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Abstract 
 

      Ultra wideband (UWB) is based on transmission with very short pulses of low energy. 

The use of UWB technology will increase in the fields of wireless communication in the near 

future. The wider bandwidth of UWB technology has several advantages such as excellent 

penetration ability, multi-user support and high channel capacity. UWB has many applications 

due to its low power consumption, low cost and low interference. UWB poses design 

challenges for low power and low complex systems at wider bandwidth.  For digital systems, 

it also requires high sampling rate and intensive computation to estimate gain and delay of 

multipath channel. 

       In this thesis, the performance of non-coherent transmited reference (TR), frequency-

shifted reference (FSR) and code-shifted reference (CR) systems are compared with the 

orthogonal Gold code (OG) coded reference (CR) systems for single and multi-user for low 

data rates. First, the performance of non-coherent receivers for single-user system working in 

residential line of sight (LOS) is evaluated. The results and performance comparisons are 

presented for TR, FSR, CR and OG-CR systems. Secondly, the performance comparison of 

TR, FSR, CR and OG-CR are presented in multi-user environment. The simulation results 

validate that CR and OG-CR have better performance than TR and FSR in multi-user 

environment. Finally, results show that CR shows better performance than OG-CR for few 

users and almost same performance as OG-CR at high SNR with more number of users. 
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CHAPTER 1 

INTRODUCTION 
1.1 Overview  

HE concept of Ultra-Wideband technology (UWB) was developed in late 1960s [1].  

Impulse measurement techniques were applied to the design of wideband antenna 

elements, leading to the development of short-pulse radar and communications systems in late 

1960s [2]. The first UWB communication patent was awarded for a short-pulse receiver in 

1973. UWB was termed as baseband, carrier-free, or impulse technology in 1980s [2]. A 

popular modulation technique for UWB pulses was introduced in 1993 by R. A. Scholtz under 

the name Impulse Radio [4]. A significant change occurred in February 2002, when the U.S. 

Federal Communication Commission (FCC) issued UWB rulings for transmission and use of 

unlicensed bandwidth for data communication as well as radar and safety applications [1]. 

    UWB is an emerging technology with several communication advantages. In near future, 

indoor communication of any digital data, from high-speed signals carrying multiple High-

definition Television (HDTV) programs to low-speed signals used for timing purposes will be 

shared over a digital wireless network [2]. Such networks will requires high data rates, very 

low cost and very low power consumption [2]. The band allocated for UWB communications 

is 7.5 퐺퐻푧, i.e., between 3.1 and 10.6 퐺퐻푧 [1]. The maximum power available to a 

transmitter is approximately 0.5 푚푊 , if the entire 7.5 퐺퐻푧 band is optimally utilized.  

    UWB refers to indoor, short-range communication for high data rates, or very low data 

rates for communication over longer distances. To carry one bit of information, typically 

multiple low energy UWB pulses are combined as available transmit power is very low. UWB 

has the ability to move between the very high data rate, short-link distances and very low data 

rate, longer-link distances applications [1]. Physical layer signal structure facilitates this 

tradeoff by increasing the number of pulses used to carry one bit. For greater achievable 

transmission distance, more pulses per bit are transmitted, which reduces date rate [1]. 

Typically in the range of 1 to 100 mega-pulses per second low repetition rates are used in 

pulse-based UWB radars and imaging systems, while 1 to 2 giga-pulses per second high 

repetition rates favor communication systems, thus enabling short-range giga bits per second 

communication systems. In a pulse-based UWB system each pulse occupies the entire UWB 

bandwidth, thus reaping the benefits of relative immunity to multipath fading. 

 

T
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1.2 Definition- UWB 
According to the new definition of FCC and ITU-R, UWB can be defined in terms of 

transmission from an antenna for which the emitted signal bandwidth exceeds the slighter of 

500 푀퐻푧  or 20% of the central frequency. According to FCC, the UWB systems can operate 

in the range of 3.1  to 10.6 퐺퐻푧  [2], with the power spectral density (PSD) satisfying a 

specific spectral mask shown in Fig. 1.1. To control the radio interference, the PSD of a UWB 

signal must follow the part 15 general emission limits. From the spectral mask of Fig. 1.1, it 

is obvious that the PSD of a UWB signal measured in the 1 푀퐻푧 bandwidth must not exceed 

−41.3 푑퐵푚 [2]. 

 

 

  
Figure 1.1: UWB spectral mask for indoor communication systems [2]. 

 

1.3 Characteristics of UWB   
     
UWB signals have many attractive features such as [1], 

(i) UWB signals have a noise-like signal spectrum; 

(ii) UWB signals are resistant to severe multipath and jamming; 

(iii) UWB signals have very good time-domain resolution allowing for location and 

tracking applications. 
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    The low complexity and low cost of the UWB systems arise from the baseband nature of 

the signal transmission [1]. Without having carriers in transmission, it suggests that an 

impulse radio may be manufactured inexpensively [2]. The uniqueness of using UWB 

transmission is that, it can work easily in the same spectrum with other applications like 

cellular systems (GSM), location systems like global positioning system (GPS) etc., without 

having any interfering effect [2]. Some of the frequencies pass on radio line of sight (LOS), to 

overcome multipath propagation, UWB radio technology has the ability to determine “time of 

flight” of the direct path of the radio transmission between the transmitter and receiver at 

various frequencies [2]. Multipath resolutions which are normally in nanoseconds in 

deferential path length, path delays can eliminate significant multipath fading [1].  

    UWB systems offer high data rates for communication. Hundreds of Mbps have been 

reported for communication links [1]. Due of its significant bandwidth, many users can be 

accommodated by using impulse radio based multiple access systems [1], and this large 

bandwidth offers huge frequency diversity [1].  

.  

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

networking, radar imaging, and localization systems [2]. For wireless communications, the 

use of UWB technology offers significant potential for the deployment of two basic 

communications systems [2], 

(I) High-data-rate (HDR) short-range communications: high-data-rate wireless 

personal area networks. 

(II) Low-data-rate (LDR) and location tracking: sensor, positioning, and identification 

networks. 

    UWB systems have been targeted at very HDR applications over short distances, such as 

USB replacement, as well as very LDR applications over longer distances, such as sensor and 

RF tags [1]. Impulse radio based systems has the ability to trade data rate for link distances. 

UWB technology is well suited to sensor network applications, with its unique properties of 

low complexity, low cost, and low power consumption [2]. 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 [2]. UWB uses very narrow time-domain pulses, 

which makes possibility for very high positioning accuracy [1]. The low-rate transmission, 

combined with accurate location tracking capabilities, offers an operational mode known as 
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low-data-rate and location tracking [2]. IEEE 802.15.4a working group, which has proposed 

UWB as an alternative Physical layer, a pulse-based UWB method using bursts of pulses is 

the basis for this draft standard. Pulse-UWB systems have been verified at channel pulse rates 

in excess of 1.3 giga-pulses per second using a continuous stream of UWB pulses, supporting 

forward error correction encoded data rates in excess of 675 푀푏푖푡푠/푠 [1]. 

. 

1.5 Challenges in UWB 
    Impulse radio tends to communicate with baseband pulses of very short duration, usually 

on the order of nanoseconds, spreading the energy of radio signal from near dc to few 

gigahertz. When this kind of pulse is introduced to a properly designed antenna, it propagates 

with distortion. For such pulses, the antenna act as a filter and the differentiation of the pulses 

occurs when the wave radiates in free space. Keeping the regulatory consideration over such 

wide bandwidth, will put the limit to the radiated power due to which ultra fine time 

resolution will increase the sync acquisition time [1]. Due to which it may require additional 

correlators for capturing adequate signal energy and its full mobility will increase the need of 

power control in multiple-access networks [2], [4]. 

    Impulse radios, which work in the high frequency ranges just below few gigahertz, will 

compete with variety of interfering signals and also protect itself from not interfering with the 

narrow-band radio systems operating in their dedicated bands. Such requirements make it 

necessary to use the spread spectrum techniques for multiple users [1], [2]. 

 

1.6 Thesis Contribution 
    In this thesis, short history, definition, characteristics and Applications of UWB technology 

have been provided in chapter one. In chapter two UWB systems, multiple access and 

modulation techniques have been studied. A brief introduction to Multicarrier (MC-UWB) 

and Impulse radio (IR-UWB) have been provided. A detailed description of Time-hopping 

(TH) and Direct sequence (DS) UWB multiple access techniques are presented in this chapter. 

Description of four basic modulation schemes, namely Pulse-position modulation (PPM), 

Pulse-amplitude modulation (PAM), On-Off Keying (OOK) and Binary phase shift keying 

has been provided. In this thesis, BPSK has been implemented for modulating the UWB 

signals, due to its inherent properties, such as implementation, gain power efficiency, and 

susceptibility to distortion. In chapter three short description of channel characteristics, 
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Gaussian Channel, Rayleigh channel, Rician channel have been provided. A comprehensive 

overview of IEEE 802.15.4a channel model is provided, which is implemented in this thesis. 

IR-UWB receivers i.e., Transmitted Reference (TR), Frequency-Shifted Reference (FSR) and 

Code-Shifted Reference (CR) have been discussed in chapter four. In chapter five the 

simulation results for these techniques and receivers in single and multi-user environment has 

been presented. In a single-user multipath environment the inter-pulse interference (IPI) 

between the reference and data pulses is removed by TR system. To estimate the accurate 

multiple access (MA) performance of the TR system, an analytical framework is used and 

also a detailed investigation of FSR scheme is provided. The simulation results show that for 

high-data-rate systems, expected results of the frequency shifting of the reference are not 

effective due to intersymbol interference (ISI). On the other hand, for the low to moderate 

data-rate applications, these systems achieve enough simpler receiver architecture, as well as, 

it outperforms the standard TR-UWB system. A comprehensive overview of code-shifted 

reference (CR) based on time-delay and frequency-shifted TR systems have been provided. 

The simulation result shows that, CR system has minimized the system designed complexity, 

while the performance of CR becomes better than TR as SNR increases. On the other hand, if 

we compare CR system with frequency-shifted TR system, the performance of CR 

outperforms FSR by 3푑퐵  and the performance of CR system does not get worse with the 

increase of multipath delay and data rate, therefore making it suitable for higher data rate as 

well for longer distance. Finally, performance of the CR technique is investigated by using 

Orthogonal Gold code which is compared with CR which uses Walsh Code. In a multi-user 

environment, the performance of CR for few interfering users outperform OG-CR by 3푑퐵, as 

the number of interfering users increases the performance of OG-CR and CR becomes the 

same with increase in SNR. It is also compared with TR and FSR. Finally, chapter six 

consists of conclusion and future work of this research report. 
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CHAPTER 2  
UWB Systems, Modulation Techniques and Multiple Access 

2.1 Types of UWB Systems 

N near future, UWB technology may see increased use for high speed short range wireless 

communications, ranging and ad hoc networking. There are two common types of the 

UWB communication systems called multicarrier UWB (MC-UWB) and Impulse Radio (IR-

UWB). An overview of both systems is given briefly in the following subsections. 

2.1.1 Multicarrier UWB 

    To utilize the UWB spectrum efficiently, the idea of multi-band (MB) approach has been 

introduced. Multi-band (MB-UWB) approach divides the UWB frequency spectrum to 

multiple non-overlapping frequency bands to efficiently exploit UWB spectrum by 

transmitting single carrier or multicarrier signals [10]. Multiple signals operate at different 

frequencies, and do not interfere among themselves ideally. Multicarrier UWB uses 

Orthogonal Frequency Domain Multiplexing (OFDM) for transmission in each band, and 

therefore called Multi-band OFDM (MB-OFDM). In this technique, the large bandwidth is 

divided into several smaller subbands with a bandwidth of 500 푀퐻푧 each, and single carrier 

modulation is used for transmission in each subband [10]. The UWB system can still maintain 

the same transmit power as if it were using the entire band by interleaving the symbols across 

the subbands using time-frequency codes [10]. This approach provides frequency diversity as 

well as multiple accesses [16]. The multiband-OFDM is the early proposed physical layer 

standard within the IEEE 802.15.3a group for UWB signals [1]. 

2.1.2 Impulse Radio UWB 

    Impulse Radio (IR) technique is based on the transmission of discontinuous very short 

pulses or pulsed wave forms (monocycles) with relatively low energy. These pulses are very 

short, typically in the order of sub-nanosecond as shown in Fig. 2.1. Because of very narrow 

pulses, the spectrum of the signal reaches several 퐺퐻푧 of bandwidth [10]. This is a time-

modulated transmission and does not require the use of additional carrier modulation as the 

pulse will propagate well in the radio channel [1]. The IR is baseband (carrier-less) 

transmission technique. This is a single band approach but multiple users can be supported via 

the use of time-hopping or direct-sequence spreading approaches [2].  

I
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    To achieve a processing gain that can be used to combat noise and interference, one 

transmitted symbol is spread over Ν monocycles. Mathematically, the processing gain can be 

defined as [1], 

 

  푃퐺 = 10 log (푁)                                                                    (1) 

 

    The monocycle waveform can be any function that satisfies the spectral mask regulatory 

requirements. Common pulse shapes include Gaussian, Laplacian, or Rayleigh or Hermitean 

pulses [1]. In this thesis a Gaussian monocycle with a Binary Phase Shift Keying (BPSK) data 

modulation scheme has been used. 

    Due to this discontinuous nature, the UWB communication is resistant to severe multipath 

propagation. The multipath components associated with a transmitted pulse are attenuated 

before the next pulse is sent, due to short pulse width and relative long pulse repetition time 

(compared to pulse width), reducing the inter-pulse interference [1]. There is no Inter-symbol 

interference (ISI) if the time between pulses is greater than the channel delay spread, and so 

no ISI between bits [1]. 

    The first derivative of the Gaussian function approximates the transmitted Gaussian 

monocycle in the time domain, as shown in the Fig. 2.1. The time domain Gaussian 

monocycle 푣(푡) is given by [1], 

 

푣(푡) = 6퐴
푒휋
3  

푡
휏 푒 ( )                                    (2)  

where 퐴 is the pulse amplitude, 휏  is the pulse width, and 푡 is the time. 
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Figure  2.1: Gaussian monocycle in time domain [1]. 

 

    The Fourier transform of 푣(푡), which is the corresponding function in the frequency 

domain can be defined mathematically as [28], 

  

퐹{푣(푡)} = 푉(푓) = −푗
퐴푓푇

3
푒휋
2 푒 푓 푇                                         (3) 

 

where 푓 is the frequency 

    The bandwidth and nominal center frequency of the signal depends on the monocycle’s 

duration in time. The −3푑퐵  bandwidth is approximately 116% of the nominal center 

frequency 푓 = 1 휏  [1]. 
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2.2 Modulation Techniques  
    The process in which one or more properties of periodic waveform are changed is given the 

name of Modulation, in simple, Modulation is a technique in which one can change the 

frequency and amplitude of any signal to obtain the desired signal. 
    There are many techniques to encode information in a UWB signal. Now a days the 

schemes use for UWB signals modulation are pulse-position modulation (PPM) [4], pulse-

amplitude modulation (PAM) [5], On-Off keying (OOK) [6] and binary phase-shift keying 

(BPSK) [7], [8]. The binary-phase keying (BPSK) is also known as Bi-phase modulation 

scheme. There are many other possible schemes for modulation, but the above stated are 

preferred according to different design parameters rendered by different applications.  

2.2.1 Pulse-position Modulation (PPM) 
    Pulse-position modulation (PPM) referred to the nominal position of the pulse; the 

information is encoded with two or more positions in time, as shown in Fig. 2.2. The pulse 

which is being transmitted is denoting bit 0 at the nominal position, and the pulse which is 

transmitted after the nominal position is denotes bit 1. The Fig. 2.2, shows a two-position 

modulation, where one bit is encoded in one impulse [9]. To provide more bits per symbol, 

additional positions can be used. To avoid interference between impulses, the time delay 

between nominal positions is much longer compare to the time delay between positions, 

which is typically a fraction of a nanosecond [9]. The general signal model for PPM signals is 

given by [61], 

푠(푡) = 푝(푡 − 푘푇 ± 푇 )                                   (4) 

 

where the data modulation is done by small shifts in the pulse position 푇   and  푝(푡) is the 

UWB pulse. 

                             0               1 

 

  
                Time 

           Nominal Pulse Position 

 
Figure 2.2: PPM modulation scheme. 
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2.2.2 Pulse-amplitude Modulation (PAM) 
    In pulse-amplitude modulation (PAM), the amplitude of the pulses is varied in proportion 

to the corresponding sample values of continues message signal. The Fig. 2.3 (a) and (b), 

shows a two-level modulation, respectively, for zero and lower amplitude, where one bit is 

encoded in one impulse [9]. To encode more than one bit per symbol more amplitude level 

can be used [9]. The general signal model for PAM signals is given by [61], 

푠(푡) = 푎 푝 푡 − 푘푇                                       (5) 

where 푎   is the amplitude of the pulses. 

 

 

 

 

         1                 0  1 

 
               Time  

 
        Figure 2.3(a):  PAM modulation scheme for zero amplitude.  

 

        1                 0  1 

 
          Time 

   

   (b) 

 
           Figure 2.3(b): PAM modulation scheme lower amplitude. 

 

2.2.3 On-Off keying (OOK) 
    OOK can be defined as PAM with binary symbol 푚 ∈  {0,1} and pulse amplitude 푎 (푘) =

푚(푘). In other words, a pulse is transmitted if the information bit is 1, while it is absent if the 

information bit is 0 [2]. An OOK signal can be modeled as [2], 
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푠(푡) = 푚(푘)푝 푡 − 푘푇                                                                 (6)    

 

It can also be defined as [1], 

  

푑 =

⎩
⎪
⎨

⎪
⎧

 
 

0,      푗 = 0,
 

1,      푗 = 1,
  

                                                                                     (7) 

 

An OOK system is the simplest system to implement, but it yields poor performance since 

noise and interference can easily cause false detection [2]. 

2.2.4 Binary phase shift keying (BPSK) 
    Phase shift keying is a digital modulation scheme that conveys data by changing or 

modulation, the phase of a reference signal. BPSK uses two phases, and the data to be 

conveyed are usually binary. As shown in the Fig. 2.4, the information is programmed with 

the polarity of the impulses. To encode 0 or a 1, the polarities of the impulses are usually 

interchanged. Basically in BPSK, we have two kinds of polarities so one bit of information for 

each impulse can be programmed [9]. It is also known as bi-phase modulation (BPM). The 

general signal model for BPSK is given by [61], 

푠(푡) = 퐴 푝(푡 − 푘푇 )                                                                       (8) 

where 퐴   the amplitude of the pulse that take the values 1 and −1. 

 

 

              1           0              1 

 
       Time 

 

  
      Figure 2.4: Bi phase (BPSK) modulation scheme. 
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2.3 Multiple Access Techniques 
     To accommodate multiple users in single band UWB systems, proper multiple access 

techniques are needed to share UWB spectrum simultaneously. For IR systems, there are two 

main techniques namely Time-Hopping Ultra Wideband (TH-UWB) and Direct Sequence 

Ultra Wideband (DS-UWB). Both are different multiple access techniques that spread signals 

over a wide bandwidth. These signals are much wider band than the information they are 

carrying so makes them more noise-like taking advantage of the entire UWB bandwidth made 

available with consideration of the PSD limits imposed by FCC masks [28]. Due to these 

spreading signals over a large bandwidth, IR techniques can combat interference from other 

users or sources [28]. Brief description of both is given in the following subsections. 

2.3.1 Time-Hopping (TH) UWB 

       A random access spread spectrum technique, where a UWB pulse is transmitted having 

either a pseudo-random (PR) position or different pulse durations is known as time hopping 

ultra wideband (TH-UWB). TH-UWB approach allows matched filter techniques to be used 

in the receiver. The optimum time shift depends on the cross-correlation properties of the 

pulses used [1]. TH-UWB utilizes low-duty-cycle pulses, where the time spreading between 

the pulses is used to provide time multiplexing of users [2]. The concept of TH-PPM is 

presented in Fig. 2.5, where only one monocycle per data symbol is used, with the 

construction of a single bit for TH-UWB systems [1]. Each frame interval is divided into 

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

monocycle. A unique TH sequence code is assigned to each user to specify which segment in 

each frame interval is used for transmission [2]. PR position technique transmits each symbol 

as a very short pulse in the order of the sub-nanosecond. When a PR code is used to determine 

the transmission time within a large time frame, the spectra of the transmitted pulses become 

much more noise-like [1]. For TH codes, as shown in the Fig. 2.6, the frame interval 푇  is 

divided into 푁  segments of 푇  seconds where푁 푇  ≤  푇  . The TH sequence is denoted by 

{푐(푘)}, 0 ≤ 푐(푘) ≤ 푁 − 1 . It provides an additional time shift of 푐(푘)푇  seconds to the 푘푡ℎ 

monocycle to allow multiple accesses without catastrophic collisions [2]. 
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 Combining the TH sequence to the pulse train, we have [2], 

  

푥(푡) = 푝 푡 − 푘푇 − 푐(푘)푇                                                        (9) 

 

The TH technique can be used with PAM, PSK, or PPM. A TH-UWB signal with M-ary PPM 

modulation is described mathematically as [2], 

  

푥(푡) = 푝(푡 − 푘푇 − 푐(푘)푇 − 푚(푘)푇 )                                    (10) 

where 푇  is the modulation delay. Fig. 2.2, shows TH-UWB signal with BPPM modulation 

[2].  

 

 

  1    1   0     0     1   0     1   0     1     0     1   0    1     0      0      0  

 
 

Time-hopping Frame 

 

 

Actual Transmission Time due to PPM  

   Nominal Transmission time 

                Figure  2.5: Time-hopping pulse position modulation technique [1]. 
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                      푇  

 

     0          1          2          3          0          1          2          3          0          1          2          3   

   푇  

Figure 2.6:  Pulse train with TH sequence {1, 0, 3 . . .} 

 

2.3.2 Direct Sequence UWB 

    Direct sequence UWB (DS-UWB) is another randomizing technique, applied to the 

transmitted signal to minimize potential interference from UWB transmission. The DS 

approach uses the technique found in spread spectrum systems to produce a sequence of 

pulses with pseudorandom inversions [1]. 

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

code sequences [2]. A user in the system is assigned a pseudorandom sequence which controls 

pseudorandom inversions of the UWB pulse train [1], [2]. A data bit is then used to modulate 

this sequence of UWB pulses [2]. In [1], [2], [3], [10], and [11], it has been shown that DS 

spreading approach is suitable for PAM, OOK, and PSM modulation schemes, while PPM 

modulation is intrinsically a time-hopping technique since the bit value is given by the 

position of the pulse in a transmission slot. In a DS-UWB system with BPSK modulation, the 

binary symbol  푑(푘)to be transmitted over the 푘푡ℎ frame interval is spread by a sequence of 

multiple monocycles, mathematically can be written as [2], 푐(푛 )푝(푡 − 푘푇 − 푛 푇 )   , 

the polarities are determined from the  {푐(푛 )}   , spreading sequence [2]. 

    To allow multiple transmissions with little interference in a multiple access system, such a 

unique spreading sequence is assigned uniquely to each user. An orthogonal spreading 

sequence such as Walsh code can be used to mitigate multiple access interference in a 

synchronous network [2]. 
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The DS-BPSK signal transmitted can be described as [2], 

 

푥(푡) =
1
푁

푑(푘) 푐(푛 )푝 푡 − 푘푇 − 푛 푇                                                        (11) 

 

where 푑(푘)  is the modulated binary data, 푐(푛 ) represents the pseudorandom code or 

spreading sequence and 푇 ≥ 푇   denotes the hop period. The factor   1
푁

  is introduced 

such that the sequence of  푁  monocycles has unit energy [2]. 

 

2.4 Comparison of Data modulation schemes for UWB      
Communications 

    Three basic modulation schemes, namely PPM, PAM and BPSK discussed in the literature 

above are the major approaches used for modulation in UWB communication systems. OOK, 

which is presented in the previous section, has some difficulties to be implemented. In the 

presence of multipath, which causes the echoes of transmitted pulses, it is extremely difficult 

to detect the absence of a pulse in the OOK modulation. According to [10], no serious attempt 

has been made to use either OOK or PAM for UWB, because in general, an amplitude-

modulated signal which has smaller amplitude is more susceptible to noise interference than 

its larger amplitude counterpart. Furthermore, more power is required to transmit the higher 

amplitude pulse [10].  
    The most preferable modulation is the PPM modulation, due to its simplicity and the ease 

with which the delay may be controlled, though, for the UWB system extremely fine time 

control is necessary to modulate pulses to sub-nanosecond accuracy [27]. The time control 

used in UWB also smoothes the spectrum of the UWB signal [10]. One of the advantages of 

BPSK modulation to the binary PPM modulation is the 3 푑퐵 gain in power efficiency [10]. 

Other important advantages of BPSK, includes susceptibility to distortion because the 

difference between two pulses levels is twice the pulse amplitude [10]. The mean of the 

amplitude of the transmitted pulses is zero, it is important for removing spectral peaks due to 

pulse repetition period [27]. PPM modulation is also efficient in minimizing the spectral 
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peaks due to pulse repetition in time, while this can be further enhanced by using Time-

Hopping technique, or by using more levels in the modulation [10]. By using these two 

techniques, pulses do not match so often, minimizing the amplitude of the spectral peaks. 

Pulse-position modulated UWB signals are less sensitive to channel noise compared to PAM 

signals [10]. However, more susceptible to catastrophic collision that is caused by multiple 

access channels [27]. Other disadvantage of PPM is that, it always delay pulses, in the limit 

when pulses are transmitted continuously PPM always “waste” the time when pulses are not 

transmitted [27]. If there is one pulse width delay in a PPM system, then BPSK can send 

twice the number of pulses and, thus twice the information, consequently a system with all 

other things being equal, has twice the data rate [27]. Sensitivity to timing synchronization is 

also a big disadvantage of the PPM system [10]. However, BPSK only supports binary 

communication [10]. 

 

2.5 Comparison of UWB Systems 
      In this section, we compare IR-UWB technologies with MB-UWB in different aspects 

including interference, robustness to multipath, performance, system complexity and 

achievable range, data rates. 

2.5.1 Interference 
    Multiband UWB gains some advantages, in interference and with coexistence of other radio 

services, due to the possibility to turn off some carries that may interfere, or to be interfered. 

MB-OFDM also increases robustness against frequency selective fading due to this spectrum 

flexibility. MB-OFDM systems however are very sensitive to Inter-carrier Interference (ICI), 

and the multipath energy not captured during the Cyclic Prefix (CP) window results in ICI 

and ISI. The performance can be degraded if the sub-carrier orthogonality is lost [33], [34]. 

    The spectral densities of IR transmitted signals can be made lower by spreading the 

information over large bandwidth comparing with MB-OFDM signals. This decreases the 

probability of interception for IR signals, as well as interference to narrowband victim 

receivers [35]. It also increases the immunity to narrowband interference and ensures good 

multipath access capabilities [31], [36]. IR-UWB fine time resolution characteristics may be 

used to mitigate effects of fading [37]. However, IR systems are suffers from several sources 

of interference, due to the large bandwidth in consideration [37]. 
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    In DS-UWB generating signals with very low power levels, can minimize interference to 

other systems, while does not cause harmful interference to existing users in the spectrum 

[38].  

    TH-UWB signals are very difficult to intercept due to their noise properties, because these 

signals are very narrow in time. Precise synchronization with knowledge of PN code is 

required to demodulate a TH-UWB signal correctly. Complexity of interception increases 

with the increase of cardinality of the TH code of these signals. TH-UWB will always suffer 

the interference from other systems acting in the same band like other IR techniques [31], 

[35], [36].    

2.5.2 Multipath Robustness 
    MB-OFDM uses zero-padded (ZP) or CP prefix in dealing with ISI and ICI, due to which it 

presents high robustness against multipath. When the multipath delay is larger than guard 

time, in dense multipath environments, however, orthogonality may be lost resulting in ICI 

and ISI [37]. 

    DS-UWB technique may support robust links in an insensitive multipath environment, by 

using the widest possible bandwidth producing the shortest possible pulses. Exploiting the 

correlation properties of the spreading sequences to resolve and combine the signal replicas 

that are received over multipath independently faded paths, DS-UWB can obtain diversity. 

Unwanted narrowband interference is spread throughout the spread spectrum bandwidth 

during the de-spreading process, which reduces its effect on the desired signal. However, in 

dense multipath environments, ISI can severely degrade the performance because the 

spreading factor is comparatively small for high data rates when compared to that of 

conventional DSSS systems, which is a big disadvantage of DS-UWB [37], [39]. 

    With the combination of Transmit-Reference (TR) technique, TH-UWB may be very 

robust in multipath environments, not only due to short time duration of pulses, but also 

because of TR technique and IR technology inherent advantages [35].  TH-UWB systems 

have the ability to highly resolve multipath with the possibility of implementing and 

generating UWB signals with relative low complexity [11]. Due to multipath the signals 

replicas can be solved by using the IR-UWB fine time resolution characteristics in a wider 

bandwidths. On the other hand, in insensitive multipath environments the excess delays of 
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pulses can interfere with the other transmitted modulated pulses giving rise to difficulties in 

TH-UWB receivers to recover the signal [11], [37]. 

2.5.3 Complexity 
    Due to OFDM technique, MB-OFDM may have some advantages compare to IR 

Technology. In [39] it has been shown that MB-OFDM can capture multipath energy with a 

single RF chain and simplified synthesizer architectures may relax band switching time 

requirements.  DS-UWB is more sensitive to timing synchronization error than MB-OFDM, 

and robustness against multipath eliminates the need of using a complex equalizer for OFDM 

techniques [39]. MB-OFDM do not need to process high bandwidth compare to IR 

technology. However MB-OFDM is more sensitive to the frequency offset and RF phase 

noise [38]. [39] Shows that due to the use of Fast Fourier Transform (FFT), MB-UWB 

requires relatively large computational power, high Peak-to-Average Power Ratio (PAPR) 

and difficult synchronization are problems in OFDM that may lead to increase the complexity 

of receivers.  

    On the other hand, antenna design, challenges in building RF circuits, processing extremely 

large bandwidths is complex in IR technology. Baseband nature of IR receivers makes it 

simple but digital complexity to capture multipath energy in dense multipath environments 

may be difficult to accomplish [10]. IR technology has more resolvable multipath components 

because of its wider bandwidth and therefore may need to use RAKE-receiver, an equalizer is 

also needed in DS-UWB receiver structure, due to the time dispersive nature of the channel, 

that results in ISI and consequently, in performance degradation [34], [39], [40]. TR 

techniques in IR technology may avoid stringent synchronization requirements and with the 

use of interference cancellation to deal with wide bandwidth may lower the complexity of the 

receiver [41]. 

    Robust and reliable systems with simple receivers architecture can be designed with TH-

UWB. Alternative to RAKE-receivers with low complexity may be TR receivers. Accurate 

timing and precise synchronization in TH techniques can lead to errors and added complexity, 

however with TR this can be minimized and receivers will be much simpler. High processing 

speeds and correctly demodulation of transmitted pulses is a complexity in these systems [37], 

[41]. 
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2.5.4  Range and Data Rate 

    MB-OFDM, DS-UWB and TH-UWB achievable range and data rate performance has been 

evluated in [33], [34], [35], [39], [42], [43], [44]. 

    According to [33] and [43] DS-UWB proposal has better scalability than MB-OFDM 

theoratically. MB-OFDM is an efficient system, however to transmitt with so higher rates as 

the DS-UWB, is not possible. TH-UWB may permit the data rate of around 110 Mbps to be 

transmitted over the distances of 15 meters in AWGN channels, while in multipath channels 

this distance may be 4 to 7 meters [42]. In [42], the data rate and rang has been evaluated for 

indoor invironments using IR technology, and has been suggested that IR can be a good 

candidate for high rate transmission over short ranges. 

    MB-OFDM and DS-UWB systems, in general, can achieve similar range and data rate 

performance. there are some advantages and distadvantages associated with both techniques 

when comparing interference, robustness to multipath, complexity of the system and data rate, 

range perfromance. However, restrictions of FCC mask have to be consider in IR and MB-

OFDM systems. 
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CHAPTER 3 

ULTRA WIDEBAND WIRELESS CHANNELS 
3.1 Propagation Mechanisms 

    In a wireless medium, a transmitted signal dispersed as it travels. Due to this dispersion, a 

portion of the transmitted signal power arrives directly at the receiver while other portions 

arrive by reflection, diffraction, and scattering [1], [23], [24]. When the propagation signal is 

affected by an object that is large compared to the wavelength of the signal, reflections occurs 

[1], [24]. Diffractions occurs when the propagation signal is obstructed by sharp, irregular 

objects, the propagation wave bends around the obstacle even when a direct line-of-sight 

(LOS) path does not exist [23]. Scattering occurs when the objects of the barrier are smaller 

than the wavelength of the propagation signal [23], [24]. 

3.1.1 Multipath 
    To reach the receiver a transmitted signal takes multiple paths; the received signal is split 

into different components, each with a different delay, amplitude, and phase [23]. Different 

clusters formation take place from these components and depending on the phase of each 

component, interfere constructively and destructively at the receiving antenna, thereby 

producing a phenomenon called multipath fading [23], [24]. The quick fluctuations in 

received power for a multipath fading represent fast fading [23], [24]. Fast fading occurs 

when the coherence time of the channel is small relative to the delay constraint of the channel. 

It is affected by the location of the transmitter and receiver, as well as the movement around 

them [23]. Such fading tends to be frequency-selective. Signal pulses spread as they travel 

through the channel due to multipath propagation. This limits the speed at which immediate 

data pulses can be sent without overlap and the maximum information rate a wireless system 

can operate [23]. Thus, in addition to frequency-selective fading, a multipath channel also 

model time dispersion [23]. Intersymbol interference (ISI) is caused by this time dispersion 

while low signal-to-noise ratio is persuade by fading, both effects causing burst errors in 

digital transmission [23], [24]. 

3.1.2 Delay Spread 
     When a signal propagates through a time-dispersive multipath channel, Delay spread is 

caused by differences in the arrival time of signal from the various paths [23]. Delay spread is 

proportional to the distance, which in turn depends on the size and structure throughout the 

propagation environment and the location of objects around the transmitter and receiver [24]. 
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Negative impact of delay spread is that it leads to inter symbol interference (ISI). This causes 

data symbol to overlap in varying degrees at the receiver [23]. Such overlap leads to bit errors 

which increase as the symbol period is approaching delay spread. It is clear that the effect is 

worse at higher data rates and cannot be solved simply by increasing the power of the 

transmitted signal [23]. If the data rate does not exceed the inverse of the delay spread, ISI can 

be avoided. To encounter the ISI problems for higher data rates in wideband wireless systems, 

correlator can be used to contrast the effects of multipath [23]. To estimate the amount of ISI 

caused by a multipath wireless channel, the root mean square (rms) delay spread is an 

appropriate measure [23], [24]. The rms delay spread determines the maximum achievable 

data rate and this is independent from the shape of the delay spread function [23]. 

3.1.3 Coherence Bandwidth 
    Coherence bandwidth (퐵푊 ) can be defined as “the range of frequencies that fade together” 

[23]. Coherence bandwidth is a statistical measurement of the range of frequencies over 

which the channel can be considered “flat” [26], or the approximate maximum bandwidth 

over which two frequencies of a signal are likely to experience correlated amplitude fading 

[25],  

   

                                                                      퐵푊 =  
1

2휋푇                                                     (1) 

 

                                                             

    The received power of the composite signal varies according to the characteristics of the 

wireless channels in which the signal has traveled which is the effect of multipath propagation 

[23]. The exact relationship between coherence bandwidth and rms delay spread is a function 

of specific channel impulse responses and applied signals [26]. Signals with bandwidth larger 

than the coherence bandwidth of the channel may make effective use of multipath by 

resolving many independent propagation paths [23]. To avoid multipath interference the 

signal bandwidth should be reduced below the coherence bandwidth, thereby reducing the 

data rate [23]. To determine the exact impact that time varying multipath has on a particular 

transmitted signal, spectral analysis techniques and simulation are required [26]. The delay 

spread caused by multipath is typically greater outdoors than indoors due to the wider 

coverage area [23]. 
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3.2 Channel Characteristics 
    For good performance gains, channel characteristics play an important role when they are 

known to receiver. These gains depend on the precision with which the receiver can estimate 

the channel parameters. In practical implementations, the fundamental characteristics of the 

channel are often affected by fading [23]. 

3.2.1 Gaussian Channel 
    The Gaussian channel is important for providing an upper bound on the system 

performance and accurately describes many physical time-varying channels. It is typically 

used to model the noise generated in the receiver when the transmission path is ideal [23]. 

This model is fairly accurate in some cases, such as space communications and some wire 

transmissions, such as coaxial cable [24]. In this channel the noise is assumed to have a 

constant power spectral density over the channel bandwidth and a Gaussian probability 

density function [23].  With the stationary user and multipath fading, the channel can be 

approximated as Gaussian with the effects of fading represented as path loss [23]. The 

Gaussian channel model is suitable in the case of single-transmitter and single-receiver 

channels. However, this model may not be suitable when applied to multiple access channels 

where users transmit intermittently [23]. The impacts of Doppler spread, multipath fading, 

shadowing, and mutual interference from transmitting users make the channel far from 

Gaussian [23]. This model is often referred to as the additive white Gaussian noise (AWGN) 

channel. 

3.2.2 Rayleigh Channel 
    Rayleigh fading occurs when there are multiple indirect paths between transmitter and 

receiver and no distinct dominant path, such as line-of-sight (LOS) path [24]. There are two 

kinds of channel fading namely, long-term (slow or lognormal) and short-term fading [23]. 

Over the longer distances, there is a change in the average received power level about which 

the rapid fluctuations occur which is termed as long-term fading or slow fading [24]. Short-

term fading is primarily caused by reflections of a transmitted signal and refers to the rapid 

fluctuations of the received signal amplitude [23]. Second order statistics on fades exist and 

are usually functions of time [23]. 

    The received signal is a product of the long-term fading and short-term fading 

characteristics. The short-term fading signal is superimposed on an average value that varies 
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slowly as the receiver moves [23]. The Rayleigh model is often characterizes outdoor settings 

and provides relatively poor performance in some cases. 

3.2.3 Rician Channel 
    In some wireless channels, there exist a direct LOS path between the transmitter and 

receiver, in addition to a number of indirect multipath signals [24]. This direct LOS path 

reduces the delay spread and may significantly decrease the fading depth, thus requiring much 

smaller fading margin in system design [23]. The probability density function of the received 

signal envelope is said to be Rician [23]. The Rician model is often applicable in an indoor 

environment or it becomes more applicable in smaller cells or in more open outdoor 

environments [24]. 

 

3.3 UWB Channels 
    In this section, we provide an overview of ultra wideband channel models as offered in the 

recent literature. Recent work in the area of wireless systems in [11] indicates that ultra 

wideband radio is a viable technology for short ranges multiple access communication. This 

technology is expected to provide very high data rates (over 100 푀푏푝푠) to many users in 

short-range communication channels [13]. The high data rates are achieved by using very 

large bandwidth, and by sharing this bandwidth between different users [13]. The ultimate 

performance limit of any communications system is determined by the channel it operates in 

[12]. For a UWB system, this is the UWB propagation channel, which differs from 

conventional (narrowband) propagation in many respects [12]. 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 퐺퐻푧 of bandwidth [2]. 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 [2], [12]. 
    To set up standard models of the UWB channels, the standardization groups SG3a and 

SG4a established within the IEEE 802.15 have worked to have a common channel model for 

the evaluation of UWB communications systems. A UWB channel model for the IEEE 

802.15.3a standard summary report is given in [14], while the model for the IEEE 802.15.4a 

is given in [3]. 
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3.4 IEEE 802.15.4a standard UWB Channel Model 
    The IEEE 802.15.4a group has developed a more general model. This model covers a wide 

range of environments, including outdoor environments, factories and warehouses, as well as 

disaster scenarios [12]. The channel model defines data rates between 1 퐾푏푝푠 and several 

푀푏푝푠 for sensor networks and similar devices [3], [16]. The small-scale fading is modeled as 

Nakagami or Rice instead of lognormal, and the parameters also show a dependence on the 

distance between transmitter and receiver [3], [12]. The key features of the model are 

discussed in [3]. We have summarized the important features in the following subsections. 

3.4.1 Path Loss  

    Path loss can be defined as the ratio between the signal power at the transmitter and the 

signal power at the receiver [2]. It is affected by the distance between the transmitter and the 

receiver, the signal bandwidth, the carrier frequency, the antenna heights, and the terrain 

characteristics [2]. The path loss in narrowband system is conventionally defined as [3], 
 

                        푃퐿(푑) =
퐸{푃푅푋(푑, 푓푐)}

푃푇푋                                         (2)  

 

where 푃푇푋 and 푃푅푋 are transmit and receive power, respectively, 푑 is the distance between 

transmitter and receiver, 푓푐 is the center frequency, and the expectation 퐸{} is taken over an 

area that is large enough to allow averaging out of the shadowing as well as the small-scale 

fading 퐸{. } = 퐸푙푠푓 퐸푠푠푓{. } , where "푙푠푓" and "푠푠푓" indicate large-scale fading and small-

scale fading, respectively [3]. PL as defined above due to the frequency dependence of 

propagation effects in a UWB channel,  

      

푃퐿(푑, 푓) = 퐸 퐻 푓,푑  푑푓

∆ ⁄

∆ ⁄

                                     (3) 

 

 

where 퐻(푓,푑), is the transfer function from transmitting antenna connector to the receiver 

antenna connector, and ∆푓 is chosen small enough so that diffraction coefficients, dielectric 

constants, etc., can be considered constant within that bandwidth [3], [16]. The total path loss 

is obtained by integrating over the whole bandwidth of interest. Integration over the frequency 
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and expectation 퐸 {} thus essentially has the same effect, namely averaging out the small-

scale fading [3]. 

3.4.2 Shadowing 

    Shadowing can be defined as the slow variation in signal attenuation around the mean path 

loss value [2], or the variation in the received signal power about its mean value [16]. The 

shadowing behavior in UWB communications is quite similar to that in narrowband systems 

[2], [3]. The path loss (averaged over the small-scale fading) in 푑퐵 can be written as [3], 

 

푃퐿(푑) =  푃퐿  +  10푛  log
푑
푑

+  푆                                 (4) 

 
 

where 푆 is a Gaussian-distributed random variable with zero mean and standard deviation 휎  . 

For a fixed distance 푑, the combined effect of the path loss and shadowing can be written as 

[2], 

 

  

                 푃퐿(푑) = 푃퐿(푑) Χ                                                    (5) 

 

where 푃퐿(푑)  is the mean path loss and Χ  denotes the shadowing effect [2]. For the 

simulation procedure according to the selection criteria document, shadowing shall not be 

taken into account [3]. 

3.4.3 Power delay profile 

     Power delay profile (PDP) gives the intensity of a signal received through a multipath 

channel as a function of time delay. PDP is defined as the square magnitudes of the impulse 

response of the signal averaged over a local area as [16],  

  

  

           푃퐷푃(휏) = |ℎ(푡; 휏)|                                                        (6) 
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where |ℎ(푡; 휏)| is the absolute value of impulse response of the signal. Using the impulse 

response of the channel, the received signal power can be obtained as [10], 

  

푃퐷푃(휏 ) = 퐸{|ℎ(푡)| } = 푎 훿(푡 − 휏 )                                  (7) 

 

Usually the later paths of the power delay profile experience more attenuation and 

accordingly the power delay profile are generally decreasing function of the excess delay 

[10], as shown in the Fig. 3.1,  [16].the impulse response (in complex baseband) of the  

 

 Amplitude 

 

 

 

 

 

 

 

 

                  Delay 
 Figure 3.1:  Multipath components with different attenuations and delays.  
 

SV (Saleh-Valenzuela) model is given in general as [15], 

 

  

ℎ (푡) = 푎 , 푒푥푝 푗∅ , 훿 푡 − 푇 − 풯 ,                                       (8) 

 

 

where 푎 ,   is the tap weight of the 푘  component in the 푙푡ℎ cluster, 푇  is the delay of the 푙푡ℎ  

cluster, 풯 ,  is the delay of the 푘푡ℎ MPC relative to the 푙푡ℎ cluster arrival time푇 , see Fig. 3.2. 



 

39 
  Blekinge Institute of Technology 
  School of Electrical Engineering 

 

The phases ∅ ,  are uniformly distributed, i.e., for a bandpass system, the phase is taken as a 

uniformly distributed random variable from the range 0 to 2휋  [3].  

An important parameter of the model is the number of clusters denoted by 퐿 . It is assumed to 

be Poisson-distributed [3], 

  

  푝(푇 푇⁄ ) = Λ exp[−Λ (T − T )], l > 0                                           (9) 

 

where Λ  is the cluster arrival rate. Due to the difference in the fitting for the indoor residential 

and indoor, outdoor office environments [3] proposes to model ray arrival times with mixtures 

of two Poisson processes as follows, 

 

푝 풯 , 풯( ),⁄ = 훽휆 푒푥푝 −휆 풯 , − 풯( ),                                    

 

 + (훽 − 1) 휆 푒푥푝 −휆 풯 , − 풯( ), ,푘 > 0                                         (10) 

 

where 훽 is the mixture probability, while 휆   and 휆  are the ray arrival rates [3]. 
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Figure 3.2:  Principle of Saleh-Valenzuela Model. 
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The power delay profile (mean power of the different paths) is exponential within each cluster 

[3], 

  

퐸 푎 , =  Ω  
1

훾 [(1− 훽)휆 + 훽휆 + 1] 푒푥푝
풯 , 훾                                      (11) 

 

where Ω   is the integrated energy of the 푙푡ℎ cluster, and 훾   is the intra-cluster decay time 

constant. 

The cluster decay rates are found to depend linearly on the arrival time of the cluster [3],  

   

                      훾 ∝  푘 푇 + 훾                                                                                            (12) 

         

where 푘  describes the increase of the decay constant with delay. 

 The mean (over the cluster shadowing) mean (over the small-scale fading) energy 

(normalized to 훾 ), of the 푙푡ℎ cluster follows in general an exponential decay [3], 

 

10 log(Ω ) =  10 log 푒푥푝(−푇 /Γ) + 푀                                                         (13) 

 

where 푀  is a normally distributed variable with standard deviation 휎  around it. 

For the NLOS scenarios (office and industrial), [3] defines the shape of the power delay 

profile (PDP) differently, (namely on a log-linear scale), 

  

퐸 푎 , = 1 − 휒. 푒푥푝 −풯 , 훾 . 푒푥푝 −풯 , 훾   

  

                      .
훾 + 훾

훾  
Ω

훾 + 훾 (1− 휒)                                                                  (14) 
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Here the parameter 휒 describes the attenuation of the first component, the parameter 훾   

determines how fast the PDP increases to its local maximum, and 훾  determines the decay at 

late times. 

3.4.4 Delay Dispersion 

      Delay dispersion and small scale fading are those effects of the channel where the UWB 

propagation channel differs most significantly from narrow band channels [1]. Delay 

dispersion is defined to occur when the channel impulse-response has a finite support, that is, 

lasts for a finite amount of time or channel is frequency selective [1]. Delay dispersion in 

multipath channels is characterized by two important parameters, mean excess delay and root 

mean square (RMS) delay spread [16]. The impact of the delay dispersion on a specific 

system is given by the product of the delay spread with the system bandwidth [1]. If the 

product is less than unity, then delay dispersion has little effect on the system design, and if 

the product is large, then delay dispersion has a strong impact on the system performance [1]. 

IEEE 802.15.4a group has neglected this effect in the channel model for simplicity. 

3.4.5 Small scale fading 

     A small scale model or fading is used to describe a rapid fluctuation of the amplitudes, 

phases, or multipath delays in the signal received over a short period of time [2]. Small scale 

fading is due to constructive and destructive interference of the multipath components, which 

arrive at the receiver at slightly different times [2]. In this model the distribution of small 

scale amplitudes is Nakagami [3], 

 

푝푑푓(푥) =
2

Γ(푚) 
푚
Ω 푥 exp −

푚
Ω 푥 ,                                                 (15) 

 

where 푚 ≥ 1
2 is the Nakagami m-factor, Γ(푚) is the gamma function, and Ω is the mean-

square value of the amplitude. A conversion to a Rice distribution is approximately possible 

with the conversion equations [3], 

   

푚 =
(퐾 + 1)
(2퐾 + 1)                                                                                                      (16) 

                 



 

42 
  Blekinge Institute of Technology 
  School of Electrical Engineering 

 

and 

    

                       퐾 =
√푚 −푚

푚 −√푚 − 푚
                                                                                   (17) 

 

where 퐾 and 푚 are the Rice factor and Nakagami-m factor respectively. 

The parameter Ω corresponds to the mean power, and its delay dependence is thus given by 

the power delay profile [3]. The 푚 −parameter is modeled as lognormally distributed random 

variable, logarithm of which has a mean 휇  and standard deviation 휎  [3], [16]. Both of these 

values can have delay dependence [3], 

                                       

                    휇 = 푚 − 푘 휏                                                                                           (18) 

  

                    휎 = 푚 − 푘 휏                                                                                            (19) 

 

For the first component of each cluster, the Nakagami factor is assumed to be deterministic 

and independent of delay, and modeled differently [3], [16], 

 

  

                   푚 = 푚                                                                                                            (20) 

 

    The IEEE 802.15.4a model has more general and comprehensive structure, and covers a 

large range of environments, including outdoor, industrial, warehouses, as well as disaster 

scenarios. The model is based on Saleh-Valenzuela approach, and includes delay dependence 

of the cluster, ray arrival rates and decay time constants. Nakagami distribution is used 

instead of lognormal for small scale fading. The parameters show dependence on the distance 

between transmitter and receiver. 
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Chapter 4  

IR-UWB  Recievers 
4.1 INTRODUCATION 
    The large bandwidth of UWB systems make receiver design very difficult in traditional 

UWB systems that employ either antipodal or pulse-position modulation with extremely short 

pulses [11]. For simple low-power UWB receivers, digitization of the entire signaling 

bandwidth is far from being realizable in analog-to-digital (A/D) conversion technology [51]. 

Many UWB receivers that are largely digital have some number of analog correlators to 

collect signal energy in a front-end RAKE receiver type architecture [51]. Due to many 

resolvable paths in the standard fading environment, efficient energy collection in such 

architecture can be costly, and even if allowable in terms of circuit complexity perspective, 

can present problems in terms of channel estimation [51]. These implementation problems 

have been a large motivation for the industry shift away from traditional impulsive UWB or 

DS-UWB to the multiband UWB approach for short-range high data rate applications [51]. 

An important requirement is the ability to treat transmitted spectrum independently as it is 

desired to choose a technique that best avoids interference problems with other 

communication systems, providing good data rate and range performances while robust to 

multipath. In this chapter a comprehensive overview of the IR-UWB receivers has been 

provided. The three most important receivers and techniques, that have been studied and 

simulated, namely, Transmit-Reference (TR), Frequency-Shifted Reference (FSR) and Code-

Shifted Reference (CR)  systems has be described briefly in the following subsections. 

 

4.2 Transmitted Reference UWB Receiver 
    UWB systems performance is highly dependent on the timing requirements mainly due to 

strict power limitations and short pulse durations. When simple and low cost systems are 

desired, that references locally, estimates the channel and captures enough energy for correct 

UWB data detection, it is difficult to design such receivers. Transmitted-Reference (TR) 

UWB wireless communication systems can relax the difficult UWB timing requirements and 

can provide a simple receiver that gathers the energy from the many resolvable multipath 

components [45]. TR receiver represents a low complexity alternative to RAKE-receivers 

[46]. 
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       TR signalling can be viewed as a signalling scheme which devotes a portion of the 

transmitted energy to channel measurement [48]. TR systems operate by transmitting signals 

consisting of separable data and reference portions over random time-varying communication 

channels [48], [49]. After separating the data and the reference portions of the received signal, 

the receiver correlates them to form a decision variable [48]. The modulation of these 

sequences of pulses can be PPM or PAM [1], [11]. BPSK is used only in conjunction with 

coherent receivers, and gives better performance than PPM since it is an antipodal modulation 

format [47]. The symbol interval is defined as 푇  and frame interval as 푇  for TR-UWB 

systems. Each frame interval includes a UWB impulse, and 푇 = 푁 푇  ,푁 ≫ 1. In the 

standard TR-UWB system, the transmission signal during the 푙  symbol period can be 

expressed as follows [62], 

 

푥 (푡) =
퐸
2 푝 푡 − 푙푇 − 푘푇  + 푏

퐸
2 푝 푡 − 푙푇 − 푘푇 − 퐷                          (1) 

 

Where 퐸  is the transmitted energy per symbol period. 푏 ∈ {−1, +1} is the information bit to 

be transmitted during the 푙  symbol period. 푝(. ) is a normalized UWB pulse shape and 퐷 is 

the delay between reference and data pulse [62]. 

    In TR, first transmit a reference pulse of known fixed polarity (or position), followed by a 

data pulse whose polarity (position) is determined by the information bit [47]. At the receiver, 

the received signal is multiply with a delayed version of itself as shown in Fig. 4.1, [47]. By 

transmitting a reference along with the data, it is possible to eliminate the need for a locally 

generated reference (LGR) and the complicated issue of LGR synchronization [48]. Since TR 

systems utilizes part of the available power for the reference portion of the signal, the 

elimination of LGR and its complication come at the cost of decreased power dedicated for 

data transmission [48].  

    TR-UWB architecture has many attractive properties [45]: 

1. Since the reference signal is transmitted over the same channel as the data signal, it 

provides a perfect template to match the data pulse without explicit channel 
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estimation, but corrupted with noise, causing degradation at the receiver during the 

demodulation process [48]. 

2. Simple timing acquisition can be achieved by repeating  푆 (푡)as many times per 

symbol as desired and having the receiver integrate across these many frames; thus, 

timing is only required at the symbol level, which can be an important gain in low data 

rate applications, where often  푇 ≫ 푇  [45]. 

3. Reference pulse and the data pulse are transmitted within one frame; the channel need 

only be constant over the frame time. This can be significant for systems operating in 

a highly mobile environment [45]. 

    At the receiver, it is essential that a low-pass filter be used prior to the correlation, to limit 

the noise [50]. In [50], it has been described that multiple doublets per chip can be considered 

to increase range/low data rate applications. In practical systems, it is worthwhile to 

randomize the polarity of the first (reference) pulse, which will reduce spectral lines [50].   

 

 

 

 

Figure 4.1: Block diagram of a transmitted-reference receiver [47]. 

 

4.3 Frequency-Shifted Reference (FSR) Receiver 
     The TR technique has been proposed as an intellectual solution to the UWB receiver 

design problem that provides a simple form of UWB multiple-access (MA), mostly for low 

data rate applications [52]. TR-UWB system, separate the reference signal and data signal by 

a time delay and the data pulses are modified by antipodal bits. Since the reference signal 

goes through the same channel as the data signal, thus can serve as a template for the channel 

distorted data signal, the receiver simply correlates the received data signal and a delayed 

version of itself to capture all of the energy of the data-bearing signal [45], [48]. Despite the 

apparent simplicity of the architecture of the TR-UWB receiver, it is not an easy task to 

      MF     ∆ 푑푡 

( )* 

    Decision 
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accurately build an extremely wideband delay element [54]. To avoid the wideband delay 

element in the receiver, [51] and [53], has proposed the slightly frequency-shifted reference 

(FSR) UWB system. 

     The implementation of a frequency translation of a wideband signal is much simpler than 

the delay of the same signal, the technique considered is to employ a very carefully selected 

frequency-translated reference; in other words, the reference is translated in frequency rather 

than time to be orthogonal to the data bearing signal, and so avoids the delay element [51]. 

The orthogonality of the reference and data signal does not have to be imposed over each 

frame period, but rather over a symbol period. Thus, a frequency offset between the reference 

impulse train and data impulse train is prescribed that is only the inverse of the symbol period 

[51]. This frequency shift is well below the coherence frequency of the channel, and hence, 

the reference serves as a suitable reference for the data-bearing signal [51]. Since the data 

pulse must go through approximately the same channel as the reference pulse, frequency 

orthogonality obtained by simply shifting the data pulse is futile, because the frequency 

separation between the pulses exceeds the coherence frequency of any reasonable fading 

channel. Hence, a method is sought to obtain an orthogonal reference can be readily 

accomplished with a mixer [51]. 

    In FSR-UWB approach, a basic template signal can be defined as  푥(푡), which consists of 

푁  unmodulated UWB pulses with a standard pulse shape, as 푥(푡) = ∑ 푝 푡 − 푘푇 . the 

reference waveform is set to be a scaled version of 푥(푡), and tha data waveform is set as a 

frequency-shifted version of this signal that is approximately orthogonal to it over the symbol 

interval for large 푁  [51]. Defining 푓 = 1
푇  as the frequency shift of the data signal relative 

to the reference, the transmitted signal during the 푙  symbol period can be expressed as [62],  

  

푥 (푡) = ∑ 푝 푡 − 푙푇 − 푘푇 + 푏 퐸 푝 푡 − 푙푇 − 푘푇 cos(2휋푓 푡)               (2)  
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                          R(t)                                                         ri                                         bt   

 

     

                       Figure 4.2: Frequency-Shifted Reference UWB Receiver [51].  

 

 Fig. 4.2, shows the proposed receiver for FSR system [51]. A complete description of FSR-

UWB receiver is presented in [51]. This system not only anticipates the need for the delay line 

in the TR-UWB system, but also, in the targeted low-data-rate application area.  The FSR-

UWB scheme that employs multiple carriers has been demonstrated in [55], and it provides a 

significant performance improvement versus the baseline FSR-UWB scheme while still not 

requiring a delay line in the receiver. 

 

4.4 Code-Shifted Reference UWB Receiver 
    A simpler implementation is achieved in [51] and is referred to as slightly frequency-

shifted (SFS) scheme. The data and reference are shifted from each other by the symbol 

rate 1
푇 . Code-reference IR-UWB is the parallel approach in [51] but the base of 

development is code multiplexing rather than frequency multiplexing [56]. In this scheme, 

data and reference are derived from amplitude modulating the same pulse train with two 

orthogonal code sequences [56]. The orthogonality serves to extract the reference at the 

receiver [56]. In [58] a code-shifted reference UWB approach has been proposed, in which a 

reference pulse sequence and one or multiple data pulse sequences are transmitted 

simultaneously, and each pulse sequence is coded by a specific shifting code. Transmission 

signal during the 푙  symbol in CR systems, can be expressed by replacing the single-

frequency carrier cos(2휋푓 푡) in (2) with 푑(푡), as follows [62], 

푥 (푡) =
퐸
2
푝 푡 − 푙푇 − 푘푇 + 푏

퐸
2
푝 푡 − 푙푇 − 푘푇 푑(푡)                              (3) 

where 푑(푡) is the square wave with the period 푇  , and it is denoted as follows [62], 

LPF 
( )

/
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푑(푡) =
1                     푘푇 ≤ 푡 <

2푘 + 1
2

푇

−1            
2푘 + 1

2
푇 ≤ 푡 < (푘 + 1)푇

                                                               (4) 

 

Relation (3) shows that reference and data components are obtained by amplitude modulating 

the same pulse train with two orthogonal code sequences [56]. In the absence of IFI, reference 

and data components are orthogonal [56]. 

     Compare with FSR, the CR scheme has advantages in terms of implementations and 

performance [57]. CR exhibits the same performance as FSR at low data rates and better 

performance as the rate increases [56], [58]. CR UWB receiver does not require any delay 

element, as the pulses are delayed with digital codes instead of frequency tones, and can avoid 

most performance degradation the FSR UWB systems suffers in conjunction of much lower 

system complexity [58]. The resulting receiver for the CR scheme is shown in the Fig. 4.3.  

 

                                            r(t)                                                  ri                                      푏       

 

   푑(푡)           

Figure 4.3: Block diagram of the CM-TR receiver. 

4.4.1 Walsh Codes 

     Walsh codes are the most common codes used in different wireless communication 

applications. Walsh codes are mathematically orthogonal codes and used to distinctively 

define individual communication channel [24].  If two Walsh codes are correlated, the result 

is comprehensible only if these two codes are the same. As a result, a Walsh-encoded signal 

appears as random noise to a mobile terminal, unless that terminal uses the same code as the 

one used to encode the incoming signal. The Walsh codes are generated by the Walsh 

function or Hadamard transform [60]. A set of Walsh codes of length 푛 consists of the  푛 rows 

of  푛 × 푛 Walsh matrix. The matrix is defined recursively by Hadamard transform as follows: 

 LPF 
( )

/
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 푊 = [0]  푊 =
푊 푊
푊 푊                                                 (5) 

where 푛 is the dimension of the matrix and the overscore denotes the logical NOT of the bits 

in the matrix [24], [60]. The Walsh matrix has the property that every row is orthogonal to 

every other row and to the logical NOT of every other row [24]. The Walsh code can only be 

used if all of the users in the same channel are synchronized to the accuracy of a small 

fraction of one chip. Because the cross correlation between different shifts of Walsh 

sequences is not zero, if tight synchronization is not provided, PN sequences are needed [24].  

4.4.2 Orthogonal Gold Codes 
    Gold code, also known as Gold sequence, is a set of specific sequences generated by 

linearly combining two m-sequences with different offset in Galois field [59]. Gold codes 

have bounded small cross-correlations within a set, which is useful when multiple devices are 

broadcasting in the same range [24]. A set of Gold code sequences consists of 2 −

1 sequences each one with a period of  2 − 1 [59]. Gold can be obtained by combining two 

PN sequences and modulo-2 adding, the output together, due to specific cross-correlation 

properties, these codes allows as many users as possible, with minimum interference [59]. A 

Gold sequence is constructed by the XOR of two m-sequences with the same clocking as 

shown in Fig. 4.4, [24].  All pairs of m-sequences do not yield Gold codes and those which 

yields Gold codes are called preferred pairs [60]. Gold codes have three-valued 

autocorrelation and cross-correlation function with values {−1,−푡(푚), 푡(푚) − 2}, where 

                푡(푚) = 2( )⁄               푓표푟 표푑푑 푚
2( )⁄              푓표푟 푒푣푒푛 푚

                                                           (6)   

Here 푡 depends on the linear feedback shift register (LFSR). To make cross-correlation values 

to 0 is possible by padding one "0" to the original Gold codes [60]. 

   “To generate the Gold codes from shift registers, we start with the all-ones vector set in both 

registers as an initial condition. The resulting sequences are XORed to produce one Gold 

sequence. This yields the first three sequences in the set. To generate the remaining 

sequences, the second of the first two sequences is shifted by one bit and the XOR operation 

performed again. This process continues through all possible shifts, with each additional one-

bit shift followed by an XOR producing a new sequence in the set. For a preferred pair of 5-

bit shift registers, it can be shown that for any shift in the initial condition from 0 to 30, a new 

Gold sequence is generated. The Gold sequences are the two initial m-sequences plus the 
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generated sequences for a total of 33 sequences” [24]. The final result is a long scrambling 

code [59], [60]. 

 

 

 

 

 

 

 

 

 

 

 

       Figure 4.4: Gold code sequence Generator block diagram [24]. 
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Chapter 5   

Performance Evaluation and Results 
 

    We evaluate the performance of Tansmitted Refrence (TR), Frequency-Shifted Reference 

(FSR), Code-Shifted Reference (CR), and Orthogonal Gold code CR (OG-CR) UWB systems 

for single and multi-user environment. The simulations has been divided into two parts. The 

first part is for low data rate with 푅 = 0.3푀푏푝푠, and the second part is for high data rate 

with 푅 = 2.5푀푏푝푠. High data rate has been considered for single-user and low data rate has 

been considered for multi-user systems. The channel statistics has considered to be that of 

IEEE 802.15.4a model 푐푚  with 100 channels. 

 

5.1 Single-user simulation results 
    The single-user simulation is performed for TR, FSR, CR and OG-CR systems. In the 

simulation, it has been assumed that there is no interframe interference (IFI). Performance 

evaluation is given in the following subsections. 

5.1.1 TR vs. FSR 
    First, the performance of TR system is compared with FSR system. The frame duration of 

TR is 푇 = 200 푛푠푒푐 with 푇 = 100 푛푠푒푐 and number of frame per bit is N = 2. The frame 

length of FSR is T = 100nsec with number of frames per bit N = 4. We observe from the 

Fig. 5.1, that the performance of TR system is better than FSR system. TR outperforms FSR 

by 2푑퐵. 
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Figure 5.1: Comparison of TR and FSR for single user. 

 

5.1.2 TR and FSR vs. CR 
    The performance of CR UWB system is compared with TR and FSR UWB systems. The 

parameters of TR and FSR are the same as in Fig. 5.1, for CR UWB system, the frame 

duration is T = 100 nsec with N = 4. The code sequence in CR system is selected from 2×2 

Hadamard matrix. From the Fig. 5.2, it is observed that the performance of CR is better than 

FSR by 2푑퐵, while the performance of CR and TR are almost the same. 
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Figure 5.2: Performance comparison of CR, TR and FSR for single user. 

 

5.1.3 TR, FSR and CR vs. OG-CR 
    Simulation is performed to compare TR, FSR, CR and OG-CR UWB systems. The 

parameters of TR, FSR and CR are the same as in Fig. 5.2. The frame length of OG-CR is 

T = 100 nsec with number of frame per bit N = 4. From the Fig. 5.3, it is observed that the 

performance of OG-CR is better than FSR. It outperforms FSR by 2푑퐵, while the 

performance of TR , CR and OG-CR systems are same. 
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 Figure 5.3: Performance evaluation of OG-CR, TR, FSR and CR for single user. 

 

5.2 Multi-user simulation results 
    The performance of TR, FSR, CR and OG-CR is evaluated for multi-user UWB systems. 

The multi-user simulation is performed for 3 and 6 interfering users. In the simulation we 

assume interframe interference (IFI). 

5.2.1 TR vs. FSR with 3 interfering users 
    The performance of TR and FSR systems are compared for multi-user. The frame length of 

TR is T = 600 nsec with T = 300 nsec and the number of frames per bit is N = 6. The 

chip duration is T = 75 nsec. The number of hops N = 4, with hopping time period is 

N = 1000. The frame duration of FSR is T = 300 nsec, and number of frames per bit 

N = 11. The chip duration is T = 75 nsec, with number of hops N = 4, and time hopping 

period N = 1000. From the Fig. 5.4, we observ that, due to the presence of IFI, the 

perforamnce of TR flat out at higher SNR, however the performance of TR is better than FSR. 
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Figure 5.4: Comparison of TR and FSR for 3 interfering users. 

 

5.2.2 TR, FSR vs. CR with 3 interfering users 
    The performance of CR is compared with TR and FSR for multi-user. The parameters of 

TR and FSR systems are same as Fig. 5.4. The frame duration of CR is T = 100 nsec, with 

number of frames per bit N = 32. Walsh code sequence of N × N  order is generated. The 

common sequence for reference pulses for all users are chosen from the first 푁 2⁄  code 

sequence. The first row is selected from code sequence for reference pulse. The remaining 

푁 2⁄  code sequence is used of the user data pulse.  Different code sequence is used for 

different user’s data pulse. From the Fig. 5.5, it is observed that the performance of CR is 

better than FSR system, but TR has better performance between 14푑퐵 and 22푑퐵. As SNR  

increased the performance of TR become flat due IFI, while the performance of CR turn out 

to be better than TR. 
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                        Figure 5.5: Performance comparison of CR, TR and FSR for 3 interfering users. 

 

5.2.3 TR, FSR, CR vs. OG-CR with 3 interfering users 
    Simulation is performed for TR, FSR, CR and OG-CR for multi-user UWB systems. The 

performance of OG-CR is evaluated with TR, FSR and CR systems. The parameters of TR, 

FSR and CR are the same as of Fig. 5.5. The frame length of OG-CR is T = 100 nsec, with 

N = 32. N × N  , Orthogonal code sequence is generated. All 1′푠 are assigned to the 

reference pulses of all users. The last 푁 2⁄  code sequence is assign to the user data pulses. 

The code sequence assign to different user’s data pulse is different. From the Fig. 5.6,  it can 

be observ that the performance of OG-CR is better than FSR, but TR has better performance 

between 14푑퐵 and 22푑퐵. When SNR is increased the performance of OG-CR becomes better 

than TR, while the performance of CR is better than OG-CR. 
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         Figure 5.6: Performance evaluation of OG-CR, TR, FSR and CR for 3 interfering users. 

 

5.2.4 TR, FSR, CR vs. OG-CR with 6 interfering users 
    The performance of OG-CR is compared with TR, FSR and CR systems for 6 interfering 

users. The frame duration of TR is T = 600 nsec, with T = 300 nsec, and number of 

frames per bit N = 6. The chip duration is T = 30 nsec, with number of hops N = 7, and 

hopping time period N = 1000. The frame duration of FSR is T = 300 nsec, with N = 11, 

and the chip duration is T = 30 nsec, with number of hops N = 7, and hopping time period 

N = 1000. The frame length of CR is T = 100 nsec, with N = 32, and N × N  Walsh 

code is generated. The common sequence for the reference pulses of all users is chosen from 

first 푁 2⁄  code sequence. So the first row of the code sequence is selected for the reference 

pulse of all users and the remaining 푁 2⁄  different code sequence is used for different user’s 

data pulse. The frame length of OG-CR is  T = 100 nsec, with N = 32, and N × N  

orthogonal gold code is generated. All 1’s are assigned to all users reference pulses and the 

last 푁 2⁄  different code sequence is used for different user’s data pulses. From Fig. 5.7, it can 
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be observ that OG-CR has better performance than FSR, while TR has better performance 

between 14푑퐵 and 22푑퐵. When SNR is increased OG-CR performance becomes better than 

TR while the performance of CR is better than OG-CR at low SNR, as SNR increases the 

performance of OG-CR and CR becomes the same.  

 

        Figure 5.7: Performance evaluation of OG-CR, TR, CR and FSR with 6 interfering users. 
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Chapter 6 

Conclusions 
 

N this thesis, different techniques used for UWB communication such as TR, FSR and CR, 

are investigated for single and multi-user UWB systems. The performance of these 

techniques is evaluated and compared using IEEE 802.15.4a channel model. In simulation, 

IFI has not been considered in single-user systems, while in multi-user systems it has been 

consided. It has been observed that, in single-user environment, TR and CR outperform FSR 

by 2푑퐵. However, the performance of TR and CR are the same. In multi-user environment, 

TR has less bit error rate than FSR; on the other hand, CR outperforms FSR by 3푑퐵.  

However, at low SNR, TR has better results than CR, and as the SNR increases, CR 

outperform TR by 3푑퐵. In addition, OG-CR technique, which uses orthogonal gold code 

sequence, is proposed and its performance is compared with TR, FSR and CR systems. It has 

been observed that implementation of OG-CR is simpler than TR and FSR systems. The 

simplification over TR and FSR systems is due to the absence of analog delay line and mixer 

respectively. The performance of OG-CR, in single-user enviornment is better than FSR 

system and almost same as TR and CR systems. In multi-user environment, the performance 

of OG-CR is better than FSR. Compared to TR system,it can be concluded that, the 

performance of OG-CR is better at high SNR and worse at low SNR values. In the same 

conditions, CR system with few (less than 5) users outperforms the OG-CR system by 3푑퐵. 

However, with more than 5  users,  the performance of OG-CR becomes almost the same as 

the CR system. 
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Future work 

As the FSR system shows worse performance at high data rate due to coherence bandwidth 

limits, the FSR system should be investigated with QAM modulation technique for high data 

rates.  For our proposed OG-CR system, the recommendation for the future research work is 

to investigate an algorithm for the selection of optimum gold code sequence, which gives 

better performance than CR system using Walsh codes. 
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