MMSE receiver is mainly designed for Multiuser Detection (MUD) in the case of 

multiple users. MUD is the intelligent estimation/demodulation of transmitted bits in the presence 

of Multiple Access Interference (MAI). MAI occurs in multi-access communication systems 

(CDMA/ TDMA/FDMA) where simultaneously occurring digital streams of information interfere 

with each other. An adaptive MMSE receiver is capable of combining energy from the dense 

multipath environment of UWB systems [38].  

RAKE receiver complexity goes up linearly for each path whose energy is exploited. The MMSE 

complexity is constant and always exploits all multipath energy present that falls in its 

observation window and is resolvable [38]. 

While traditional matched filter and RAKE receivers can reject narrowband interference by 

exploiting the processing gain of the spread spectrum system, the adaptive MMSE receiver offers 

much greater interference rejection [42, 46].  

Figure 4.1 depicts the general block diagram of a typical DS-BPSK-UWB wireless 

communication system using adaptive MMSE receiver for received signal detection. 

 

Figure 4.1:  Basic block diagram of DS-BPSK-UWB system using adaptive MMSE receiver 
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4.2. Adaptive MMSE Receiver Structure 

The adaptive MMSE receiver consists of a sampling filter and an adaptive filter. The sampling 

filter samples the total received signal      at least as fast as the Nyquist rate and its output is 

taken as the adaptive filter’s input. The adaptive filter is a finite-impulse response (FIR) filter that 

essentially acts as a linear corrector with MMSE criterion that minimizes the mean square error 

(MSE) with different adaptive algorithms.  

During each bit decision period, a bit decision     is made at the output of the adaptive filter and 

is then fed back to the adaptive filter to compute MSE. In order to capture enough multipath 

energy, the observation window of the adaptive filter is typically longer than one bit interval and 

therefore, windows overlap in time. The whole adaptation works in two stages: training and 

decision directed stages. In the training stage, a training sequence is transmitted to adapt the 

channel. In the decision directed stage, hard decisions are made for information bits and at the 

same time the tap coefficients are updated with MMSE criterion. Figure 4.2 depicts the general 

structure of a typical adaptive MMSE receiver for a total of K asynchronous users. LMS, NLMS 

and RLS adaptive algorithms are used to update the receiver weighting coefficients.                    

 
Figure 4.2: General structure of adaptive MMSE receiver 
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4.3. Adaptive Algorithms 

The length M weighting vector       contains the coefficients of the transversal filter. The a 

posteriori error       between the transmitted bit       and the filter output is given by: 

                                                              
                                                                      

In order to minimize the mean-square error, a weighting vector       must be found that 

minimizes the cost function 

                                                      
              

                                              

From (4.2), we can see that the cost function,     , is quadratic in       and no local minima 

exist. 

The three most commonly used non-blind adaptive algorithms to minimize the cost function, 

    , are the Least Mean Square (LMS), Normalized Least Mean Square (NLMS) and Recursive 

Least Square (RLS) algorithms [14, 21]. 

4.3.1. The Least Mean Square (LMS) Algorithm 

The LMS algorithm is by far the most widely used adaptive algorithm for several reasons. The 

main features that attracted the use of the LMS algorithm are low computational complexity, 
proof of convergence in stationary environment, unbiased convergence in the mean to the Wiener 
solution, and stable behavior when implemented with finite-precision arithmetic. The LMS 

update of the filter coefficients that minimize the cost function,      is given by [21] 

                                                                                                                            

where the convergence factor µ should be chosen in a range to guarantee convergence 

4.3.2. The Normalized Least Mean Square (NLMS) Algorithm 

The NLMS algorithm utilizes a variable convergence factor that minimizes the instantaneous 

error. Such a convergence factor usually reduces the convergence time but increases the 

misadjustment. This algorithm uses the fact that the global minimum of the mean-square error 

can be found by moving in the direction of the steepest descent on the cost function as given by 

the opposite direction of the gradient       with respect to      . A recursion for updating the 

filter coefficients can be written as [21] 
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with       determining the step-size of the update in the     iteration. The gradient can be found 

from (4.2) as 

                                    
                                                         

By ignoring the expectation from (4.5) the gradient can be approximated by 

                                                                                                                             

The step size is given by 

                                 
 

           
                                                                          

Where µ is the step-size bound to the interval       by stability [14, 21]. The constant   is 

introduced to reduce the effect of gradient noise when           attains a small value.  

Selection of the step-size parameter µ is a trade-off between convergence speed and the residual 

interference. Generally, a small value of µ is desired to minimize residual interference, but this 

will cause a very slow convergence, which again will require a lot of training bits. As this is not 

desired a somewhat larger value of µ should be selected as a trade-off between convergence 

speed and the level of residual interference that can be tolerated by the system. 

4.3.3. RLS Algorithm 

In RLS algorithm, the cost function to be minimized is given by [14] 

           

 

   

       
                                                                                

where   is the exponential weighting factor or forgetting factor.   It is a positive constant close to 

but less than 1. When   equals 1, we have the ordinary method of least squares. The inverse of 

     is, roughly speaking, a measure of the memory of the algorithms. The special case,   

    corresponds to infinite memory. 

Define gradient                          

 )(n = 


 )(nw                                                                        (4.9) 
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Differentiating the cost function J(n) with respect to λ yields  

2
1)()( 









nJn E[ )()1()()()()1( * nnnrnnrn HH   ]                          (4.10) 

The updated weight vector for time n is given by gain vector G(n) = P(n) r(n) 

w(n)= w(n-1) + G(n) ζ *(n)                            (4.11) 

Where G(n) is gain vector  

G(n) =
)()1()(1

)()1(
1

1

nrnPnr
nrnP

H 








                                (4.12) 

And  

P(n) = λ-1 P(n-1) - λ-1 G(n) rH (n) P(n-1)                              (4.13) 

Let S(n) denote the derivative of the inverse correlation matrix P(n) with respect to λ: 

S(n) = 


 )(nP                                                     (4.14) 

Differentiating Eq. (4.13) with respect to λ  

S(n) = λ-1[I - G(n) rH (n)] S(n-1) [I - r (n)GH(n)]+ λ-1 G(n) GH(n)- λ-1 P(n)       (4.15) 

Then substituting (4.8), (4.11), and (4.14) in (4.9)  yields  

)(n = [I - G(n) rH (n)] )1( n + S(n) r(n) ζ *(n)                 (4.16) 

According to equation (4.12), the forgetting factor λ(k) is adaptively computed  

λ(n)= λ(n-1)+α Re[ )1( nH r(n) ζ *(n)]                                (4.17) 

Where α is a small, positive learning – rate parameter. 

The applicability of the RLS algorithm requires that we initialize the recursion of (4.13) by 

choosing a starting value P(0)  that assures the non-singularity of the correlation matrix [14]. To 

meet this requirement we may choose the initial value of P(n) with  

 P(0)= δ-1 I                                                        (4.18) 

Where δ is the small positive constant. 

And the initial value of weight vector is set to 

 w(0) =  0                                                         (4.19) 

where 0 is the N-by-1 null vector. 
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The initialization procedure incorporating Equation (4.18) and (4.19) is referred to as a soft 

constrained initialization. The positive δ is that it should be small compared to 0.01 σ2, where σ2 

is the variance of a data sample r(n). Such a choice is based on practical experience with the RLS 

algorithm supported by a statistical analysis of the soft constrained initialization of the algorithm 

[14]. Now we may summarize the RLS algorithm with adaptive memory as follows:  

Starting with the initial values 


)0(w , P(0), λ(0), S(0), and 


)0( , compute for n>0  

G(n) =
)()1()(1

)()1(
1

1

nrnPnr
nrnP

H 








   

 ζ(n)  = d(n) - ŵ  H (n-1) r(n) 

 w(n)= ŵ  (n-1) + G(n) ζ *(n)  

 P(n) = λ-1 P(n-1) - λ-1 G(n) rH (n) P(n-1) 

  λ(n)= λ(n-1)+α Re[ )1(ˆ nH r(n) ζ *(n)]]






 
 

)(n = [I - G(n) rH (n)] )1(ˆ nH + S(n) r(n) ζ *(n) 

  S(n) = λ-1[I - G(n) rH (n)] S(n-1) [I - r (n)GH(n)]+ λ-1 G(n) GH(n)- λ-1 P(n) 

The convergence behavior of the above three algorithms is illustrated by the learning curve given 

in Figure 4.3 below. The step size for both LMS and NLMS algorithms is          and the 

forgetting factor for the RLS algorithm is taken to be        . These values are arbitrarily 

selected within the convergence criteria ranges discussed above. The estimated MSE is plotted 

for 3000 iterations in dB scale. From the given plot, we can observe that RLS algorithm has the 

fastest convergence and LMS algorithm the lowest convergence. The fastest convergence 

behavior of the RLS algorithm is achieved at the cost of highest computational complexity 

compared to LMS and NLMS adaptive algorithms. The computational complexity of the three 

algorithms is summarized in table 4.1 given below where L represents the order of the lattice 

filter. 
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Figure 4.3: Convergence behavior of LMS, NLMS and RLS adaptive algorithms 

 

Table 4.1: Summary of computational complexity of LMS, NLMS and RLS [57] 

Adaptive algorithm Computational Complexity 

LMS 2L + 1 

NLMS 2L + 3 

RLS 18L 

 

4.4. Adaptive MMSE Receiver Performance Analysis 

The kth user’s signal is transmitted through the multipath channel with impulse response      . 

The received signal due to user k is given by  

                                                                                                 

The total received signal due to K users is then given by 
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where      is zero-mean additive white Gaussian noise (AWGN). 

Without loss of generality, we assume that user 1 is the target user.  Let the observation window 

of the adaptive MMSE filter be of duration    . The ith window is given by 

                                                                                            

Where    is the reference time and                  

For notational simplicity, we employ a discrete time model. The received signal      in (4.21) is 

first filtered by a bandpass filter to suppress out-of-band noise, assisting convergence of the 

adaptive filter and then sampled at a rate     greater than the Nyquist rate. Define  

   
 

  
        

  

  
        

  
  

        
  
  

                                                          

                                                     

Nw, Nb and j0 are the sampling numbers of observational window of the adaptive MMSE receiver, 

the sampling numbers in one symbol and the start point of the observational window respectively 

and let Nw > Nb. We define also two non negative numbers L1 and L2 so that            
  are all 

within L1+L2+1 observational window. Therefore, we can consider that the kth multi-path signal 

       is divided into L1+L2+1 segments. Each segment is length of Nw and is overlapped with Nw 

-Nb sampling numbers. Parsing the signal         into overlapping segments that represent its 

contribution to each observation window that it affects, we will get 

                                                                                        

where l=-L1, -L1+1, …, L2 and          outside the finite IR of the channel.  

The content of each observational segment denotes that user k impacts on user 1 within the 

segment.  Note that the ith bit decision for user 1 occurs in window i. 

Denote the adaptive filter taps by w, and the received signal in the ith bit’s observation window by 

u(i), as given below: 

                                                                                                                                   

 

                                                                          



Performance Evaluation of Receivers for UWB                                                                   Adaptive MMSE Receiver for UWB                                       
         Wireless Communication Systems                                                                                 Wireless Communication Systems                                                             
 

  48 
  

Substituting (4.21), (4.23) and (4.24) into (4.26), we get 

         

  

     

 

   

                                                                              

where                                                                is 

an AWGN noise vector within the observational window. 

The optimal MMSE filter taps    to detect user 1’s ith bit are given by 

                                                   

                                                                                              (4.28) 

Let                                         
  
     

 
        

                   and 

                . Then for mutual statistically independent       and      , (4.28) becomes 

             
        

  

     

 

   

 

  

                                                      

Finally, the output of the adaptive MMSE filter becomes 

                                                                                   

where         and       denote the residual errors, which are mutual statistically independence 

Gaussian random variables with zeros mean, variances  and  respectively), caused by interference 

users and AWGN noise respectively [37]. 

 Therefore, the close form of the bit error probability of adaptive MMSE receiver can be 

formulated as [37] 

      
        

    
    

 
                                                                               

where     
              

 
   

 
     and   
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Chapter 5 

Simulation Results and Discussion 

5.1. Simulation Setup 

In this chapter, simulation results for the BER performance of both RAKE and adaptive MMSE 

receivers under different situations have been shown. All the simulations are carried out using 

MATLAB software. Performance analysis and comparison for each result is discussed in detail 

after different system parameter considerations. The basic simulation functional blocks are given 

in Figure 5.1 and Table 5.1 provides system parameters that are used in the simulation and their 

corresponding values. The values for the different simulation parameters are selected in such a 

way that the whole system meets some standard regulations and have practical applicability. 

5.2.1. Simulation Flowchart 
Figure 5.1, given below, describes the basic functional blocks that have been used for the 

simulations and their sequential flow for both RAKE and adaptive MMSE receiver. 

 

Figure 5.1: General flowchart diagram for basic simulation building blocks 
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Specifically, the general flowchart for the simulation of the adaptive MMSE receiver is given in 

Figure 5.2 below. 

                                                 

 

Figure 5.2: Flowchart of the adaptive MMSE receiver detection principle 
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5.2.2. Simulation Assumptions and Parameters 

In this thesis work, a number of assumptions have been made during simulation. Some of these 

basic assumptions include: 

 All users randomly access the channel 

 User transmits at equal power level or perfect power control is assumed 

 Received signals at the receiver have the same power level 

 The receiver has perfect channel knowledge or perfect channel estimation is assumed 

 Perfect carrier and time synchronization between the transmitter and receiver is assumed 

The various parameters and their values that are used during simulation of results are described in 

Table 5.1 below. 

Table 5.1: Simulation parameters and their corresponding values 

Parameters Symbol Value  (if any) 
Pulse repetition period    60ns 
Chip time (Chip length)    1ns 
Average transmitted power P -40dBm 

Sampling frequency    50Ghz 
Length of transmitted bits  N 10000 
Spread gain    31 
PPM delay   0.5ns 
Transmitted signal formats TH-PAM, TH-OOK, TH-PPM,           

TH-BPSK, DS-BPSK 
- 

Channel model Standard IEEE 802.3.15a Channel 
(CM1,CM2,CM3,CM4) 

- 

Pulse shape Second order Gaussian pulse,          - 
Pulse duration (Pulse width)    0.395ns 
Pulse shaping factor   0.2ns 
Length of training sequence M 1000 
Adaptive Algorithms LMS, NLMS, RLS - 
LMS/NLMS convergence factor µ 0.01 
RLS forgetting factor λ 0.8 
Tx-Rx separation distance d 2m, 4m, 8m 
Bit repetition code length    1, 2, 3, 4 
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5.2.   Performance Evaluation of RAKE Receiver 

In this section, the detail BER performance analysis and comparison of RAKE receiver for 

different system parameters is provided. The performance analysis and comparison includes 

different RAKE combining techniques, RAKE receiver types, number of RAKE fingers, 

transmitted signal formats, channel types and bit repetition code lengths. 

5.2.1. Performance for Different Combining Techniques 

Figure 5.2 compares the BER performance of the three main RAKE receiver combining 

techniques: MRC, EGC and SC. The simulation is carried out using SRAKE receiver with 10 

fingers under CM1. From the given plot, we can see that MRC has the best BER performance at 

the cost of higher complexity followed by EGC and SC the least BER performance. The 

complexity depends on the number of resolvable multipath components of the RAKE receiver. 

 

Figure 5.3: BER performance comparison of different RAKE combining techniques 
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5.2.2. Performance for Different RAKE Types 
Figure 5.4 shows the BER performance of ARAKE, SRAKE and PRAKE receivers for TH-PPM-

UWB transmitted signal format. In this simulation result, CM3 is considered and MRC is used. 

SRAKE and PRAKE receivers with 5 and 10 fingers are used for BER performance comparison 

with the ideal ARAKE receiver. 

As anticipated, the ARAKE receiver has the best performance gaining almost 1.2dB SNR over 

SRAKE receiver with 5 fingers at BER of 0.01. At BER of 0.02, PRAKE receiver with 5 fingers 

has a SNR loss of about 3dB and PRAKE receiver with 10 fingers has only 1dB SNR loss 

compared to ARAKE receiver. SRAKE receiver with 10 fingers has nearly the same performance 

as that of ARAKE receiver. In addition, PRAKE receiver with 10 fingers and SRAKE receiver 

with 5 fingers have almost the same performance.   

 

Figure 5.4: BER performance comparison of different RAKE types 
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5.2.3. Performance for Different Number of RAKE Fingers 

BER performance of PRAKE receiver for different number of fingers is compared in Figure 5.5.  

The simulation result is obtained using TH-PPM-UWB transmitted signal format under CM3. 

MRC is used for combining the output of the fingers. PRAKE receiver with 2, 5, 10, 15 and 20 

fingers is considered for BER performance comparison. 

As expected, the BER performance becomes better as we increase the number of fingers. For 

example, at SNR of 10dB, PRAKE receiver with 2 fingers has BER performance penalty of 

nearly 0.232 compared to PRAKE receiver with 20 fingers. Actually, this performance 

improvement is obtained at the cost of increasing the receiver complexity which is nearly 9 times 

as complex as LMS and NLMS algorithms as shown in Table 4.1. So, in order to make a 

compromise between complexity and performance RAKE receivers with medium number of 

fingers are practically used. 

 

Figure 5.5: BER performance of PRAKE receiver with different number of fingers 
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5.2.4. Performance for Different Channel Models 

Figure 5.6 represents the BER performance of SRAKE receiver with 10 fingers under different 

channel types (CM1, CM2, CM3 and CM4). The simulation is carried out using TH-BPSK-UWB 

transmitted signal format and MRC technique.  

From the plot, we can see that SRAKE receiver has the best BER performance under CM1 and 

the worst performance under CM4. This is because CM1 is designed for short distance separation 

between the transmitter and the receiver and LOS scenario and CM4 for relatively longer 

separation distance and highly NLOS scenario. At BER of 0.01, CM1 has a SNR gain of around 

1.6 dB compared to CM2, 5.6dB compared to CM3 and greater than 6dB compared to CM4. 

 

Figure 5.6: BER performance of SRake receiver under different channel types 
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5.2.5. Performance for Different Transmitted Signal Formats 

Figure 5.7 compares the BER performance of SRAKE receiver with 10 fingers for different 

transmitted signal formats (TH-OOK-UWB, TH-PAM-UWB, TH-PPM-UWB and TH-BPSK-

UWB). CM3 is considered and MRC technique is used to get the given simulation result.  

The receiver has the poorest performance for TH-OOK-UWB transmitted signal format as OOK 

modulated signals are highly noise affected and it has the best performance when the transmitted 

signal format is TH-BPSK-UWB. At SNR of 10dB, SRAKE receiver using TH-BPSK-UWB 

transmitted signal format has BER performance improvement of around 0.02, 0.03 and 0.11 

compared to SRAKE receiver using TH-PPM-UWB, TH-PAM-UWB and TH-OOK-UWB 

transmitted signal formats respectively. 

 

Figure 5.7: BER performance of SRAKE receiver for different transmitted signal formats 
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5.2.6. Performance for Different Bit Repetition Code Lengths 

Figure 5.8 shows the BER performance of SRAKE with 10 fingers for different number of bit 

repetition code lengths. In this simulation, TH-PPM-UWB transmitted signal format is assumed. 

In addition, CM1 is considered and MRC technique is used to combine the output of the SRAKE 

fingers.  

As we increase the repetition code length per transmitted data bit, there is a highly significant 

BER performance improvement of the receiver. At BER of 0.02, the SRAKE receiver with Ns=4 

has a SNR gain of around 1.3dB, 2.6dB and 5.6dB compared to the SRAKE receiver with Ns=3, 

Ns=2 and Ns=1 respectively. 

 

Figure 5.8: BER performance of SRAKE receiver for different bit repetition code lengths 
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5.3.   Performance Evaluation of Adaptive MMSE Receiver 

In this section, an extensive BER performance analysis and comparison of adaptive MMSE 

receiver for adaptive algorithms and number of users is provided. 

5.3.1. Performance for Different Number of Users Using LMS Algorithm 

Figure 5.9 presents BER performance of adaptive MMSE receiver for different number of 

asynchronous interfering users using LMS algorithm. We assume that all users transmit the same 

DS-BPSK-UWB signal format with the same power and CM1 is considered. From the given plot 

we can see that as the number of interfering users increase the performance degrades rapidly. The 

receiver has a good BER performance for 5 users, especially at higher SNR and the BER for 30 

users is very poor and almost flat for SNR increments. 

 

Figure 5.9: BER performance of adaptive MMSE receiver using LMS algorithm 
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5.3.2. Performance for Different Number of User Using NLMS Algorithm 

BER performance of adaptive MMSE receiver for different number of asynchronous interfering 

users using NLMS algorithm is given in Figure 5.10 below. Here again, we assume perfect power 

control of all users. The simulation result is obtained for DS-BPSK-UWB signal format and 

under CM1.  

As expected, the BER performance of the receiver decreases as the number of interfering users 

increase. There is a SNR loss of around 6dB at BER of 0.002 in increasing the number of users 

from 5 to 10 and this loss becomes even larger for higher number of interfering users. 

 

Figure 5.10: BER performance of adaptive MMSE receiver using NMLS algorithm 
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5.3.3. Performance for Different Number of Users Using RLS Algorithm 

Figure 5.11 depicts BER performance of adaptive MMSE receiver for different number of 

asynchronous interfering users using RLS algorithm. The simulation is carried out, assuming that 

all users transmit the same DS-BPSK-UWB signal format with the same power and CM1 is 

considered. 

The plot shows the same result as that of LMS and NLMS algorithms. The BER performance of 

the receiver falls rapidly as we increase the number of interfering users due to MUI effects. But 

RLS algorithm has better performance even for higher number of users compared to LMS and 

NLMS algorithms. 

 

Figure 5.11: BER performance of adaptive MMSE receiver using RLS algorithm 
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5.3.4. Performance Comparison of Different Adaptive Algorithms 

Figure 5.12 compares BER performance of different adaptive algorithms for 5 asynchronous 

interfering users. In this simulation, perfect power control is assumed for all users. All users 

transmit the same DS-BPSK-UWB signal format under CM1. 

As expected, RLS algorithm has the best BER performance compared to NLMS and LMS 

algorithms. At SNR of 12 dB, RLS algorithm has a BER performance improvement of around 

0.00146 compared to NLMS algorithm and 0.00376 compared to LMS algorithm. But we must 

not that this performance improvement is obtained at the cost of higher receiver complexity. 

 

Figure 5.12: Performance comparison of different algorithms for adaptive MMSE receiver 
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5.4.   Performance Comparison of RAKE and Adaptive MMSE Receivers 

Figure 5.13 describes BER performance comparison of SRAKE and adaptive MMSE receivers 

for single user scenario. SRAKE receiver with 5 and 10 fingers is considered for comparison and 

the adaptive MMSE receiver uses three of the adaptive algorithms. In the simulation, DS-BPSK-

UWB transmitted signal format is used and CM1 is considered. In addition, we use MRC 

technique for the SRAKE receiver.  

From the given plot, we can see that adaptive MMSE receiver using all the three adaptive 

algorithms has by far better BER performance compared to SRAKE receiver with 5 and 10 

fingers. For example, at BER of 0.01 adaptive MMSE receiver using RLS algorithm has a SNR 

gain of around 6dB compared to SRAKE receiver with 5 fingers. 

 

Figure 5.13: BER performance comparison of SRake and adaptive MMSE receivers 
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Chapter 6 

Conclusion and Recommendations for Future Work 

6.1.  Conclusion 

Ultra-wideband (UWB) communication is an emerging technology for wireless transmission in 

the 3.1-10.6 GHz unlicensed band with signal bandwidth of 500 MHz or greater. This technology 

is capable of transmitting more data in a given time than other existing technologies. Therefore, 

UWB technology can be used in various wireless personal area network (WPAN) applications. 

This technology has low complexity, low cost, and low power consumption. Single-band Impulse 

Radio (IR) is one of the approaches considered for UWB wireless communication systems. In 

this approach, the bit data is directly coded into base band short duration pulses. Those pulses 

have several properties, in particular a huge bandwidth (energy spread), high frequency 

components (carrierless transmission) and low power emissions (low interference with other 

coexisting wireless communication systems). 

In this thesis, BER performance of RAKE and adaptive MMSE receivers is evaluated extensively 

considering different system parameters of the two receivers. 

First, a detail BER performance analysis and comparison of RAKE receiver for different system 

parameters is presented. The parameters considered for BER performance analysis and 

comparison include RAKE combining techniques, RAKE receiver types, number of RAKE 

fingers, transmitted signal formats, channel types and bit repetition code lengths. The simulation 

results illustrate that an ideal ARAKE receiver using TH-BPSK-UWB transmitted signal format 

and MRC technique has the best performance. This performance can even be further improved by 

applying bit repetition coding at the transmitter. But since it is difficult to implement ARAKE 

receiver with large fingers practically, nearly the same performance can be attained using 

SRAKE receiver with medium number of fingers (5-15) and then applying MRC technique, TH-

BPSK-UWB transmitted signal format and bit repetition coding at the transmitter. At SNR of 

10dB (Figure 5.4), ARAKE receiver has a BER performance improvement of around 0.591, 

0.201 and 0.181compared to PRAKE receiver with 5 fingers, PRAKE receiver with 10 fingers 

and SRAKE receiver with 5 fingers respectively. SRAKE receiver with 10 fingers and ARAKE 

receiver have nearly the same BER performance. 
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Then, an extensive BER performance analysis and comparison of adaptive MMSE receiver is 

provided for different number of user users using LMS, NLMS and RLS adaptive algorithms. 

The simulation results show that the BER performance of all the three algorithms falls rapidly as 

the number of interfering asynchronous users increase due to the effect of MUI.  In addition, the 

results depict that adaptive MMSE receiver using RLS algorithm has the best performance 

compared to LMS and NLMS algorithms. At BER of 10-3 (Figure 5.12), adaptive MMSE 

receiver using RLS algorithm has a SNR gain of 3dB and 6.2dB compared to adaptive MMSE 

receiver using NLMS and LMS algorithms respectively. 

Finally, BER performance comparison of SRAKE receiver with 5 and 10 fingers and adaptive 

MMSE receiver using LMS, NLMS and RLS algorithms is compared for single user scenario. 

The simulation result describes that adaptive MMSE receiver using all the three algorithms has 

by far the best performance compared to SRAKE receiver with 5 and 10 fingers. At SNR of 12dB 

(Figure 5.13), adaptive MMSE receiver using RLS algorithm has BER performance improvement 

of around 0.00105, 0.00455, 0.01455 and 0.02955 compared to adaptive MMSE receiver using 

NLMS and LMS algorithms and SRAKE receiver with 5 and 10 fingers respectively. 

6.2.  Recommendations for Future Work 

The promising results of this thesis work led to expanding the thesis limits and widening the 

scope of the simulation to include the following possible approaches for future development. In 

this research, many important issues have not been dealt with, or have been considered with 

simplified assumptions. Hence, there are some areas in which the work of this thesis can be 

extended. Some topics for future research on RAKE and adaptive MMSE receivers for UWB 

wireless communication systems following the direction of this thesis include: 

 Performance analysis under practical power constraints: In this thesis, perfect power control 

for each user is assumed which is not practically applicable. Thus, performance evaluations 

under conditions when user transmits at different power and received signals have different 

power level can be further investigated.  

 Impact of channel estimation and time synchronization: In this thesis, simulations have been 

carried out assuming that the receiver has perfect channel knowledge and perfect time 

synchronization between the transmitter and receiver which deviates from the practical 
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situation. Thus, the impact of channel estimation and time synchronization errors on the 

system performance is another research area that needs further study. 

 Performance analysis for multiband scenario: There two approaches for UWB wireless 

communication systems: single-band and multi-band. The single-band approach is 

implemented by direct modulation of information into a sequence of impulse like waveforms 

which occupy the available bandwidth of 7.5 GHz. The multi-band approach divides the 

available UWB bandwidth into smaller sub-bands, each with a bandwidth greater than 500 

MHz. In this thesis, we only consider the single-band UWB wireless communication 

approach and this can be extended to multi-band approach. 

 Computational complexity and cost of implementation: In this thesis, BER performance 

RAKE and adaptive MMSE receivers is evaluated for different system parameters without 

considering the computational complexity and cost of implementation of the receivers. 

Hence, analysis of computational complexity and cost of implementation of the two receivers 

could be another research area.  
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