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ABSTRACT

In this report, we derive the performance graphs for UWB communication 
systems using different combining techniques in a RAKE Receiver. Comparisons have 
also been made between the techniques and conclusions have been drawn based on the 
requirements. We also incorporate the effect of number of fingers on the performance of 
the receivers. The results obtained give us way to evaluate the performance of Rake 
reception of UWB signals in dense multipath channels. We present simulation results 
using IEEE 802.15.3a UWB channel models. We evaluate the performances of Rake 
Receivers with different pulse-widths and also the effect of inter-frame interference.
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CHAPTER 1

INTRODUCTION

1.1 Overview:

The focus of our work is on ultra-wideband (UWB). The world of UWB has changed 
dramatically in very recent history. In the past 20 years, UWB was used for radar, sensing, 
military communications and niche applications. A substantial change occurred in 
February 2002, when the FCC (2002a,b)  issued a ruling that UWB could be used for data 
communications as well as for radar and safety applications.

The band allocated to UWB communications is 7.5 GHz. UWB provides its users with 
high data rates at a short distance. The power of the transmitted signal in UWB is low. 
One of the enormous potentials of UWB is the ability to move between the very high data 
rate, short link distance and the very low data rate, longer link distance applications. The 
very low transmit power available invariably means multiple, low energy, UWB pulses 
must be combined to carry 1 bit of information. In principle, trading data rate for link 
distance can be as simple as increasing the number of pulses used to carry 1 bit. The more 
pulses per bit, the lower the data rate, and the greater the achievable transmission distance.

Problems in UWB

UWB signals are essentially transmitted using the wireless transmission medium. 
When transmitted in the non line of sight transmission mode, the phenomena of multipath 
propagation comes into effect and it makes the wireless transmission systems prone to 
three fundamental types of mechanisms namely reflection, which occurs when the 
electromagnetic signal encounters an area relatively large to the wave length of the 
transmitted signal, diffraction, which occurs when the signals encounters an edge of an 
impenetrable body which is large compared to the wavelength of the signal and the third 
one, scattering, which occurs when the electromagnetic signal encounters an obstruction 
which is equal or greater then the order of its wavelength. In this third mechanism, the 
incoming signal scatters in several weaker outgoing signals. 

The net result of this type of propagation is a system where a transmitted signal is 
dispersed into several signals with different time delays, shifted phases and differing 
amplitudes. Hence at the receiving end it’s quite difficult to ascertain about the real signal 
due to degradation in its quality. 

It also happens that a transmitted signal is received after some delay, which is equal to 
the delay after which a subsequent transmitted bit or pulse has to arrive at a receiver, and 
this gives rise to the inter symbol interference or ISI.  

As a matter of fact, the small pulse width used in the UWB systems also gives rise to the 
phenomena of multipath and hence it becomes unavoidable. The UWB channel is so 
much degraded that it is some times used synonymous to the “dense multipath channel”. 
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We should note here that its not inherently multipath but its due to following the 
mechanisms discussed above, particularly scattering. The UWB signals utilized the 
spread spectrum modulation and hence a great accuracy is required in the signal 
acquisition, synchronization and tracking at the receiver. It should be done with very high 
precision in time, relative to pulse rate  

Motivation for solution of problem

The mentioned degradations in the signal make it essential to find out a solution 
where the dispersed energy should be captured in a way so as to reconstruct a heavily 
degraded signal. We have discussed above that UWB channel is synonymous to dense 
multipath channel; hence the transmitted signal has to be recovered somehow. Anther 
goal is to achieve a minimum bit error rate (BER).

A way to utilize all the multipath components in UWB environment is to use the so called 
Rake receiver. Rake receivers combine different signal components that have propagated 
through the channel by different paths. This can be characterized as a type of time 
diversity. The combination of different signal components will increase the signal-to-
noise ratio (SNR), which will improve link performance. 

We can understand the motivation behind this RAKE receiver by looking at the branches 
of the garden rake used to collect leaves spread all over the area. Synonymous to this rake, 
the RAKE receivers are used to receive multipath components of a signal spread in time. 
The RAKE receivers are utilized in different forms namely ALL RAKE (A-RAKE), 
Partial RAKE (P-RAKE) and Selective RAKE (S-RAKE). The available mathematical 
tools to be used in these receivers, for the combination of the received signals, are 
Minimum mean square error (MMSE), Maximum ratio combining (MRC) and Equal gain 
combining (EGC). We have demonstrated the potential and working of these receivers 
and have employed the mentioned mathematical techniques for the generation of graphs 
showing comparative BER. 

Chapter one gives an introduction to UWB technology. The modulation techniques used 
in UWB and its applications. Chapter two contains information about UWB channels and 
their characteristics. Chapter three gives an insight into rake receivers their types and the 
different diversity techniques used in rake receivers. In chapter four we have written 
about the system model used in our simulations, our observations and the conclusions 
that we have drawn from them. Chapter five contains references.
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1.2 Definition - UWB:

UWB stands for Ultra-wideband. UWB is meant for short-range high bandwidth 
communications that uses a large portion of the radio spectrum and doesn’t interfere with
other narrow band signals [1]. 

The Federal Communications Commission (FCC) has allocated 7,500 MHz of 
spectrum for unlicensed use of ultra-wideband devices(UWB) in the 3.1 to 10.6 GHZ 
frequency band [1]. The UWB spectrum made available by the FCC can be utilized with 
impulse radios that have been developed to date [1].

The UWB spectral allocation is the first step toward a new policy of open spectrum 
initiated by the FCC in the past few years. More spectral allocation for unlicensed use is 
likely to follow in the next few years [2].

Ultra-wideband (UWB) may be used to refer to any radio technology having 
bandwidth exceeding the lesser of 500 MHz or 20% of the arithmetic center frequency, 
according to Federal Communications Commission (FCC) [3]. 

The FCC defines UWB as any signal that occupies more than 500 MHz bandwidth in 
the 3.1 to 10.6 GHz band and that meets the spectrum mask [3] as shown in figure 
1.1.

           
    
       Figure 1.1:  UWB spectral mask for indoor communication systems [3].        
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1.3 Modulation Techniques:

Information can be encoded in a UWB signal in a variety of methods. The most 
popular modulation schemes developed to date for UWB are pulse-position modulation 
(PPM) [4], pulse-amplitude modulation (PAM) [5], on-off keying (OOK) [6], and binary
phase-shift keying (BPSK) [7], [8], also called bi-phase. Other schemes are, of course, 
possible, but these modulation schemes have been selected by various groups to meet the 
different design parameters generated by different applications [3].

1.3.1 PPM:

PPM is based on the principle of encoding information with two or more positions 
in time, referred to the nominal pulse position, as shown in Figure. A pulse transmitted at 
the nominal position represents a 0, and a pulse transmitted after the nominal position
represents a 1. The picture shows a two-position modulation, where one bit is encoded in 
one impulse [3].

Additional positions can be used to provide more bits per symbol. The time delay 
between positions is typically a fraction of a nanosecond, while the time between nominal 
positions is typically much longer to avoid interference between impulses [3].

           
                          Figure 1.2: PPM [3]
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1.3.2 PAM:

PAM is based on the principle of encoding information with the amplitude of the 
impulses, as shown in Figure 1.3. The picture shows a two-level modulation,                               
respectively, for zero and lower amplitude, where one bit is encoded in one impulse. As 
with pulse position, more amplitude levels can be used to encode more than one bit per 
symbol [3].

               
                               

                                          Figure 1.3: PAM [3]

1.3.3 BPSK:

In BPSK modulation, information is encoded with the polarity of the impulses, as 
shown in Figure 1.4. The polarity of the impulses is switched to encode a 0 or 1. In this 
case, only one bit per impulse can be encoded because there are only two polarities 
available to choose from [3].      

                                                     

                                  Figure 1.4: BPSK Modulation [3]
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1.4 Applications:

The purpose of this standard is to provide a specification for a low complexity, low-
cost, low power consumption, and high data-rate wireless connectivity among devices 
within or entering the personal operating space [3]. The data rate must be high enough 
(greater than 110 Mb/s) to satisfy a set of consumer multimedia industry needs for
wireless personal-area networks (WPAN) communications. The standard also addresses 
the quality of service (QoS) capabilities required to support multimedia data types [3].

Devices included in the definition of PAN are those that are carried, worn, or located 
near the body. Specific examples of devices include those that are thought of as
traditionally being networked, such as computers, personal digital assistants (PDA), 
handheld personal computers (HPC), and printers. Also included are other devices, such 
as digital-imaging systems, microphones, speakers, headsets, bar-code readers, sensors, 
displays, pagers, and cellular and personal communications service (PCS) phones. It also 
has applications in radar imaging , precision positioning and tracking technology [3].
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CHAPTER 2: 

UWB CHANNELS

While a UWB signal propagates in a channel, it follows the phenomenon of 
fading and multipath. In this section we will discuss about fading and multipath and then 
about the S-V model. 

2.1 Fading:

 Fading is one of the most challenging problems faced in a mobile or wireless 
signal propagation system. Fading is the time variation of the received signal power 
caused by the changes in the transmission medium or paths. In case of the fixed 
environments, fading is affected by changes in the atmospheric conditions, for example 
by the presence of moisture in atmosphere, rainfall etc [9].

Fading effects can be classified as either slow or fast. They can also be classified 
in terms of flat and frequency selective fading. Figure 2.1 depicts the typical slow and 
fast fading behaviors [9].

Figure 2.1: Typical slow and fast fading [9]
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2.1.1 Slow Fading:

If the channel impulse response changes at a rate much slower than the 
transmitted baseband signal, let say s(t), then it’s a slow fading channel [10]. The channel 
may be static over one or several reciprocal bandwidth intervals [10]. If we talk in terms 
of the frequency domain, then we can say that the Doppler spread of the channel is much 
less than the bandwidth of the baseband signals [10]. Hence we observe a slow fading if 
[10]

                                                                TS << TC                                       ( Equation 2.1 )

and

                                                               BS >> BD                                        ( Equation 2.2 )

At this stage it will be appropriate to elaborate about the terms used in the above 
written equations. BD is Doppler spread and it is a measure of the spectral broadening 
caused by the time rate of change of the mobile radio channel and is defined as the range 
of frequencies over which the received Doppler spectrum is essentially non-zero [10]. If 
we wish to define Doppler spectrum then it’s the case when after we have transmitted a 
pure sinusoidal tone of frequency fc, the received signal spectrum will have the 
components in the range of fc-fd and fc+fd, where fd is the Doppler shift [10].  

BS is the band width of the transmitted signal or modulation. TS is the reciprocal 
bandwidth e.g. symbol period. TC is coherence time and it is the time domain dual of the 
Doppler spread and is used to characterize the time varying nature of the frequency 
dispersive ness of the channel in the time domain. It in interesting to note that Doppler 
spread and coherence time are inversely proportional to one another i.e. [10]

                                                               TC = 1 / fm                                       ( Equation 2.3 )

2.1.2 Fast Fading:

If the channel impulse response changes rapidly within the symbol duration, the 
channel is known as fast fading channel. It implies that the coherence time of the channel 
is smaller than the symbol period of the transmitted signal. Due to this, frequency 
dispersion happens [10]. Doppler spreading contributes in it too. Frequency dispersion is 
also called as time selective fading and it will be discussed later on in this chapter. If we 
look in the frequency domain, signal distortion due to fast fading increases with 
increasing Doppler spread relative to the bandwidth of the transmitted signal. Hence we 
say that a signal undergoes fast fading if [10]
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                                                               TS > TC                                           ( Equation 2.4 )

and

                                                               BS < BD                                                                ( Equation 2.5 )

We still have to discuss about the flat fading and selective fading. In context of 
these two fading, it should be noted that when we talk about the fast or slow fading we do 
not specify that if the channel is flat or selective faded. Fast fading only concerns with the 
rate of change of channel due to motion. Here we also ascertain that velocity of the 
mobile or in other words velocity of the objects in the channel and baseband signaling 
dictates that if the channel undergoes fast or slow fading [10] .

2.1.3 Flat Fading:

 A received signal will undergo flat fading if the mobile radio channel has a linear 
phase response over a bandwidth which is greater than the bandwidth of the transmitted 
signal and constant gain. This is the most common type of fading and traditionally 
discussed in the technical literature. One of the characteristics of flat fading is the 
perseverance of the spectral characteristics of the transmitted signal at the receiver. The 
strength of the received signal changes with time and it is due to multipath which is 
causing fluctuations in the gain of the channel. The characteristics of a flat fading channel 
are depicted in Figure 2.2
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                         Figure 2.2: Flat fading channel characteristics [10]

Flat fading channels are also known as amplitude varying channels and are 
sometimes referred to as narrowband channels, since the bandwidth of the applied signal 
is narrow as compared to the channel flat fading bandwidth [10]. Typical flat fading 
channels cause deep fades and thus may require 20 or 30 dB more transmitter power to 
achieve low BER during times of deep fades as compared to systems operating over non-
fading channels. The distribution of the instantaneous gain of flat fading channels is 
important for designing radio links and the most common amplitude distribution is the 
Rayleigh distribution [10].

To summarize the flat fading let us have the following equations [10]:

                                                               BS << BC                                        ( Equation 2.6 )

and

                                                                TS>>στ                                           ( Equation 2.7 )

where BS is the bandwidth of the transmitted signal or modulation. TS is the 
reciprocal bandwidth e.g. symbol period. BC is the coherence bandwidth and it is defined 
as the statistical measure of the range of frequencies over which the channel can be
considered “flat” i.e. a channel which passes all spectral components with equal gain and 
linear phase [10]. στ is the rms delay spread and it is defined as the square root of the 
second central moment of the power delay profile and is given by [10]

                                                                   ________
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                                                          στ = √ τ’2-(τ’)2                                                         ( Equation 2.8 )

τ’ is the mean excess delay and it is the first moment of the power delay profile. 
The power delay profile of the channel is defined as the spatial average of [10]

                                                               | hb (t;τ) |
2                                        ( Equation 2.9 )

where hb (t;τ) is the is the channel impulse response. 

2.1.4 Frequency selective Fading:

 The channel creates frequency selective fading if it possesses a constant gain and 
linear response over a bandwidth that is smaller then the bandwidth of the transmitted 
signal. The received signal includes multiple versions of the transmitted waveform which 
are attenuated, faded, and delayed in time. This results in a distorted signal. The channel 
induces intersymbol interference. If we look in the frequency domain, certain frequency 
components in the received signal spectrum have greater gain than in others. Figure 2.3 
illustrates the characteristics of a frequency selective fading channel [10].

Frequency selective fading channels are also known as wideband channels since 
the bandwidth of the signal s (t) is wider than the bandwidth of the channel impulse 
response [10].

                    

           
                      Figure 2.3: Frequency selective fading channel characteristics [10].

We can depict the behavior of a frequency selective fading channel by the 
following equations [10].
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                                                                  BS>BC                                                            ( Equation 2.10 )

and

                                                                TS < στ                                                              ( Equation 2.11 )

where TS is the reciprocal bandwidth, BS is the bandwidth of the transmitted 
modulation, στ and BC  are the rms delay spread and coherence bandwidth [10]. 

2.1 Multipath Propagation:

In the previous section we have discussed about fading. Let us consider the principle 
factor which is the cause of this phenomenon. Fading is caused by interference between 
two or more versions of the transmitted signal which arrive at the receiver at slightly 
different times [10]. These waves, called multipath waves, combine at the receiver 
antenna to give a resultant signal which can vary widely in amplitude and phase, 
depending on the distribution of the intensity and relative propagation time of the waves 
and the bandwidth of the transmitted signal [10].

Multipath in the radio channel creates small-scale fading effects. The three most 
important effects are:

i:   Rapid changes in signal strength over a small travel distance or time interval
ii: Random frequency modulation due to varying Doppler shifts on different multipath 
signals
iii: Time dispersion (echoes) caused by multipath propagation delays [10].

The causes of multipath propagation are reflection, diffraction and scattering. 
Figure 2.4 depicts the three mechanisms [10]. Let us consider them one by one and have 
an elaboration of them.
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Figure 2.4: Sketch of three important propagation mechanisms: Reflection (R), 
Scattering (S), Diffraction (D) [10].

2.2.1 Reflection:

Reflection occurs when an electromagnetic signal encounters a surface that is 
large relative to the wavelength of the signal. For example, suppose a ground-reflected 
wave is received at a receiver [10]. Because the ground-reflected wave has a 180° phase 
shift after reflection, the ground wave and the LOS wave may rend to cancel, resulting in 
high signal loss. On the other hand, the reflected signal has a longer path, which creates a 
phase shift due to delay relative to the un reflected signal [10]. When this delay is 
equivalent to half a wavelength, the two signals are back in phase. The reflected waves 
may interfere constructively or destructively at the receiver [10].

Lamp
postR

R

D

S
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2.2.2 Diffraction:

 Diffraction occurs at the edge of an impenetrable body that is large compared to 
the wavelength of the radio wave [10]. When a radio wave encounters such an edge, 
waves propagate in different directions with the edge as the source. Thus, signals can be 
received even when there is no unobstructed LOS from the transmitter [10].

2.2.3 Scattering:

If the size of the signal is of the order of the wavelength of the signal or less, 
scattering occurs. An incoming signal is scattered into several weaker outgoing signals. 
Scattering effects are difficult to predict [10]. 

These three factors affect the performance of the system depending upon the local 
conditions and the movement of the receiver and transmitter [9]. If the LOS is clear 
between the receiver and the transmitter, then diffraction and scattering has minor effect 
but reflection may have a significant impact [9]. If there is no clear LOS available then 
diffraction and scattering will have significant impact [9]. 

2.2 Saleh and Valenzuela model:

Saleh and Valenzuela developed a simple multipath model for indoor channels based 
on measurement results [11]. The model assumes that the multipath components arrive in 
clusters [11]. The amplitudes of the received components are independent Rayleigh 
random variables with variances that decay exponentially with cluster delay as well as 
excess delay within a cluster. The corresponding phase angles are independent uniform 
random variables over [0,2π] [11].

The clusters and multipath components within a cluster form Poisson arrival 
processes with different rates. The clusters and multipath components within a cluster 
have exponentially distributed inter-arrival times. The formation of the clusters is related 
to the indoor environment structure, while the components within the cluster are formed 
by multiple reflections from objects in the vicinity of the transmitter and the receiver [11].

Measurements were made using 10ns, 1.5 GHz, radar like pulses. The method used 
by Saleh and Valenzuela involved averaging the square law detected pulse response 
while sweeping the frequency of the transmitted pulse. Using this method, multipath 
components within 5 ns were resolvable [11].
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The results obtained by Saleh and Valenzuela show that [10]:

i: the indoor channel is quasi-static or very slowly time varying, and
ii: the statistics of the channel impulse response are independent of the transmitting and 
receiving antenna polarization, if there is no line of sight between them.
iii: They reported a maximum multipath delay spread of 100 ns to 200 ns within the 
rooms of the building and 300 ns in hallways.
iv: The measured rms delay spread within rooms had a median of 25 ns and a maximum 
of 50 ns.
v: The large scale path loss with no line-of-sight path was found to vary over a 60 dB 
range and obey a log-distance power law with an exponent between three and four [10].       
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CHAPTER 3:

 RAKE RECEIVERS

3.1 Introduction:

Multipath is a common phenomenon which is depicted 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 
in its path. The receiver in return hears echoes having, in general, different and randomly 
varying delays and amplitudes [9].  

The problem of multipath has been observed since the early days of the short-
wave radio transmission or communication. The two effects contributes in multipath 
fading are selective fading and inter symbol interference. Any of these could have been 
of a particular interest and importance in a particular communication system [9].

Selective fading concerns with the relative phases of the signals received by the 
receiving antenna via various paths [10]. It should be observed that the total received 
signal, at any one frequency, is the vector sum of the individually delayed signals and 
their relative phase angles depends upon the frequency, echo amplitudes and delays [10]. 
As the echo amplitudes and the delays are time varying, one would observe difference or 
variations in the received signal strength at a single frequency as a function of time [10]. 

Intersymbol interference is observed due to time delay between the first and the 
last significantly large echoes. In the presence of the modulation, which is rapid, the 
echoes appearing in this modulation would result in jumbling or smearing of intelligence 
or information, regardless of the form of the signal used [10]. The intersymbol 
interference aspect of the multipath was long recognized to have placed a limit on the rate 
at which discrete or digital information can be communicated with time division schemes. 
Use of multiple sub carriers, frequency division, each having long symbol-waveforms to 
carry a fraction of the total information rate over multipath, has been standard for many 
years [11].

To overcome the problems created by the multipath, RAKE receivers’ concept 
was evolved and in March 1958 it was presented by R. Price and P. E. Green in their 
paper “A communication technique for multipath channels”. See block diagram in Figure 
3.1. These days RAKE receivers are in widespread use, especially in CDMA systems 
employing spread spectrum techniques [12]. In these systems the link improvement is 
obtained through time diversity. Spread spectrum systems are not only resistant to 
multipath fading but they can also exploit the delayed multipath components to improve 
the performance of the system [12]. The RAKE receiver anticipates the multipath 
propagation delays of the transmitted spread spectrum signal and combines the 
information obtained from the various resolvable multipath components to form a 
stronger version of the signal [12]. A RAKE receiver consists of a bank of correlators, 
each of which correlate to a particular multipath component of the desired signal. The 
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correlators outputs may be weighted according to their relative strengths and summed to 
obtain the final signal estimate [10]. 

The RAKE receiver system is evolved from and is largely justified on the basis of 
the application of methods of statistical communication theory to the problem of 
communication through multipath disturbances [10]. 

Figure 3.1: Simplified block diagram of Rake receiver. The f's and Δ's refer to center 
frequencies. The a's and Φ's are weightings and phase corrections, respectively based on 
path structure measurements [10].

Summarizing it all, let us define RAKE receiver as a radio receiver designed to 
encounter the effects of multipath fading. It does this by using several sub receivers each 
delayed slightly in order to make it coherent to the individual multipath components. In 
this process, each component is decoded individually and independently and at a later 
stage combined in order to make the most use of the different trransmission 
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characteristics of each transmission path. This could well result in higher signal to noise 
ratio, Eb/No, in a multipath communication scenario. 

The RAKE receiver is so named because of its analogous function to a garden 
RAKE, each finger collects bit or symbol energy similarly like tines on a rake collects 
leaves [13].

3.2 Working and Performance of RAKE Receivers: 

“A Rake receiver attempts to collect the the time-shifted versions of the original 
signal by providing a separate correlation receiver for each of the multipath signals. Each 
of the correlation receiver may be adjusted in time delay, so that a microprocessor 
controller can cause different correlation receivers to search in different time windows for 
significant multipath[12]. The range of time delays that a particular correlator can search 
is called a search window [12]. The RAKE receiver, shown in Figure 3.2, is essentially a 
diversity receiver designed specifically for CDMA, where the diversity is provided by the 
fact that the multipath components are practically uncorrelated from one another when 
their relative propagation delays exceed a chip period. A RAKE receiver utilizes multiple 
correlators to separately detect the M strongest multipath components [12]. The outputs 
of each correlator are then weighted to provide a better estimate of the transmitted signal 
than is provided by a single component. Demodulation and bit decisions are then based 
on the weighted outputs of the M correlators [12]. 
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Figure 3.2: An M-branch ( M-finger ) RAKE receiver implementation [4].

To explore the performance of a RAKE receiver, assume M correlators are used in 
a CDMA receiver to capture the M strongest multipath components [12]. A weighting 
network is used to provide a linear combination of the correlator output for bit detection. 
Correlator 1 is synchronized to the strongest multipath m1 [12]. Multipath component m2

arrives τ1 later then the component m1, where τ2-τ1 is assumed to be the gretaer then a 
chip duration. The second correlator is synchronized to m2. It strongly correlates to m2, 
but has low correlation to m1 [12].

The M decision statistics are weighted to form an overall decision statistic as 
shown in Figure 3.2. The outputs of the M correlators ar edenoted as Z1, Z2,… and ZM. 
They are weighted by α1, α2,… and αM, respectively. The weighting coefficients are 
based on the power or the SNR from each correlator output [12]. If the power or SNR is 
small out of a particular correlator, it will be assigned a small weighting factor. The over 
all signal Z’ is given by 

                                                                        M

                                                               Z’ = Σ αmZm                                   ( Equation 3.1 )
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                                                                      m=1

The weighting coefficients, αm, are normalized to the output signal power of the 
correlators in such a way that the coefficients sum to unity, as shown in Equation 3.2

                        Z2
m

        αm  =   ------------                                    ( Equation 3.2 )
                        M

               Σ Z2
m

                                 m=1

In case of multiple access interference, RAKE fingers with strong multipath 
amplitudes will not necessarily provide strong output after correlation. Choosing 
weighting coefficients based on the actual outputs of the correlators yields better RAKE 
performance” [12].

In a RAKE receiver, if the output from one correlator is corrupted by fading, the 
others may not be, and the corrupted signal may be discounted through the weighting 
process. Decisions based on the combination of the M separate decision statistics offered 
by the RAKE provide a form of diversity which can overcome fading and thereby 
improve signal reception [12].

3.3 Types of RAKE receivers:

 The three common types of RAKE receivers are as follows:

i. All RAKE receiver (A-RAKE)

ii. Selective combining RAKE receiver (S-RAKE)

iii. Partial combining RAKE receiver (P-RAKE)
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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”[14]. From the 
energy capture perspective, these type of receivers are very efficient and captures most of 
the energy carried by a very large number of different multipath signals[15]. Infact, the 
number of detectable multipath components, defined as those exceeding 6 dB above the 
noise floor, can be up to one hundred [16]. 

“To achieve this, it requires Lr = Td/Tc taps, where Td is the maximum excess 
delay counted from the instant at which the first path arrives. Since the number of 
resolvable multipath components increases with the spreading bandwidth, the number of 
correlators required for the A-RAKE receiver may be quite large for UWB channels. 
However, the number of multipath components that can be utilized in a typical Rake 
combiner is limited by power consumption, design complexity and channel estimation. 
Thus, we consider the A-RAKE receiver only as a benchmark that provides an upper 
limit of achievable performance” [14].

3.3.2 Selective Combining RAKE Receiver: 

“The S-Rake selects the Lb best paths (a subset of the Lr available resolved 
multipath components) and then combines the selected subset using MRC [9-11]. This 
receiver makes the best use of its Lb available fingers, but - in order to do a proper 
selection of which paths to use - requires keeping track of all multipath components. Due 
to the propagation characteristics of UWB signals, a good tradeoff of performance 
degradation vs. receiver complexity is provided by the simpler P-Rake” [14].

3.3.3 Partial Combining RAKE Receiver:

 “The P-Rake uses Lp paths out of Lr available diversity paths, but it combines the 
first Lp arriving paths, which are not necessarily the best. The complexity reduction with 
respect to the S-Rake is due to the absence of the selection mechanism. Thus it 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. The P-
Rake only needs to find the position of the first arriving path, leading to a substantial 
complexity reduction” [14].
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3.3 Common Diversity Techniques used in RAKE Receivers:

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 diversity 
techniques are used. The most commonly used of them are:

i. Maximal ratio combining (MRC)

ii. Equal gain combining (EGC)

iii. Minimum mean square error (MMSE)
                

Let us have a look at each of these techniques and their application in RAKE receivers.

3.3.1 Maximal Ratio Combining: 

The method of MRC was first proposed by Kahn [10]. This method describes that 
signals from all of the M branches are weighted according to their individual signal 
voltage to noise power ratios and then summed. Consider Figure 3.3 and observe that the 
individual signals must be co-phased before being summed and this generally requires an 
individual receiver and phasing circuit for each antenna element. Maximal ratio 
combining produces an output SNR equal to the sum of the individual SNRs.                

              Figure 3.3 : Maximal ratio combiner [15].
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Maximal-ratio diversity has sometimes been called ratio squarer diversity, 
optimum diversity, and combiner diversity [10].

Let us have a close look at the maximal ratio combining improvement. In 
maximal ratio combining, the voltage signals (signals) ri from each of the M diversity 
branches are co- phased to provide optimal SNR. If each branch has gain Gi, then the 
resulting signal envelope applied to the detector is  

             M

rM = Σ Giri                                                     ( Equation 3.3 )
           i = 1

Assuming that each branch has the same average noise power N, the total noise 
power NT applied to the detector is simply the weighted sum of the noise in each branch. 
Thus,

                    M

NT = N Σ G2
i                                                      ( Equation 3.4 )

                  i = 1

which results in an SNR applied to the detector, γM, given by

         r2
m

γM = --------                                   ( Equation 3.5 )
         2NT

Using Chebychev’s inequality [15], γM is maximized when Gi = ri / N, which 
leads to 

                                                    

        1      Σ (r2i / N) 2         1     M                  M

γM  = ---   -------------------  =  ---  Σ r2
i / N  = Σ γi   ( Equation 3.6 )

      2       N Σ (r2i / N2)        
2     i=1                        i=1

Thus, the SNR out of the diversity combiner (see Figure 5) is simply the sum of 
the SNRs in each branch.

The value for γi is r2
i / 2N, where ri is equal to r(t) which is defined as 

                                                                       ______
r(t) = m ( t ) √(2Eb/Tb) cos( 2πfc t+θc )         ( Equation 3.7 )

notice that m ( t ) is binary data signal. 
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The received signal envelope for a fading mobile radio signal can be modeled 
from two independent Gaussian random variables Tc and Ts, each having zero mean and 
equal variance σ2. That is 

γi  = (1/2N)r2
i = (1/2N)(T2

c + T2
s)           ( Equation 3.8 )

Hence γM  is a Chi-square distribution of 2M Gaussian random variables with 
variance

σ2 / (2N) = Г / 2                                   ( Equation 3.9 ) 

where Г is SNR and is defined as 
                                   __
SNR = Г = ( Eb / No ) α2                                ( Equation 3.10 )

                             __
Where we assume α2 = 1.

The resulting pdf for γM can be shown to be 

              γM-1 e -γ
M / Г

                      M

p(γM) = ------------------------    for γM ≥ 0         ( Equation 3.11 )
              ГM (M-1)!

The probability that γM is less than some SNR threshold γ is

Pr{ γM≤ γ } = 1 – e- γ/ Г Σ ((γ/ Г)k-1 / (k-1)!)    ( Equation 3.12 )

This equation is the probability distribution for the maximal ratio combining [16]. 
It follows directly from Equation 3.6 that the average SNR, γ’M, is simply the sum of the 
individual γ’i from each branch. In other words

          M                 M

                                       γ’M =  Σ γ’i  =  Σ Г = MГ                           ( Equation 3.13 )
                                                                                     i=1                 i=1
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The control algorithms for setting the gains and phases for maximal ratio 
combining receivers are similar to those required in equalizers and RAKE receivers. 

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 [4].
3.3.2 Equal Gain Combining:

Sometimes, the variable weighting capability for the MRC is not convenient to 
provide. In this condition all the branch weights are set to 1 or unity but, the signals from 
each branch are co-phased to provide equal gain combining diversity. The benefit of 
using this type of diversity 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 [4].
                       

   
     Figure 3.4: Basic equal-gain diversity [14].

While utilizing EGC, the channel gains can be made to vary in such a way that the 
output is almost constant; while noticing that it is irrelevant to the performance of the 
system. The thing to notice is the important feature that the gain of all channels is equal. 

A basic two-channel equal-gain system is illustrated in Figure. 3.4. Note that the 
blank boxes representing receivers must have the same gains, including conversion and 
detection gains, which, therefore, must be fixed; they could not include separate, 
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independent AGC systems. Also, they could not be conventional FM (or similar) 
receivers, as the detection gain of an FM receiver depends on the signal level. However, 
it is possible to instrument unconventional FM detectors for post-detection equal-gain 
combining [17].

An arrangement suitable for use with AGC is shown in Fig. 3.5. The application 
of an equal-gain combiner before detection would require the addition of phase control
provisions to Figures. 6 and 7 [14].

      

Figure 3.5: Equal-gain diversity. The boxes “variable gain” must have the same 
gain, which may include conversion and detection gain [14].

It will be appropriate to illustrate the output of the combiner in the EGC diversity 
receivers. 

The combiner (sum) output is given by 

                    M

r (t)  =  Σ e-jθ
i ri(t)                     ( Equation 3.14 )

                   i=1

where r (t) is the output of the sum, e-jθ
i is the phase angle, M is the number of 

diversity branches, ri(t) the outputs of the variable gains, which must be same.

Having combiner output available, we can also give SNR by

                        M
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  Г  =  ( Σ Ai)2 (Eb/MNo)                          ( Equation 3.15 )
                       i=1

where Ai is the gain factor and its estimation is not required [18]. 

It has been pointed out by [19] that under conditions often occurring in practice, 
equal-gain systems will perform almost as well as maximal-ratio systems and this fact is 
of great practical importance.

3.3.3 Minimum Mean Square Error Combining: 

Pateros and Saulnier studied an adaptive correlator receiver for a DS-SS system 
employing BPSK signalling in a single user, time-invariant, multipath environment that 
has a continuum of multipaths but causes no significant ISI [16]. They found that an 
MMSE receiver detected the transmitted data, removed interference and coherently 
combined multipaths in the presence of interference undergoing a static single-path 
channel [16].
A detector employing MMSE combining technique is the best that we can have for any 
linear detectors [17]. Multipath signals are employed in a receiver for the detection of the 
signal. Weights for each path are chosen to give Minimum of the Mean Square Error 
(MMSE) between the combined voltage stream and the signal [18]. 

A major advantage of the MMSE scheme, relative to other interference 
suppression schemes, is that explicit knowledge of interference parameters is not required
[14]. The received signal can be sampled at the pulse repetition frequency after passing 
through the correlation receiver and the samples are linearly combined using the MMSE 
criterion, so that the weights are chosen to suppress the NBI [14].
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CHAPTER 4:

 PERFORMANCE EVALUATION AND CONCLUSIONS

   

                           Figure 4.1: System model

Figure 4.1 shows the UWB system used during our simulations. There is an UWB 
transmitter which gets the input signal which is transmitted over the UWB indoor 
wireless channel. The system also includes a NBI (Narrow band Interference) transmitter 
which passes through the NBI channel and is added to the signal. Noise is also added to 
the signal. This signal then reaches the receiver. The receiver constitutes of different 
number of correlators depending on the number of multipath components we are 
considering. Here the ‘gains’ and ‘time instants’ of the channel are obtained as per our 
requirement depending upon the type of RAKE receiver we are using. The input signal is 
reconstructed here according to the time instants obtained from the channel and 
multiplied with the received signal. The signal is then added bit by bit. After addition the 
signal is multiplied with the weight vector. The gain factors in the weight vector vary and 
depend on the type of combining scheme we are using. In the case of MRC we obtain 
these gains from the channel. In case of EGC we fix the gain to one and it is co-phased 
with the channel and in MMSE we obtain the weight vector by obtaining the 
autocorrelation matrix of our received signal that includes noise and NBI. After 
multiplication with the weight vector the signal is recovered.
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4.1 Second derivative of Gaussian pulse (Doublet):

 The smallest component of our input signal is the second derivative of the 
Gaussian pulse also known as the ‘Doublet’. The reason for using Doublet being that it 
has two zero crossings which helps us in bit detection and improves our results. It can be 
seen in the Figure 4.2 below.

Figure 4.2: Second derivative of basic Gaussian pulse (Doublet)

Our signal constitutes of ten frames in each bit and each frame has space to 
accommodate ten pulses.
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4.2 Parameters used for simulation: 

Following parameters depict our working limits, and values used for different 
constituents of the transmitted signal.

  The channel and transmitted bits are sampled

  Sample duration = TS = .11nsec

  Frame duration = Tf = 66.6nsec
  
  Bit duration = Tb = 666.6nsec

  Bit rate = Rb = 1 / Tb = 1.5 Mbps

  Each bit is divided into 10 frames where each frame consists of a basic pulse

  Consequently each bit consists of 10 pulses

  Pulse duration is 1nsec

      Referring to fingers in system model

  10 fingers used for SRAKE simulation

  20 fingers used for PRAKE simulation

  Multipath channel is stationary
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4.3 Results:

The results of our simulations are shown below
     
4.3.1 MRC vs EGC BER with S-RAKE:

A comparison between the performance of MRC and EGC combining schemes 
was made. The system parameters were kept constant for both schemes. A  SRAKE 
receiver with 10 fingers was employed. Narrowband interference was ignored. We can 
see from the graph, Figure 4.3, that MRC out performs EGC by 4dB.  

            Figure 4.3: MRC vs EGC BER with S-RAKE using 10 fingers
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4.3.2 SRAKE VS PRAKE BER using MRC:

Comparison between  SRAKE and PRAKE receivers with 10 fingers was made 
using MRC combining scheme. Narrowband interference was ignored. It can be seen 
from the graph, Figure 4.4, that SRAKE outperforms PRAKE by 8dB.

Figure 4.4: SRAKE VS PRAKE BER using MRC with 10 fingers
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4.3.3 MMSE vs MRC BER PRAKE with NBI:

Comparison between MMSE and MRC combining schemes using PRAKE 
receiver and considering -7dB SIR of NBI shows the MMSE outperforms MRC by 4 dB. 
Figure 4.5 depicts the BER for this case.

Figure 4.5: MMSE vs MRC BER PRAKE with NBI 
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4.3.4 MRC employed in S-RAKE using different fingers: 

The effect of number of fingers on the performance of system was observed. 
MRC combining scheme was employed in an SRAKE receiver for 5, 10 and 15 fingers. 
From the graph we can see that the receiver with 10 fingers outperforms the receiver with 
5 fingers by 4dB. The performance of the receiver for 10 and 15 fingers is almost the 
same. As the increase of fingers also increases the complexity of the system, the receiver 
with 10 fingers is optimum for our system. Figure 4.6 depicts the performance graph.   

        Figure 4.6: MRC employed in S-RAKE using different fingers 
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4.3.5 Effect of increase in pulse width on MRC SRAKE receiver:

The effect of the increase in pulse width on our results was also observed. It can 
be seen from the graph that when we used the pulse width of 1nsec the results were much 
better as compared to the case when we used pulse width of 3nsec. So 1 ns pulse is better 
than 3nsec by 12dB. Figure 4.7 depicts this difference.

      Figure 4.7: Effect of increase in pulse width on MRC SRAKE receiver
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4.3.7 Effect of inter-frame interference on MRC S-RAKE: 

The effect of the inter frame interference on our system was also observed. We 
can see from the graph that the effect of inter frame interference is not much. Still the 
results without inter frame interference are better than the results without inter frame 
interference. Figure 4.8 depicts this result.
              

  Figure 4.8: Effect of inter-frame interference on MRC S-RAKE
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4.4: Conclusion:

The results were obtained after thorough study of Ultra-wideband and the 
modulation techniques used in ultra-wideband and its applications. The UWB channels, 
fading and multipath propagation phenomenon was studied. Deep understanding of rake 
receivers and the combining techniques used in rake receivers was also required. 

Observing the graphs showing BER it has been concluded that MRC outperforms 
EGC. S-RAKE outperforms P-RAKE. The increase in number of fingers improves the 
results but we have to settle on an optimum value for the number of fingers which 
provides us the best results and also keeps our system simple. The optimum value may 
vary depending upon the application in which it is used and the amount of precision 
required. A pulse with a narrow width gives better results as compared to a pulse with a 
wider width. Inter frame interference induces errors. Without inter frame interference, 
performance is slightly better. In presence of NBI, MMSE outperforms MRC.
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