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Abstract

To be able to connect wirelessly to the internet is nowadays abasic part of daily

activity and the number of wireless devices accessing wireless networks are in-

creasing rapidly. However, the significant growth in the number of wireless de-

vices along with the development of new high-rate applications and scarcity of mi-

crowave frequency spectrum are the major challenges. A promising way to increase

the amount of available bandwidth is to utilize the higher frequency spectrum.

Ultra- wideband (UWB) and Millimeter wave (mm-Wave) are thepotential tech-

nologies for high-rate and short distance wireless communication. Both technolo-

gies have received great attention due to the license-free utilization of wide avail-

able frequency spectrum. Apart from the benefits, wide frequency spectrum has

introduced few additional challenges in the typical Saleh-Valenzuela (S-V) channel

model. One of the challenges in the modified S-V channel modelis the distribu-

tion of multipath gain coefficients are lognormal rather than Rayleigh. As we know

that, a lognormal random variable has no closed-form expressions of its cumula-

tive distribution function, moment generating function and characteristic function,

which are required to find the closed-form BER expression of wireless systems

for such channels. For this reason, a lot of research has to beconducted to find

the computable BER formulae for such wireless communication systems. There-

fore, the thesis focuses on the derivation of computable BERformulae of UWB

and mm-Wave wireless communication systems. Firstly, we present an approxi-

mate model of a square of lognormal shadowing by a Mixture of Gamma (MG)
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distributions by using a moment-matching with non-linear curve fitting method.

Using this approximation, we derive the characteristic function based computable

BER formula of UWB system over the IEEE 802.15.3a channel model. Secondly,

we derive an expression of BER for transmit antenna selection with maximal ratio

combining (TAS/MRC) scheme based UWB-MIMO system, where the parameters

of MG approximation are estimated by using the Expectation Maximization algo-

rithm. Third, we evaluate the average BER for relay based UWBand LR-UWB

systems over the IEEE 802.15.3a and the IEEE 802.15.4a channel models, respec-

tively. In the analysis, each node is equipped with multipleantennas and the antenna

selection scheme is performed at the source and the relay nodes. Next, we analyse

the performance of antenna beamforming based mm-Wave MIMO system over the

IEEE 802.15.3c channel at 60 GHz band. Besides, we show the impact of Rake’s

fingers on the BERs and suggest the sufficient number of Rake’sfingers required

to capture the maximum signal energy carried by multipath components in the var-

ious channel environments. We also show the effects of various parameters of the

UWB and mm-Wave channel models on the performance. All the derived analyti-

cal expressions reported in this thesis are validated by theMonte-Carlo simulation

results.
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1. Introduction

1.1 Introduction

During the last decade, wireless communications especially indoor or short distance com-

munications have been penetrating into our society profoundly and making human life easier

and smarter. The continuous advancements in technology, the increasing popularity of smart-

phones, scarcity of lower frequency spectrum and many more have encouraged the scientific

and industrial communities to explore the possibilities ofcommunications at higher frequency

spectrum such as Millimeter-wave (mm-Wave) band or previously unallocated frequency spec-

trum like Ultra-wideband (UWB). The large available bandwidth of licence-exempted spectrum

along with a few other favorable factors make the UWB and mm-Wave communication tech-

nologies ideal for high throughput and short distance wireless personal area networks (WPANs).

To ensure global compatibility and interference-free transmission with the existing narrow-

band technologies, the IEEE 802.15 working committee has developed several WPAN stan-

dards. Among them, six most popular standards, IEEE 802.15.1 for bluetooth technology, IEEE

802.15.2 for coexistence of WPANs, IEEE 802.15.3 for high-rate WPANs, IEEE 802.15.4 for

low-rate WPANs, IEEE 802.15.5 for mesh networking and IEEE 802.15.6 for body area net-

works (BANs) technologies are shown in Fig. 1.1. In additionto this, the committee has

also introduced the IEEE 802.15.3a standard for high-rate indoor UWB communication sys-

tem, IEEE 802.15.3c standard for mm-Wave indoor communication system at 60 GHz band

and IEEE 802.15.4a for low-rate UWB communication system.

In this thesis, we focus on the high-rate WPAN (IEEE 802.15.3a and IEEE 802.15.3c) stan-

dards and low-rate WPAN (IEEE 802.15.4a) standard to derivethe characteristic function based

computable BER formulae for the UWB and mm-Wave wireless communications systems with

various networks, such as multiple-input-multiple-output (MIMO), two-hop relaying and trans-

mit antenna selection with maximal ratio combining (TAS/MRC) scheme. Besides, we present

the impacts of Rake receiver and channel parameters on the BER of the investigating systems.

2
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1.2 Ultra-Wideband Communication System

Figure 1.1: Organization of IEEE 802.15 working group

1.2 Ultra-Wideband Communication System

Impulse radio ultra-wideband (UWB) communication technology is a revolutionary, power-

limited and carrier-free technology. It offers high-data-rate transmission, low-cost implementa-

tion, spectrum sharing and fading-robust communications.The term UWB was first used by the

U.S. department of defence in the late 1980’s, originally developed for highly secure military

communications and radar applications. The first UWB signals were generated in experiments

by Hertz in 1887, in which he generated sparks and radiated them using the wide-band pulse

loaded dipoles. In 1901, G. Marconi performed an experiment, in which he transmitted the

Morse-Code sequences across the Atlantic Ocean using the spark gap radio transmitters [1–3].

Although UWB has experienced, approximately, 40 years of technological developments, in the

noteworthy milestone, a substantial change occurred in February 2002, when Federal Commu-

nications Commission (FCC) allocated the 3.1-10.6 GHz frequency spectrum for UWB tech-

nology under strict power emission limits. Similarly, in December 2004, European Union and

in subsequent years, other countries adopted the similar approaches towards regularization of

the UWB technology [4,5]. According to the FCC Part 15 regulations, power constraint on the

UWB signals (-41.3 dBm/MHz) allowed the UWB devices to sharethe 7.5 GHz wide frequency

spectrum and interference-free transmissions with the others existing narrowband technologies

3
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1. Introduction

as shown in Fig. 1.2.

Figure 1.2: Spectral allocation and power emission limits of differentradio systems

According to the Defence Advanced Research Projects Agency(DARPA) definition [6, 7],

signals with a fractional bandwidth more than 25% or -10 dB bandwidth larger than 500 MHz

are UWB signals. Mathematically, fractional bandwidth is defined as

B f =
2( fH − fL)

fH + fL
(1.1)

where fH and fL are the higher and lower frequencies bounds, respectively,of the -10 dB peak

emission point. UWB can be characterized with ultra-short duration pulses which has excellent

immunity to interference or multipath effects or fading problems. This type of transmission

does not require the additional carrier modulation. Therefore, the technique is known as an

impulse radio (IR) UWB. Some of the pulses, which are commonly used in UWB transmission

are Gaussian pulse and its derivatives, Hermite pulse, Legendre pulse, Prolate pulse and etc.

The nature of the above mentioned pulses together with the wide frequency spectrum of UWB

technology offer several benefits. Some of the key benefits are listed below [8].

(i) Ability to share frequency spectrum

(ii) Large channel capacity

4
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(iii) Ability to work with low signal to noise ratios

(iv) Multipath immunity and resistance to jamming

(v) Low probability of interception and malicious detection

(vi) Low-cost transceiver implementation

(vii) Superior penetration property

The parametric comparisons between the UWB and other narrowband technologies are given

in Table 1.1.

Table 1.1: Parameter specifications for UWB and other narrow band technologies

TECHNOLOGIES
PARAMETERS

WLAN 802.11a BLUETOOTH WLAN 802.11b UWB
Data Rate
(Mbps)

54 1 11 100

Distances
(m)

50 10 100 10

Spatial Capacity
(Kbps/m2)

6.9 3.2 0.35 318.3

Spectral Capacity
(bps/Hz)

2.7 0.012 0.1317 0.0133

Bandwidth
(GHz)

0.02 0.0833 0.0835 7.5

In January 2003, the International Telecommunication Union (ITU) formed two task groups

(TG) within IEEE 802.15 WPAN working group to investigate all the technical and compatibil-

ity issues of UWB technology [9,10]:

(i) TG3a (IEEE 802.15.3a) for high data-rate UWB application

(ii) TG4a (IEEE 802.15.4a) for low data-rate UWB application

5
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1.2.1 IEEE 802.15.3a WPAN standard

The aim of TG3a is to develop an alternate physical (PHY) layer for high-data-rate and short

distance UWB communication. Originally, 25 proposals werepresented in the first meeting of

TG3a which was held in March 2003. Based on voting procedure and common consensus, some

proposals have been eliminated. Later in the subsequent meetings (held in May 2003, July 2003

and September 2003), the total number of proposals were further reduced and finally, in Septem-

ber 2003, only two proposals were retained. One is called as Multiband Orthogonal Frequency

Division Multiplexing (MB-OFDM) and the other is Direct Sequence UWB (DS-UWB). Since

September 2003, TG3a encountered difficulty to further merge these two proposals or none of

the two proposals have reached the 75% of the required votes.As a result, a motion to disband

TG3a was adopted in 19 January 2006 [11,12].

1.2.2 IEEE 802.15.4a WPAN standard

The main objective of TG4a of developing an alternative PHY layer for low-data-rate and

long range UWB communication systems, was officially set up in March 2004. Unlike IEEE

802.15.3a standard, TG4a has successfully merged formal 26proposals into one proposal and

released a draft standard in April 2006 with 83.6% affirmation ratio [13–15].

The propagation characteristics and channel impulse response of the IEEE 802.15.3a and

the IEEE 802.15.4a standards will be discussed in the subsequent chapters.

1.3 Millimeter-Wave Communication at 60 GHz Band

Millimeter-wave (mm-Wave) frequencies often refer to the frequency range from 30-300GHz,

the wavelength of which is between 10-1mm, which means they are longer than infrared waves

or X-rays but shorter than radio waves or microwaves. Frequency spectrum of mm-Wave band

is depicted in Fig. 1.3. In this thesis, we will focus primarily on 60 GHz frequency band be-

cause it has enormous bandwidth. But it has strong oxygen absorption characteristics. Some

key benefits that make mm-Wave communication at 60 GHz more attractive are [16–20]:

(i) Unlicensed operation: Companies do not have to buy a license from FCC, allowing them

6
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1.3 Millimeter-Wave Communication at 60 GHz Band

Figure 1.3: Millimeter wave spectrum

to deliver low cost and high performance wireless products.

(ii) Huge channel bandwidth: Most geographical regions provide 7 GHz bandwidth in the 60

GHz band.

(iii) High security and excellent immunity to interference: Oxygen absorption, a unique prop-

agation characteristics of 60 GHz band provides an excellent mechanism to combat in-

terference and ensures high security. Due to the absorptionof electromagnetic energy by

oxygen molecules, radiated signals cannot travel far beyond the intended receiver station.

(iv) Narrow beam and frequency reuse: Narrow beams of mm-Wave links allow for deploy-

ment of multiple independent links in close proximity and frequency can be reused due

to the higher attenuation in free space at mm frequencies.

Unutilized 60 GHz band has allowed regulatory authorities around the world to create this (57-

66 GHz) huge frequency spectrum for the unlicensed use. Region-wise spectrum allocation for

mm-Wave band is illustrated in Fig. 1.4. In 2000, the Ministry of Public Management, Home

Affairs, Post and Telecommunication (MPHPT) of Japan published 60 GHz regulations. In the

year 2004, FCC of United States of America (USA) introduced the regulations in the 57-64

GHz band for the unlicensed use. The European Conference of Postal and Telecommunication
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Administration (CEPT) and Ministry of Information and Communication (MIC), Korea estab-

lished the regulations of the 60 GHz band in 2006. AustralianCommunications and Media

Authority (ACMA) and the other regulatory authorities followed the international trend and

released the 60 GHz regulations as well [21–23].

USA

EU

UK

Australia

Japan

China

South Korea

South Africa

56 58 60 62 64 66

59-64 GHz

57-64 GHz

59-64 GHz

59-66 GHz

57-64 GHz

57-66 GHz

57.1-63.9 GHz

59.4-62.9 GHz

Frequency in GHz

A

Figure 1.4: Unlicensed 60-GHz frequency allocations in selected geographical regions

After the regulations for the unlicensed operation in the 57-64 GHz band, several stan-

dards in 60 GHz wireless networks have been established by the several groups of international

organizations [24–26]. The proposed standards are IEEE 802.15.3c, IEEE 802.11ad, Euro-

pean Computer Manufacturers Association (ECMA) 387, WiGigand Wireless HD. The IEEE

802.15.3c standard has been developed by the IEEE 802.15 Task Group (TG3c), which offers

the alternative PHY for the high data rate wireless personalarea network (WPAN) at 60 GHz
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1.3 Millimeter-Wave Communication at 60 GHz Band

band, while the IEEE 802.11ad standard has been introduced by the IEEE 802 forum. Similarly,

the ECMA 387 standard has been published by ECMA, while the specifications and the wireless

interface for the WiGig and Wireless HD standards at 60 GHz have been published by the con-

sortium of companies. In this thesis, we have adopted the IEEE 802.15.3c standard to analyse

the performance of mm-Wave system. The propagation characteristics of the IEEE 802.15.3c

standard and its parametric specifications will be covered in Chapter 6. Major area of applica-

tions of the mm-Wave wireless (MMW) technology are many, including telecommunications,

military & defence, security services and medical & healthcare.

The mm-Wave communication at 60 GHz band is considered as oneof the potential tech-

nology of 5G. The 5G technology is predicted to emerge in the coming years and the market

is likely to witness its adoption significantly. Therefore,the Government of India (GOI) has

particularly planned to provide necessary environment to the research community and indus-

tries so that country can play a leading role among the globalcommunity to design and finalize

the 5G standards and frameworks. On September 26, 2017, the GOI announced that it has set

up a 5G India 2020 forum comprising secretaries, industries, experts and academia (Professors

from various IITs and other institutes). With this emphasis, the telecom gear maker Nokia is

collaborating with the telecom giants including Bharti Airtel and state-run BSNL to prepare a

roadmap for the development of a 5G network in the country. The company, which has already

got the 5G IoT (Internet of Things) lab in Bangalore, will jointly conduct 5G demonstration

and development. Ericsson and IIT Delhi have signed an MOU tojointly roll out a 5G program

and will set up a center of excellence with 5G testbed. Huawei, one of the leading telecom

and networking company highlighted its efforts in ensuringthe rollout of a 5G network in the

country on the platform India Congress 2017 organized in NewDelhi. Imagination Technolo-

gies, a British based in technology company is already proving the WiFI chip module and other

networking services on the IEEE 802.11ad WLAN standard which is very much similar to the

IEEE 802.15.3c WPAN standard at 60 GHz band. Apart from this,several R&D centers and
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faculties from IISc, IITM, IITD and other institutes in the country are working on mm-Wave

communication at 60 GHz band.

1.4 Literature Review

The extensive literature related to the different performance evaluation parameters such as

BER or symbol error rate (SER) and channel capacity of the short distance IEEE 802.15 WPAN

communication systems, particularly, the UWB and the mm-Wave wireless communication

systems have been reviewed. The review comprises of the literature of a TAS/MRC scheme,

MIMO and cooperative networks associated with the UWB system presented in the various

research articles. Furthermore, the existing literature related to an approximate model of the

lognormal random variables (RVs) by other RVs have been reviewed. Summary of some of the

reviewed literature relevant to the present research work has been presented in the subsequent

paragraphs.

The error performance of the UWB wireless communication system over an IEEE 802.15.3a

channel model has been analyzed and reported in [27–29]. Theproposed solutions have been

based on approximate model of a sum of independent lognormalRVs either by an another log-

normal RV using Wilkinson’s method [27] or by some other random distributions i.e., Pearson

type IV distribution [28, 29]. In [30–32], the authors have investigated the performance for

UWB wireless communications. In the investigations, the authors either did not consider the

clustering phenomena or shadowing effect as in the IEEE 802.15.3a channel model. These two

effects can not be ignored while investigating the performance of UWB system. In [33], the

signal-to-interference-plus noise-ratio (SINR) of direct sequence UWB system in generalized

S-V channels based on the theory of renewal process is analyzed. The analysis did not consider

the shadowing effect. In [34], the authors have evaluated the pairwise error probability and out-

age probability of MB-OFDM systems in the IEEE 802.15.3a channel model, but have ignored

the effect of lognormal shadowing. In [35], the authors havederived the formulae for the char-

acteristic function of the sum of gains arriving in a given time window, where multipath arrival
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1.4 Literature Review

times and gains are specified by the IEEE 802.15.3a UWB channel model. In the derivation,

the authors have considered the Gauss-Hermite and Gauss-Lengendre quadratures to find the

approximate solutions of mathematically intractable integrals. The derived formulae are used

to compute the PDF and CDF by numerically inverting the characteristic function. Using these

formulae, the authors in [36], have derived the computable BER expression for binary signals

in the IEEE 802.15.3a UWB channel model with a coherent Rake receiver. The derived com-

putable BER formula is faster in computation and more accurate than the reported results, but

it has failed to converge at high values of SNR. Because of theintractable mathematical ex-

pressions of lognormal distribution, the authors in [37] urged that lognormal distribution can be

modeled by a Gamma distribution. Based on the theoretical and experimental results of shad-

owing phenomena, the authors in [38,39] have shown that a Gamma distribution can be a good

approximation to the lognormal distribution. In the approximation, the authors have equated

the first two moments of both distributions and estimated theparameters of the Gamma approx-

imation. From the results, it is evident that suggested approximation method is applicable in

the relevant range(σ ≤ 9dB) and the estimated Gamma distribution fits only the lower tails of

the lognormal distribution. Literature in [40, 41] have demonstrated that a Mixture of Gamma

(MG) distribution has great potential and can accurately approximate the composite shadow-

ing/fading channel models, lognormal distribution and many other existing small-scale fading

channels. In [42–45], the authors have computed the parameters of the estimated Gamma or

Mixture of Gamma distributions by using Moments matching and Expectation-Maximization

(EM) algorithms and observed that 2-step EM algorithm is more efficient and accurate than the

moment matching method.

TAS technique was first introduced in 1973 [46]. This technique has drawn great attention

and after combining with MRC diversity, the TAS/MRC scheme has been proposed in [47]. The

advantages and initial results of the TAS/MRC scheme with various wireless systems encour-

aged researchers to explore the possibility of incorporation of TAS/MRC into the UWB com-
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munication systems [48, 49]. The analysis reported in [50–52] demonstrates that TAS/MRC

based wireless systems provide better SNR gains and BER performance than the space time

block codes (STBCs) systems. In [53, 54], the MIMO techniquehas been applied to the UWB

system for various wireless indoor channels. It has shown the improvement in the information

rate and the robustness of the performance. The authors in [53], have employed a zero-forcing

(ZF) scheme to separateN parallel transmitted data stream and then applied to a Rake receiver

to combine the ZF paths carrying information. In [54], the authors have experimentally charac-

terized the performance of the UWB system for spectral and polar antenna arrays. Apart from

numerous benefits, a MIMO network poses higher hardware costand calculation complexity.

To address these issues, TAS scheme has emerged as a popular scheme. The performance of

TAS scheme based MIMO-UWB systems has been investigated in [55]. The system has ex-

ploited spatial multiplexing and in order to cope the long delay spread of UWB channel, time

reversal technique has been adopted. Most of the analyses ofTAS scheme based UWB-MIMO

systems have considered the simplified UWB channel model andalso did not provide the BER

formula, which presents opportunities for further investigations.

To discuss the shortcomings of conventional point-to-point communications, new class of

methods of wireless communications called cooperative communication has been proposed

in [56]. The core idea of the cooperative communication was introduced by Cover and El

Gamal in 1979 [57], which enables the single antenna mobile to share their antenna and provide

an additional new independent path to transmits the source information to the destination. Co-

operative communications have been broadly categorized into user based cooperative diversity

and relay based cooperative diversity [58–60]. Here, we focus on the relay based cooperative

communication. Based on the relay protocols, many cooperative strategies have been suggested

and reported in [61, 62]. Some of the popular relay protocolsare Amplify and Forward (AF),

Decode and Forward (DF), Selective relay, Coded cooperative and Compressed and Forward.

The existing literature reported in [63, 64] have analyzed the performance of various relay pro-
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tocols based two-hop wireless communication systems. The authors in [65], have first focused

on the need of relaying UWB system and then investigated the performance. In the investiga-

tion, the authors have considered the simple-structured repeater as a relay, which can relay the

pulse position modulation-UWB signal in the high-speed anddelay-critical UWB communi-

cation environments. In [66, 67], the authors have presented the error performance of the DF

and AF diversity schemes in the context of IR-UWB systems. The authors have also developed

the coherent and non-coherent schemes that exploit the spatial diversity in a distributed manner

among the different terminals of wireless networks. In [68], the authors have proposed an an-

alytical model and have studied the performance of a cooperative link for time-hopping UWB

system under the AF and DF relay models. The authors have considered the effect of multiuser

interference while computing the outage probability and average bit error probability (BEP) of

the system. To achieve a greater coverage of UWB technology,multihop relaying strategy has

been suggested and an initial investigation over the IEEE 802.15.3a UWB channel is reported

in [69]. In [70], the authors have provided the channel capacity of a hybrid relay scheme based

UWB-MIMO systems.

Similar to the high-data-rate UWB system, performance of LR-UWB system over the IEEE

802.15.4a channel has been analyzed in [71, 72]. In [71], theauthors have presented the sim-

ulation results of an LR-UWB system with a coherent Rake receiver. In [72], semi-analytical

expressions for BEP and frame error rate for BPSK signals in the LR-UWB system have been

derived. The formulation considered the coherent and non-coherent reception methods and per-

formed the suboptimal multipath combining at the receiver.The BEP of cooperative TH-UWB

systems with a DF relay protocol has been studied by considering realistic LR-UWB channel

links specified in the IEEE 802.15.4a standard [73]. In [74, 75], the authors have developed

the unified framework and have investigated the performanceof a relay based MIMO network

for the generalized fading scenario of Nakagami-m distributions, which is similar to the fading

distribution specified in the IEEE 802.15.4a channel model.Most of the work in the literature
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have analyzed the performance of the UWB relay based system for simplified UWB channel or

narrowband Nakagami-m multipath fading channel. The investigation of TAS/MRC scheme at

the direct (source to destination) as well as indirect (relay to destination) links of two hop UWB

systems have not been presented in the literature.

The mm-Wave wireless communication system at 60 GHz has drawn a great attention due

to its licence free utilization of 7.5 GHz wide frequency spectrum [76–78]. The SINR analysis

of OFDM systems over the IEEE 802.15.3c channel at 60 GHz has been investigated in [79].

The derivation precisely captured the distinctive clustering phenomenon in the spatial-temporal

domain. Simulation and semi-analytical analysis of mm-Wave communication at 60 GHz has

been presented in [80, 81]. In [82], the authors have evaluated the error performance of mm-

Wave system in the presence of human activity, which is an extension of the standard channel

model proposed by the IEEE 802.15.3c channel. On the basis ofmeasurement, the attenuation

due to human blockage can be 20 dB or more, and hence, non- negligible. Performance analysis

of low complexity precoding algorithms for large millimeter wave MIMO system has been pre-

sented in [83]. Upper bound on the error probability and ergodic channel capacity of the MIMO

mm-Wave systems with hybrid beamforming have been derived in [84–89]. Performance eval-

uation of beamforming techniques for OFDM based 60 GHz millimeter-wave WPAN has been

presented in [90]. The available literature has shown a predominant analysis of the channel

capacity of beamforming based mm-Wave communication system.

1.5 Thesis Contribution

The major contributions of this thesis have been listed below.

I. Approximate model of a lognormal shadow fading

(i) Present an approximate model of square of lognormal shadow fading distribution by

the MG distributions and estimate its parameters using the moment matching with

non-linear curve fitting method and Expectation-Maximization (EM) algorithm.
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(ii) Evaluate Mean Square Error (MSE) between the estimatedand exact distributions.

(iii) Generate the probability density function and cumulative distribution function plots

of MG distributions for different number of mixing coefficients and compare it with

that of actual lognormal shadow fading.

II. Performance analysis of UWB system over the IEEE 802.15.3a channel model

(i) Derive a characteristic function based computable BER formula of UWB wireless

communication system over the IEEE 802.15.3a channel afterapproximating the

square of a lognormal shadowing by MG distributions.

(ii) Compare the numerical results of the derived BER with the Monte-Carlo simulation

results for different environments of the IEEE 802.15.3a channel.

III. Performance analysis of TAS/MRC based UWB-MIMO system

(i) Using the approximation of a lognormal shadow fading by the MG distributions by

employing EM algorithm, we derive an expression of BER for the TAS/MRC based

UWB-MIMO system over the IEEE 802.15.3a channel model.

(ii) The derived BER expression has been validated through extensive Monte-Carlo sim-

ulation results.

IV. TAS/MRC two hop relay based UWB system over the IEEE 802.15.3a channel model

(i) Evaluate the average BER of binary signals for TAS/MRC based UWB DF-relay

system over the IEEE 802.15.3a channel.

(ii) Analytical results have been compared with the Monte-Carlo simulation results.

(iii) Discuss the impacts of various parameters of IEEE 802.15.3a channel on the perfor-

mance of UWB system.

V. TAS/MRC based LR-UWB relay system over the IEEE 802.15.4achannel
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(i) Compute the average BER of two hop LR-UWB DF-relay systemover the IEEE

802.15.4a channel model with antenna selection at the source and relay terminals.

(ii) Derived expression has been validated by the Monte-Carlo simulation results for

different environments of the IEEE 802.15.4a channel.

(iii) Compare our BER results for residential environmentsof LR-UWB system with the

reported BER results for narrowband flat fading channels.

VI. BER analysis of the mm-Wave MIMO system for 60 GHz band

(i) Present the BER analysis of antenna beamforming based mm-Wave MIMO commu-

nication system over the IEEE 802.15.3c channel at 60 GHz.

(ii) The derived BER expression has been verified by the Monte-Carlo simulation results.

(iii) Examined the impacts of various parameters and Rake’sfingers on the performance

and suggest the sufficient number of Rake’s finger to capture the maximum possible

energy at the receiver.

1.6 Thesis Organization

This thesis is divided into seven chapters. A brief overviewof content of each chapter has

been given below.

In Chapter 2, an approximate model of lognormal shadow fading by the MG distributions

using Moments matching method with non-linear curve fittingapproach has been presented. We

also examined the MSE to measure the exactness of the approximated distribution for different

number of mixing coefficients of MG distributions. Using this approximation, a characteristic

function based BER of UWB indoor communication system over the IEEE 802.15.3a channel

has been derived. The numerical values of the derived BER is compared with the Monte-Carlo

simulation results for different environments of the IEEE 802.15.3a channel model. Besides,

we have also compared our results with the reported results.
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Chapter 3 gives an overview of TAS/MRC scheme. Here, an approximation of the log-

normal shadow fading by MG distributions using EM algorithmhas been presented. Apart

from this, an expression of BER for TAS/MRC scheme based UWB-MIMO system over the

IEEE 802.15.3a channel has been derived. The analytical andMonte-Carlo simulation results

of the investigated system for different number of antennasat the transmitter and the receiver

side over different environments of the IEEE 802.15.3a channel has been presented. Besides,

we have also discussed the impacts of intra and inter-cluster power decay factors of the IEEE

802.15.3a channel model on the BER of the UWB system.

Chapter 4 introduces the basic concepts of relay based cooperative communication and

demonstrates the various cooperative strategies. The end-to-end BER analysis of TAS scheme

decode and forward protocol employed UWB relay system over the IEEE 802.15.3a channel has

been analyzed. Here, antenna selection has been performed at the source and relay terminals

such that the selected transmitting antenna delivers the maximum signal to noise ratio (SNR) at

the intended receiver. Additionally, we have examined the impacts of various parameters of the

IEEE 802.15.3a channel on the BER and also suggested the sufficient number of Rake’s fingers

to capture the signal energy at the UWB receiver.

Chapter 5 deals with the LR-UWB wireless system. The channelimpulse response and

propagation characteristics for IEEE 802.15.4a standard has been discussed. We have evaluated

the end-to-end BER of two hop UWB wireless systems similar tothat of Chapter 4 over the

IEEE 802.15.4a channel model. We have also examined the impact of fingers of Rake receiver

and the parameters of the IEEE 802.15.4a channel on the performance of the investigating

system. Additionally, we have also compared our results with the narrowband flat fading results.

Chapter 6 discusses the mm-Wave communication system at 60 GHz employing antenna

beamforming. It presents the channel impulse response of the IEEE 802.15.3c channel model.

An expression of BER for antenna beamforming based mm-Wave MIMO system at 60 GHz has

been derived. The analysis includes the effect of Rake receiver’s fingers and the impact of the
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IEEE 802.15.3c channel’s parameters on the BER.

Summary of the work presented in this thesis with conclusions and scope for future research

have been provided in Chapter 7.
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2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

An analysis of the various performance measures of UWB systems is presented in [27–

33, 36]. These analyses of UWB systems have either considered the simplified UWB channel

models or an approximate model of the sum of lognormal RVs. Most of the reported anal-

yses have not considered the clustering phenomena and the shadowing effect as in the IEEE

802.15.3a UWB channel model because lognormal distribution has no close-form formulae

for its PDF and CDF which leads to intractable mathematical expression for BER expression.

Furthermore, work presented in [37–42] have shown that various composite shadowing/fading

channel models can be modeled by a Mixture of Gamma (MG) distributions and proved that

MG distributions is closely fit these fading channel models.

In this chapter, we first present an approximate model of the lognormal shadow fading by

the MG distributions. The parameters of the approximated distribution which matched the tar-

get distribution are estimated by using Moments matching method with non-linear curve fitting

approach. Next we calculate the mean square error (MSE) between the exact and the estimated

distributions for different number of mixing coefficients (N) and choose the value ofN for the

BER calculation, such that the MSE≤ 10−3. With this approximation, we derive the characteris-

tic function based computable BER formula of binary signalsfor UWB communication system

over the IEEE 802.15.3a channel model. We use a coherent Rakereceiver to capture the signal

energy and consider the impact of fingers of the Rake receiverin the BER analysis. Further, we

have utilized the Gauss-Hermite (GH) and Gauss-Legendre (GL) quadrature formulae to find

the numerical solutions of mathematically intractable integrals. The derived analytical BER

is validated with the Monte-Carlo simulation results and also compared these results with the

reported results.

In the next section, we give a brief description of the IEEE 802.15.3a UWB channel model.

Approximate model of lognormal shadowing by MG distributions using moment matching

method is presented in section 2.2. In section 2.3, we derivethe computable BER formula for

UWB system over the IEEE 802.15.3a channel model. In section2.4, we discuss the numerical
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2.1 IEEE 802.15.3a UWB Channel Model

and simulation results and conclude the chapter with a briefsummary in section 2.5.

2.1 IEEE 802.15.3a UWB Channel Model

TG3a standardization group has developed the IEEE 802.15.3a standard to provide an al-

ternative PHY layer of the UWB wireless communication system. The IEEE 802.15.3a UWB

channel model is different from the traditional narrowbandwireless channel models because of

the large bandwidth provided by the UWB system. The extremely large bandwidth gives rise to

new effects in the channel model which are listed below.

• Only few multipath components falls within each resolvabledelay bin. Therefore, Central

limit theorem is not applicable.

• Multipath fading statistics in the UWB channels are lognormally distributed rather than

Rayleigh distributed.

• The arrival processes of clusters and rays are modeled by thedouble stochastic Poisson

processes. As a result, it is difficult to compute the signal energy received at the Rake

receiver.

Mathematically, a channel impulse response of the IEEE 802.15.3a UWB channel is given

by [11]

h(t) = X
M
∑

m=0

R
∑

r=0

αr,mδ
(

t − Tm − τr,m
)

(2.1)

whereX represents the shadow fading and its distribution is modeled as a lognormal random

variable,αr,m denotes the multipath gain coefficients ofrth ray within themth cluster,Tm andτr,m

are the arrival times of themth cluster andrth ray of themth cluster, respectively. The process

of times of arrival of cluster and ray are described by Poisson processes. Furthermore, the

distribution of cluster inter-arrival time and ray inter-arrival time are exponential RVs, whose

PDFs are given as follows.

fTm (Tm \ Tm−1) = Λ exp [−Λ(Tm − Tm−1)] , m > 0 (2.2)
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2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

fτr,m

(

τr,m \ τ(r−1),m
)

= λ exp
[−λ(τr,m − τ(r−1),m)

]

, r > 0 (2.3)

whereΛ andλ are the arrival rates of the cluster and ray, respectively. The propagation charac-

teristics and power delay profile of a UWB channel are depicted in Fig 2.1. The multipath gain

Figure 2.1: An illustration of power delay profile of the IEEE 802.15.3a UWB channel model

coefficients are defined as a product of small-scale
(

βr,m
)

and large-scale(ξm) fading coefficients.

The logarithm of this product is given by

20 log10
(

ξmβr,m
) ∼ N

(

µr,m, σ
2
1 + σ

2
2

)

(2.4)

whereσ1 andσ2 are the standard deviation for the cluster and ray, respectively. The behaviour

of the average power delay profile is exponentially distributed, can be defined as

E

[

∣

∣

∣ξmβr,m

∣

∣

∣

2
]

= Ω0 exp

(

−Tm

Γ
−
τr,m

γ

)

(2.5)

whereΩ0 is the mean power of the first ray of the first cluster. From the equations (2.4) and

(2.5), the mean,µr,m can be calculated as

µr,m =
10

ln (10)













ln (Ω0) −
Tm

Γ
−
τr,m

γ
−

(

ln (10)
10

)2 (

σ2
1 + σ

2
2

2

)












(2.6)
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2.2 Approximate Model of Lognormal Shadowing

On the basis of experimental set-up, the IEEE 802.15.3a channel model (CM) is divided into

the four categories, namely CM1, CM2, CM3, and CM4. CM1 describes a LOS (line-of-sight)

scenario with a separation between a transmitter (Tx) and a receiver (Rx) of less than 4m. CM2

describes the same range, but for a non-LOS situation. CM3 describes a non-LOS scenario

for distances between TX and RX of 4-10m. Scenario 4 finally describes an environment with

strong delay dispersion, resulting in a delay spread of 25ns. From the experiment results, the

numerical values of channel parameters are summarised in Table 2.1

Table 2.1: Parameter specifications of the IEEE 802.15.3a UWB channel

CHANNEL PARAMETERS CM1 CM2 CM3 CM4
Cluster arrival rate(Λ) [1/ns] 0.0233 0.4 0.0667 0.0667
Ray arrival rate(λ) [1/ns] 2.5 0.5 2.1 2.1
Cluster decay factor(Γ) [dB] 7.1 5.5 14.0 24.0
Ray decay factor(γ) [dB] 4.3 6.7 7.9 12
Std. deviation for cluster(σ1) [dB] 3.3941 3.3941 3.3941 3.3941
Std. deviation for ray(σ2) [dB] 3.3941 3.3941 3.3941 3.3941
Std. deviation for shadowing(σX) [dB] 3 3 3 3

2.2 Approximate Model of Lognormal Shadowing

A variation of the received signal strength around the mean,due to the presence of a large

object in the environment surrounding a transmitter and a receiver, is referred to as shadow

fading and is usually modeled by the lognormal distribution.

2.2.1 Lognormal distribution

A lognormal distribution
{

X ∼ lnN
(

µ, σ2
)}

, is the probability distribution of a random vari-

able whose logarithm is normally distributed i.e., ln(X) ∼ N
(

µ, σ2
)

. The probability density

function, fX(x) andrth moment,µr
ln of the lognormal distribution are defined as, respectively

fX (x) =
1

√
2πσ x

exp













[

ln (x) − µ
]2

2σ2













(2.7)

and

µr
ln = exp

(

rµ +
r2σ2

2

)

(2.8)
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2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

The main drawback of a lognormal distribution is its intractable mathematical expressions,

thereby making the performance evaluation of communication systems over such channels very

challenging [40]. Therefore, in this chapter the PDF of lognormal shadowing distribution is

substituted by its MG distributions.

2.2.2 Mixture of Gamma (MG) distributions

Mixture of Gamma distributions is a linearly weighted sum ofGamma distributions. It

offers a closed form expression of Moment Generating function (MGF), which is useful in the

calculation of average BER. The PDF,fX (x) and MGF,ηMG (s) of MG distribution are given

respectively as,

fX (x) =
N

∑

n=1

wn G (x/kn, βn), x > 0 (2.9)

and,

ηMG (s) =
N

∑

n=1

wn

(

1− s
βn

)−kn

(2.10)

whereG (xt/kn, βn) =
β

kn
n
Γ(kn) xkn−1e−βn x is the standard Gamma distribution with shape parameter

(kn) and scale parameter(βn), Γ (.) is the Gamma function andN is the number of mixing

coefficients of MG distributions. The mixture coefficients,wn satisfywn > 0 and
∑N

n=1 wn = 1.

2.2.3 Parameter estimation

In this subsection, the parameters of MG approximation are estimated by using the Moment

matching method with non-linear curve fitting approach. Theestimation is performed in the

four steps such that it matches the lognormal distribution,which are explained below.

(i) In the first step, we equate the first and second moments of Gamma and lognormal distri-

butions and compute the shape and scale parameters as follows.

k =
1

eσ2 − 1
(2.11)

and

β =
1

(

eσ2 − 1
)

(

eµ+
σ2
2

) (2.12)
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2.3 BER Analysis

From [37,38], it is evident that forσ ≤ 9dB, the above estimated Gamma approximation

closely fits the lower trails of the targeted distribution.

(ii) In the second step, we choose the value ofN and divide the upper trail of the target

distribution intoN − 1 partitions.

(iii) In third step, the estimation of(N − 1) Gamma components is performed by using non-

linear curve fitting approach, such that single Gamma approximation match the single

partition of the targeted distribution.

(iv) In the last step, by applying hit and trial method, we estimate,wn for each Gamma ap-

proximation so that the resultant MG distributions can closely fit the targeted lognormal

distribution.

In order to measure the exactness of the estimated distribution, we calculate the MSE between

the PDFs of the exact and the estimated distributions and it is defined as

MSE= E
[

( fExact (x) − fEst. (x))2
]

(2.13)

where, fExact (x) and fEst. (x) are analogous to PDFs of lognormal distribution and its MG ap-

proximation.

2.3 BER Analysis

In this section, we derive the characteristic function based computable BER formula of

binary signals with a coherent Rake receiver for the IEEE 802.15.3a UWB channel model,

where a square of lognormal shadow fading is substituted by the MG distributions. Conditional

error probability (CEP) of the binary signals for coherent Rake receiver is given by [91]

pe (γ) = Q
( √

(1− ρr) γ
)

(2.14)

whereγ = (Eb/N0)E, is the received SNR,Eb represents the energy per bit,N0 denotes the noise

power spectral density (PSD) andE is the total signal energy received by the Rake receiver for
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2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

the IEEE 802.15.3a channel andρr = 0 for orthogonal binary signals andρr = -1 for antipodal

binary signals. The average BER of binary signals with the coherent Rake receiver can be

calculated by averaging the CEP over the pdffE (x), can be expressed as

pe =

∞
∫

−∞

Q













√

(1− ρr)
Eb

N0
x













fE (x) dx (2.15)

where fE (x) is the PDF of the received signal energy(E) in the IEEE 802.15.3a channel.

2.3.1 PDF of the received signal energy in the IEEE 802.15.3achannel

In the UWB system or multipath environments, the total transmitted signal energy is dis-

persed over the multipath components (rays/clusters). Dueto the narrow time bin, these mul-

tipath components can be resolved separately which providehigher order of diversity gain. To

attain this gain and collect the signal energy carried by rays, we used theL− fingers of a co-

herent Rake receiver. Assuming,Tc as the chip duration between the two consecutive fingers,

the approximate energy captured by a Rake receiver within the [0, LTc] time window can be

calculated as

E , X2
∑

06Tm+τr,m6LTc

∣

∣

∣αr,m

∣

∣

∣

2

, X2
(

α2
0,0 + φ̃r,0 + φ̃⊗

)

(2.16)

whereX2 is the square of lognormal shadowing,φ̃r,0 is the sum of squared path gains of first

cluster excludingα2
0,0 andφ̃⊗ is the sum of squared path gains in the remaining clusters. Note

that,E0 = α
2
0,0 + φ̃r,0 + φ̃⊗ andX2 are statistically independent then the PDF ofE can be obtained

as

fE (x) =

∞
∫

−∞

1
|y|

fX2

(

x
y

)

fE0 (y) dy (2.17)

where fX2 (.) and fE0 (.) represent the PDFs ofX2 andE0, respectively.
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2.3 BER Analysis

2.3.1.1 PDF of the received energy without shadow fading

Assuming,α2
0,0, φ̃r,0 andφ̃⊗ are statistically independent to each other then the characteristic

function,ψE0 (ν) can be calculated as [35]

ψE0 (ν) = L0,0 (ν) e−λψ̃ν(0,L) e−ΛJ̃(ν,L) (2.18)

whereLT,t (ν) represents the characteristic function of the square of single path coefficient in

the IEEE 802.15.3a channel with ray arrival time att = T +τ. Here,T andτ are the arrival times

of the cluster and ray, respectively. The functions e−λψ̃ν(T,L) and e−ΛJ̃(ν,L) are the characteristic

functions of a short noise random variable related to the Poisson processes of arrival ratesλ and

Λ, respectively. From the equations (2.6) and (2.7), theLT,t (ν) is calculated as

LT,t (ν) =

∞
∫

−∞

e jνx 10
√

2π σ x ln (10)
exp

[

− 1
2σ2

(

10 log10 (x) − µT,t
)2
]

dx (2.19)

whereσ =
√

σ2
1 + σ

2
2. This integral is mathematically intractable. It can be solved numerically

by using Gauss-Hermite (GH) quadrature. Using this quadrature and after some simplifications,

the Hermite solution ofLT,t (ν) is given as

LT,t (ν) =
1
√
π

NH
∑

i=1

wH
i exp

(

jν10
√

2σ(xH
i )+µT,t
10

)

(2.20)

where
{

wH
i , xH

i , NH
}

are the weights,ith roots and number of nodes of GH quadrature, respec-

tively. Accordingly, the functions̃ψν (T, L) and J̃ (ν, L) are defined as follows

ψ̃ν (T, L) =

LTc
∫

T

[

1− LT,t (ν)
]

dt, for T 6 LTc (2.21)

and

J̃ (ν, L) =

LTc
∫

0

[

1− LT,T (ν) e−λψ̃ν(T,L)
]

dT (2.22)

27

TH-2044_126102011



2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

Since the range of above integrals are finite, the integrals can be computed using Gauss-Legendre

(GL) formula. Then the above expressions can be written as

ψ̃ν (T, L) =
LTc − T

2

NL
∑

j1=1

wL
j1

[

1− LT,t (ν)
]

∣

∣

∣

t= LTc−T
2 xL

j1
+

LTc+T
2

(2.23)

and

J̃ (ν, L) =
LTc

2

NL
∑

j2=1

wL
j2

[

1− LT,T (ν) e−λψ̃ν(T,L)
]

∣

∣

∣

∣

T= LTc
2

(

xL
j2
+1

) (2.24)

where
{

wL
j , xL

j ,N
L
}

represent the weights,jth roots and number of nodes of GL quadrature,

respectively. From the equations (2.18), (2.20), (2.23) and (2.24), the characteristic function

ψE0 (ν) is given as

ψE0 (ν) =
1
√
π

NH
∑

i=1

wH
i exp















jν10

( √
2σx+µ0,0

10

)















exp

















−λLTc

2

NL
∑

j1=1

wL
j1

[

1− L0,t (ν)
]

∣

∣

∣

t= LTc
2

(

xL
j1
+1

)

















× exp

















−ΛLTc

2

NL
∑

j2=1

wL
j2

[

1− LT,T (ν) e−λψ̃ν(T,L)
]

∣

∣

∣

∣

T= LTc
2

(

xL
j2
+1

)

















(2.25)

The PDF ofE0 is calculated asfE0 (x) = 1
2π

∫ ∞
−∞ ψE0 (ν) e− jνxdν. Using GH quadrature, thefE0 (x)

can be expressed as

fE0 (x) =
1
2π

NH
∑

i1=1

wH
i1 ψE0 (ν) exp

(

− jxν + ν2
)

∣

∣

∣

∣

ν=xH
i1

(2.26)

From the equations (2.15), (2.17) and (2.26), the BER of the UWB systems is obtained as

pe =
1
2π

NH
∑

i2=1

NH
∑

i1=1

wH
i2

wH
i1

|y| ψE0 (ν) e(y2+ν2− jνy)
∞

∫

0

Q













√

(1− ρr)
Eb

N0
x













fX2

(

x
y

)

dx

∣

∣

∣

∣

∣

∣

∣

∣

y=xH
i2
,ν=xH

i1

(2.27)

According to [92], Q-function is approximated asQ (x) = 1
12e−x2/2+ 1

4e−2x2/3 and considering the

MG approximation, the final BER expression of a UWB system forthe IEEE 802.15.3a channel
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2.4 Numerical Results and Discussion

model can be expressed in term of MGF of MG distributions, is given by

pe =
1

8π3/2

NH
∑

i2=1

NH
∑

i1=1

wH
i2

wH
i1

y

|y|
ψE0 (ν) e(− jνy+ν2+y2)

[

1
3
ηMG

(

−Ξ0y
2

)

+ ηMG

(

−2Ξ0y
3

)]
∣

∣

∣

∣

∣

∣

y=xH
i2
,ν=xH

i1

(2.28)

whereΞ0 =
(1−ρr)Eb

N0
.

2.4 Numerical Results and Discussion

To have a better understanding, this section is divided intotwo parts. In the first part, we

consider the approximate model of a square of lognormal shadowing by the MG distributions

and show the PDF and CDF plots of both distributions. Additionally, we calculate the MSE to

measure the exactness of the approximate distribution. Thesecond part presents the simulation

and analytical BER of the UWB systems over the IEEE 802.15.3achannel and compares these

results with the reported results.

As suggested, we consider the lognormal shadow fading, withzero mean and 3 dB stan-

dard deviation i.e.,X ∼ lnN (0, 3dB). Hence the square of a lognormal shadowing isX2
∼

lnN (0, 6dB). The parameters of its MG distributions forN = 1, 3 and 5 are found out as in

subsection 2.2.3 and are given in Table 2.2. In Fig. 2.2 and Fig. 2.3, we show the PDFs and

Table 2.2: Estimated MG distributions parameters

NUMBER OF MIXING

COEFFICIENTS (N)
SHAPE

PARAMETER (kn)
SCALE

PARAMETER (βn)
M IXTURE

COEFFICIENTS (wn)
N=1 1.6353 0.7763 1

N=3
3.5977 0.2406 0.68
1.6353 0.7763 0.17
16.5165 0.1397 0.15

N=5

3.5977 0.2406 0.65
1.6353 0.7763 0.15
13.9 0.1164 0.1

21.2589 0.1164 0.079
47.5872 0.0776 0.021

CDFs of the square of lognormal shadowing with its MG appropriation for the estimated pa-

rameters, which are given in Table 2.2. From Fig. 2.2, it is clear that lower tails of the exact
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Figure 2.2: PDFs of square of lognormal shadowing and its MG distributions forN = 1, 3 and 5

distribution (in red) and its MG approximation forN = 1 (in magenta) fit closely as reported

in [38]. It can be observed that the PDFs of MG distributions for N =3 and 5 fit the lower tails

as well upper tails of the desired distribution and its exactness is improved with the increase

in the order of mixing coefficients(N). Similar conclusion can be also drawn for CDF results

shown in Fig 2.3. From the results, it is clear that 5-MG distributions (blue dashed) is a close

fit for the square of lognormal shadowing.

Fig. 2.4 shows the MSE for different number of mixing coefficients of MG approximation.

We observe that MSE decreases with increase inN and atN=5, MSE≈ 0.001. Note that lesser

MSE implies MG approximation is a close fit for the desired distribution, consequently a good

match of the analytical BER with the simulation results. From equation (2.28), it is obvious

that accuracy, complexity and computational time increasewith the increase inN. Therefore,

we chooseN = 5, for our further BER calculations.

For the second part of this section, we setNH = NL = 40, ρr = 0, Tc = 1 ns, N = 5,
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Figure 2.3: CDFs of square of lognormal shadowing and its MG distributions forN = 1, 3 and 5
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Figure 2.4: MSE vs number of mixing coefficients(N) of MG distributions
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Figure 2.5: Simulation and analytical BER curves of the UWB systems overthe IEEE 802.15.3a channel
(CM1)
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Figure 2.6: Simulation and analytical BERs of the UWB system for 5-MG distributions
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L = 10 and number of bits to 100000. Fig. 2.5 shows the simulated and analytical BER of the

UWB systems over the IEEE 802.15.3a channel (CM1) and compares with the BERs reported

in [30, 31, 36]. The figure shows that reported simulated BERsare lower than our results.

This is because, reported analyses did not consider the impacts of clustering phenomena and

shadowing effect which are encountered by the UWB signals and can not be ignored, while

evaluating the performance of UWB systems. It is also observed that, the derived BER for 5-

MG distributions closely matches with the simulation results. In Fig. 2.6, the derived analytical

BER (2.28) is verified by simulations for all four channel environments of the IEEE 802.15.3a

UWB channel model. Results show that analytical BER is a goodmatch with the simulations.

Nevertheless, there are some discrepancies between the simulation and analytical results. The

explanations for these discrepancies lie in the adoption ofthe GH and GL numerical formulae

for evaluations of the numerical solution of the mathematically intractable integrals involved

and the approximation involved to calculate the signal energy captured by the coherentL-fingers

of Rake receiver.

2.5 Summary

In this chapter, we have discussed the approximate model of the square of lognormal shad-

owing by the MG distribution by using Moments matching method with non-linear curve fitting

approach and calculate the MSE to measure the exactness of the estimated distribution. We

have also shown the PDF and CDF plots of square of lognormal shadowing and its MG approx-

imation forN = 1, 3 and 5. According to these results, we have seen that only lower tails of the

1-MG approximation match with the targeted distribution while the 5-MG approximation fits

very closely. Additionally, MSE has improved from 0.321 (for 1-MG) to 0.00102 (for 5-MG).

Furthermore, by considering MG distributions, we have derived the computable BER formula

of binary signals for UWB systems over the IEEE 802.15.3a channel model. In the analysis,

we have incorporated the impacts of Rake receiver on the performance of UWB system and

utilized the Gaussian quadrature formulae to find the numerical solutions of mathematically
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2. Performance Analysis of UWB Communication System over the IEEE 802.15.3a Channel

intractable integrals. Moreover, we have compared the numerical results of the derived BER

with the Monte-Carlo simulations and with the reported BER results. It has been observed that

the analytical BER for 5-MG approximation is a good match with the simulation results, which

validates the accuracy of the derived BER and justifies the approximations and assumptions

taken during the analysis. It is important to note that, derived BER expression is applicable for

all four channel models of the IEEE 802.15.3a channel.

Note that our computable BER formula is faster and have good agreement with the simula-

tion than the reported results. It can save a significant amount of computer simulation time. For

instance, our computer (Intel(R) Core (TM)i5-3470 CPU with4Gigabytes of RAM) takes 25

minutes to calculate the analytical BER in Fig. 2.5 whereas the same computation took 95 min-

utes for BER calculation reported in [36]. Note that, the Monte-Carlo simulation for the BER of

the investigated system took around 33 hours. However, the disadvantage of a non-linear curve

fitting approach is that it needs rigorous hit and trial method to arrive at the optimal values of

the parameters of MG distributions.
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3. Performance Analysis of TAS/MRC based UWB-MIMO Communication System

3.1 Introduction

In the year 2002, FCC allocated the 3.1- 10.6 GHz frequency spectrum for unlicensed uti-

lization of the UWB technology. In this regulation, the commission has imposed restriction on

the maximum allowable transmission power for the UWB signalin order to minimize the in-

terference to the other narrowband technologies existing in the same frequency spectrum. This

power constraint limits the transmission data-rate and coverage area of the UWB technology.

To address this limitation, researchers have incorporatedthe MIMO network into the UWB

system and have investigated the various performance measures. Some of these analyses are

available in [47–55]. However, these analyses have not considered the appropriate UWB chan-

nel model. The MIMO network emerges as one of the most potential technology in the modern

wireless communication systems. It can effectively enhance the system performance without

increasing the bandwidth and the transmitting power. However it requires multiple RF chains,

which are typically very expensive and introduce design andhardware complexities. In order to

overcome this problem, the TAS scheme provides a good trade-off among the cost, complexity

and the performance of the systems. It can achieve full diversity gain with a less complex hard-

ware implementation. To the best of our knowledge, none of the reported works have evaluated

the error performance of the TAS/MRC based UWB-MIMO system over the IEEE 802.15.3a

channel model.

In this chapter, we approximate the square of lognormal shadowing by the MG distributions

and estimate its parameters by using the Expectation-Maximization (EM) algorithm. Consider-

ing this approximation, we derive the numerically evaluated BER expression for the TAS/MRC

based UWB-MIMO system over the IEEE 802.15.3a channel. We perform antenna selection at

the transmitter and utilize the MRC diversity scheme at the receiver to combine all the received

signals. We plot the PDF and the CDF of the MG distributions for the different number of mix-

ing coefficients(N) and calculate the MSE to examine the exactness of the MG approximation.

Additionally, we present the Monte-Carlo simulations to validate our results and discuss the
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impacts of inter-cluster power decay factor(Γ) and intra-cluster power decay factor(γ) of the

IEEE 802.15.3a channel on the BER.

In the next section, we describe the system model. We presentthe parameter estimation by

using EM algorithm in section 3.3. We derive the numerical expression for BER of the inves-

tigated UWB systems in section 3.4. In section 3.5, we present the analytical and simulation

results and summarize the inferences of the chapter in section 3.6.

3.2 System Model

TAS based MIMO system comprising ofNt antennas at this transmitter andNr antennas at

the receiver is depicted in Fig. 3.1. We perform the TAS/MRC scheme assuming full channel

Figure 3.1: System model of TAS-MIMO systems

state information (CSI) is available at the transmitter andis is also assumed that only one trans-

mitting antenna is active at a time for the transmission. Letus define,x to be the transmitted

signal then the received signal vector,(y) can be expressed as

y = hux + n (3.1)

wherey ∈ CNr , hu ∈ CNr is the impulse response vector of the IEEE 802.15.3a channelfor the

uth transmitting antenna andn ∈ CNr is the additive white Gaussian noise (AWGN) vector with

each noise component having powerN0. The TAS/MRC scheme with its decision criteria and

parameter estimation of the MG distributions by the EM algorithm are discussed below.
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3. Performance Analysis of TAS/MRC based UWB-MIMO Communication System

3.2.1 Transmit antenna selection with maximal ratio combining (TAS/MRC) scheme

Transmit antenna selection (TAS) is an effective techniqueto address the challenges, like

the hardware and the design complexities encountered whileincorporating the MIMO network.

In general, TAS uses a subset of the total transmitting antennas for the transmission; mathemat-

ically it is denoted as TAS/MRC(Nt, p; Nr). It means among theNt transmitting antennas,p

antennas are selected for the transmission whereas at the receiver all theNr antennas are active

for the reception and one may combine the received signals byNr antennas utilizing the MRC

scheme. In this thesis, the antenna selection is performed such that the selected antenna delivers

the maximum instantaneous SNR at the receiver. The receiversends the information(I) of the

resulting instantaneous SNR to the transmitter through thefeedback link as shown in Fig. 3.1.

Mathematically, the decision information(I) is given by

I = arg max
16u6Nt















Cu =

Nr
∑

v=1

∣

∣

∣hv,u

∣

∣

∣

2















(3.2)

wherehv,u is the impulse response of the IEEE 802.15.3a channel between theuth transmitting

antenna and thevth receiving antenna foru ∈ {1, 2, ...,Nt} and v ∈ {1, 2, ...,Nr}. Under the

assumption of perfect CSI available at the transmitter,Cu is sorted in the ascending order of

magnitude, such asC(1) 6 C(2) 6, ...,6 C(u). According to this order statistics, it is assumed that

theuth transmitting antenna delivers the maximum instantaneous SNR, hence it is selected for

the transmission. The PDF of theuth selected antenna can be computed as [93]

fC(u) (x) = Nt
{

FCu (x)
}(Nt−1) fCu (x) (3.3)

where fCu (.) andFCu (.) are the PDF and the CDF of the received signal energy(Cu) for MRC

system .

3.3 Parameter Estimation by Expectation Maximization (EM)Algorithm

Expectation-Maximization (EM) algorithm is an iterative method for finding the maximum-

likelihood estimate of an underlying distribution from a given sample. Essentially, the EM
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3.3 Parameter Estimation by Expectation Maximization (EM)Algorithm

algorithm implements two steps iteratively until convergence.

(i) Expectation step (E-step): The expectancy of the complete log-likelihood function is

calculated with respect to the observed information and current estimate of the model

parameters.

Q
(

Θ,Θ(i)
)

= E
[

logL (Θ/x, r)
/

x,Θ(i)
]

(3.4)

(ii) Maximisation step (M-step): Maximised the output of the E-step with respect to the un-

known parameters. Output of(i + 1) iterations, after execution of M-step, is given by

Θ
(i+1)
= arg max

Θ

{

Q
(

Θ,Θ(i)
)

(3.5)

Let us considerx = {x1, x2, ..xL} be a given sample data set of a square of lognormal shadowing

andΘ = {θ1, θ2, ..., θN} is the set of unknown parameters of the MG distributions, where θn =

{wn, kn, βn}. To find the optimum values of the unknown parameters, the log-likelihood (LLH)

function is defined as

logL (Θ/x) =
L

∑

t=1

log















N
∑

n=1

wn G (xt/kn, βn)















(3.6)

It is very difficult to compute the logarithm of sums by traditional maximum likelihood methods.

Therefore, a data augmentation step is necessary to find a tractable solution. It is assumed that

sample data set,x is incomplete and i.i.d. distributed. Let us introduce a setof second random

variables,r = {r}Lt=1 associated withx = {x}Lt=1 such thatP (rt = n/xt,Θ), which represents the

probability of xt to be drawn from thenth Gamma distribution andP (rt = n) = wn. Now the

LLH of the augmented data is given by

logL (Θ/x, r ) =
L

∑

t=1

log
{

wrt G
(

xt
/

krt , βrt

)}

(3.7)
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Expanding E-step gives

Q
(

Θ,Θ(i)
)

=

L
∑

t=1

N
∑

n=1

{

[

log(wn) + log(G (xt/kn, βn))
]

P
(

rt = n
/

xt,Θ
(i)
)}

(3.8)

Using the Bayes’ rule,P
(

rt = n
/

xt,Θ
(i)
)

can be calculated as

P
(

rt = n
/

xt,Θ
(i)
)

=
wn G

(

xt

/

k(t)
n , β

(t)
n

)

N
∑

j=1
w j G

(

xt

/

k(t)
j , β

(t)
j

)

(3.9)

Solving
∂Q(Θ,Θ(i))

∂Θ
= 0, yields

w(i+1)
n =

1
L

L
∑

t=1

P
(

rt = n
/

xt,Θ
(i)
)

, (3.10)

β(i+1)
n =

k(t)
n

L
∑

t=1
P

(

rt = n
/

xt,Θ
(i)
)

L
∑

t=1
xtP

(

rt = n
/

xt,Θ(i)
)

(3.11)

and

k(i+1)
n = k(i)

n +
a(i)

L

L
∑

t=1

{

log(xt) + log
(

β(i)
n

)

− ψ
(

k(i)
n

)}

P
(

rt = n
/

xt,Θ
(i)
)

(3.12)

wherea(i) ∈ (0, 1) represents the step size andψ (z) = ∂ log(Γ(z))
∂z is the polygamma function.

Sinceψ (z) has no explicit expression, it has to be estimated numerically. According to [43],

ψ (z) ≈ log(x − 0.5) + 1
24 log(x−0.5)2 whenx ≥ 2.

3.4 Performance Analysis

Considering the MG distributions by using EM algorithm, we derive an expression of BER

for the TAS/MRC based UWB-MIMO communication system. From the equations (2.15) and

(3.3), average BER of the investigated UWB system with a coherent Rake receiver can be

obtained as

pe = Nt

∞
∫

0

Q













√

(1− ρr)
Eb

N0
x













{

FCu (x)
}(Nt−1) fCu (x) dx (3.13)
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3.4.1 PDF and CDF of the received signal energy for the MRC system

From (3.2), let us defineEu,v =
∣

∣

∣hv,u

∣

∣

∣

2
, to be the energy captured by the coherent Rake

receiver foru−v channel link in the IEEE 802.15.3a channel model. The PDF,fE (x) has already

been presented in the section 2.3.1. Under the assumption ofi.i.d. channel link, characteristic

function ofCu can be expressed as

ΨCu (ϑ) =
Nr
∏

v=1

ψEu,v (ϑ) (3.14)

whereψEu,v (.) is the characteristic functionEu,v and can be calculated asψE (ϑ) =
∫ ∞
−∞ e jϑx fE (x) dx.

Using Gauss-Hermite Quadrature and equation (2.17), the PDF ofCu can be expressed as

fCu (x) =
1
2π

NH
∑

i=1

wH
i


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




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


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





Nr
∏

v=1

NH
∑

i1=1

NH
∑

i2=2

wH
i1

wH
i2

|z| f u,v
X2

(y
z

)

f u,v
E0

(z) e[ jϑy+y2+z2]
∣

∣

∣

∣

∣

∣
y=xH

i1
z=xH

i2










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













e[− jϑx+ϑ2]
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∣

∣

∣

∣

∣

∣

∣

∣

∣

ϑ=xH
i

(3.15)

Now using the Gauss-Legendre quadrature, the CDFFCu (x) can be calculated as

FCu (x) =
x
2

NL
∑

j1=1

wL
j1 fCu

( x
2

(

xL
j1 + 1

)

)

(3.16)

Combining the equations (3.13), (3.15) and (3.16) and usingthe Gauss-Laguerre quadrature, the

final BER for TAS/MRC based UWB-MIMO systems over the IEEE 802.15.3a channel model

is given as

pe =
Nt

(2π)Nt

S L
∑

s=1




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






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
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∑

i=1

wL
j1w

H
i ΨCu (ϑ) e

[

− jϑx
2

(

xL
j1
+1

)

+ϑ2
]∣

∣

∣

∣

∣

ϑ=xH
i

















(Nt−1)

×
















NH
∑

i=1

wH
i ΨCu (ϑ) e[− jϑx+ϑ2]

∣

∣

∣

∣

ϑ=xH
i

















exp(x)



















∣

∣

∣

∣

∣

∣

∣

∣

x=xL
s

(3.17)

where
{

wL
s , xL

s , S
L
}

represent the weights,s-roots and number of nodes of the Gauss-Laguerre

quadrature, respectively.

41

TH-2044_126102011



3. Performance Analysis of TAS/MRC based UWB-MIMO Communication System

3.5 Results and Discussion

We present an approximate model of a square of lognormal shadowing by the MG distri-

butions using the EM algorithm. In order to estimate the parameters of the MG distributions

for X2 ∼ lnN (0, 6dB), we first initialize the parameters and then update these parameters after

execution of each iteration of the EM algorithm such that it increases the likelihood function,

L (Θ/x, r ). The initial and updated parameters after execution of 20 iterations are given in

Table3.1. The PDF and the CDF plots of square of lognormal shadowing and its MG distribu-

Table 3.1: Initial and updated parameters of MG approximations forN = 1, 3 and 5

NO. OF MIXING

COEFFICIENTS

(N)

PARAMETERS OF MG DISTRIBUTIONS

I NITIAL UPDATED

k0
n β0

n w0
n k(i+1)

n β
(i+1)
n w(i+1)

n

N = 1 0.5 7 1 4.5942 3.6211 1

N = 3
25 6 0.65 4.9918 6.8299 0.5654
7 0.3 0.25 0.69993 4.1868 0.3781
19 4 0.1 9 2.2728 0.0565

N = 5

5 2 0.35 4.9968 2.9530 0.2832
7 3 0.15 6.9993 6.2683 0.1732
9 4 0.2 8.999 10.6092 0.2003
2 0.5 0.2 1.9818 0.8950 0.1551
7 7 0.1 6.9957 15.1586 0.1882

tions for above estimated parameters are shown in Fig. 3.2. It is clearly seen that an accuracy

of the MG approximation improves with the increase in Gamma components and 5-MG ap-

proximation closely fits the square of a lognormal shadowingdistribution. Fig. 3.3 exhibits the

MSE for different number of mixing coefficients and noticed that adding more Gamma com-

ponents gradually reduced the MSE, in other words the exactness of the MG approximations

is improved but at the cost of increasing complexity. From the results, we found that the EM

algorithm outperforms the Moments matching with non-linear curve fitting approach.

For simulation and analytical results, we setNH = NL = S L = 40,ρr = 0, Tc = 1 ns andL =

10. Considering the 5-MG approximations, the simulation and analytical BER of TAS/MRC

based UWB-MIMO systems over the IEEE 802.15.3a CM1 channel model for different num-
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Figure 3.2: PDF and CDF plots of square of lognormal shadowing and its MG distributions forN = 1,
3 and 5
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Figure 3.3: MSE vs number of mixing coefficients of MG distributions
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Figure 3.4: Simulation and analytical BERs of the TAS/MRC(Nt, 1;Nr) based UWB systems over the
IEEE 802.15.3a CM1 (Ana→ analytical& Sim→ Simulation)
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Figure 3.5: Simulation and analytical BERs of TAS/MRC (3,1;3) based UWB-MIMO systems over the
IEEE 802.15.3a channel model (CM1∼4)
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Figure 3.6: BER vs inter-cluster power decay factor(Γ) for SISO-UWB system at SNR=3dB
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Figure 3.7: BER vs intra-cluster power decay factor(γ) for SISO-UWB system at SNR=3dB
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ber of antennas at the transmitter and the receiver are shownin Fig. 3.4. It is observed that,

whenNt or Nr increases, BER improves. This is because, we get the diversity gain due to the

multiple antennas employed in the MIMO network. Similarly,Fig. 3.5 shows the simulated and

analytical BERs for TAS/MRC (3,1;3) based UWB systems over all four channel environments

of the IEEE 802.15.3a channel model. From the results, it is observed that the derived results

shows a reasonably close match with the simulation results.

Fig. 3.6 and Fig. 3.7 demonstrate the impacts of inter-cluster and intra-cluster power decay

factors on the BER of the SISO-UWB systems over the IEEE 802.15.3a channel model at SNR

= 3dB. In the Fig. 3.6, whenΓ increases, BER curves first decrease and then increase and for the

very large values ofΓ, BER curves become flat. This phenomenon can be explained as follows.

From the IEEE 802.15.3a channel power delay profile given in equation (2.5), the average

energy of MPCs depends onΩ0 and the exponential term. WhenΓ is small, the exponential

term dominates and energy captured by the Rake receiver increases with an increase inΓ there

by BER decreases. WhenΓ is large, the termΩ0 =

(

1
(1+ ΓΛ) (1+ λγ)

)

starts dominating and

therefore BER curve shows increasing trends. But at the verylarge value ofΓ, the total received

energy at the receiver is almost constant hence there is no variation in the BER curves. A similar

explanation can be put forth for Fig. 3.7.

3.6 Summary

This chapter describes the approximation of a square of lognormal shadowing by the MG

distributions and estimates its parameters by utilising the EM algorithm. For the estimated

parameters, we demonstrated the PDF and CDF plots for different values of mixing coefficients

of the MG distributions. Additionally, we have calculated the MSE to measure the exactness

of the MG approximation and found that adding more Gamma components gradually improves

the exactness of the MG approximation at the cost of higher complexity. It is also observed

that the estimation using the EM algorithm is more efficient and accurate than the Moment

matching methods. Moreover, we derived the numerical expression of BER of binary signals
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3.6 Summary

for TAS/MRC based UWB-MIMO communication system over the IEEE 802.15.3a channel

model. The simulation results for the different environments of IEEE 802.15.3a channel model

with various antenna configurations are presented to validate the accuracy of the derived BER

expression. The results show that the performance of the TAS/MRC system improves without

any additional hardware and design complexities posed by the MIMO networks. The derived

analytical results showed reasonably close agreement withthe simulation results. Apart from

this, we examined the impacts of inter and intra cluster power decay factors on the BER.
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4.1 Introduction

4.1 Introduction

To address the limitations of conventional point to point wireless networks and to extend

the coverage area of the wireless communication systems, a new class of diversity methods

called Cooperative communication (CC) has been introduced. The core idea behind the im-

plementation of the CC is to harness the benefits of an additional relay(R) terminal. In the

CC, source(S ) terminal transmits the information to the destination(D) through multiple nodes

(or relays). In this way, the destination receives the transmitted data with multiple copies that

are generally affected by different and statistically independent fading paths. The destination

then combines all the received signals to obtain the diversity gain. Depending on the type of

signal processing performed at relays, the cooperative diversity schemes can be classified as

Amplify-and-Forward (AF), Decode-and-Forward (DF), Estimate-and-Forward, etc. The two

cooperative schemes that are extensively studied in the literature are the AF and the DF. With

AF, relays receive noisy versions of the source data, amplify and re-transmit to the destination.

Whereas in the DF, relays decode the source data, re-encode and re-transmit to the destination.

In [63–70], the authors have investigated the channel capacity and the error performance of sin-

gle and multi-antenna UWB relay systems using the AF and the DF protocols for conventional

narrowband fading channels.

Based on the analysis of the TAS/MRC based UWB-MIMO wirelesssystem investigated

in Chapter 3, an end to end error performance for the DF-relaying UWB-MIMO system over

the IEEE 802.15.3a channel model with antenna selection scheme at the source and the relay

terminals is derived. Here, the antenna selection is performed such that the selected antenna

delivers the maximum receive SNR at the destination. The derived analytical expression of BER

is validated with the results of an extensive Monte-Carlo simulation. Furthermore, the impacts

of inter-cluster arrival rate(Λ), standard deviation of shadow fading(σX) and the Rake’s fingers

(L) on the BER is investigated.

Chapter 4 is organized as follows. The system model is described in section 4.2. The
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4. BER Analysis of TAS/MRC Based UWB Relay System over the IEEE 802.15.3a Channel

derivation of end to end BER expression of the investigated two-hop UWB DF-relay system is

derived in section 4.3. In section 4.4 the simulation and analytical results are shown and the

chapter is summarized in section 4.5.

4.2 System Model

We consider the TAS/MRC based two hop MIMO system and it is depicted in Fig. 4.1,

in which {S , R} terminals employNt number of transmitting antennas and{R, D} terminals

employ Nr number of receiving antennas. In this system TAS scheme is performed in the

source to destination(S → D) and the relay to destination(R→ D) links in such a manner that

it maximizes the total received SNR at the destination terminal. In the source to relay(S → R)

link, source terminal does not perform the TAS scheme and it uses the same transmitting antenna

which has been selected in the(S → D) link.

Figure 4.1: System model of TAS/MRC based two hop MIMO system

In the two hop DF-relay wireless communication systems, transmission is performed in two

time slots. In the first time slot, source broadcasts the information to the destination and the

relay terminals. In the second time slot, the relay initiates the transmission to the destination

terminal only if it can correctly decode the broadcasted information of the source in the first time

slot. Letx to be the transmitted symbol andp1 andp2 to be the transmitted powers at the source

and the relay terminals, respectively. The received signalvectors in the(S → D) , (S → R) and
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4.3 Performance Analysis

(R→ D) links can be written as follows.

y(S D)
=
√

p1h
(S D)
(u) x + n(S D), (4.1)

y(S R)
=
√

p1h(S R)
u x + n(S R) (4.2)

and

y(RD)
=
√

p2h
(RD)
(u) x + n(RD) (4.3)

wherey ∈ CNr andh ∈ CNr are vectors of the received signal and the impulse response of the

IEEE 802.15.3a channel, respectively andn ∈ CNr is the AWGN noise vector. The superscripts

and subscripts represent the corresponding channel links and the transmit antenna indexing,

respectively.

4.3 Performance Analysis

In this section, we compute the end to end BER for the TAS/MRC based UWB-MIMO relay

system with a coherent Rake receiver, where relay is configured to perform the DF coperative

strategy. The end to end CEP for the DF-relay wireless systemcan be expressed as [60]

pe (γ) = pe
(

γ(S R)
)

pe
(

γ(S D)
)

+ pe
(

γ(S RD)
) [

1− pe
(

γ(S R)
)]

(4.4)

whereγ(ab) is the received SNR in thea → b channel link andpe (.) is the CEP for the bi-

nary signals with a coherent Rake receiver and is defined in equation (2.14). Assuming all the

channel links are i.i.d., the average end to end BER of the investigated UWB systems can be

calculated as

pe = p(S R)
e p(S D)

e + p(S RD)
e

[

1− p(S R)
e

]

(4.5)

wherepe
(ab) =

∫ ∞
−∞ pe

(

γ(ab)
)

fγ(ab) (γ) dγ.

4.3.1 Average BER for the source to relay link

In the source to relay(S → R) link, source terminal uses the same transmitting antenna

which has been selected in the(S → D) link and relay utilizes the MRC scheme to combine all
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4. BER Analysis of TAS/MRC Based UWB Relay System over the IEEE 802.15.3a Channel

theNr received signals arrived at the relay. Now after performingMRC, the instantaneous SNR

at the relay terminal can be computed as

γ(S R) =
p1

N0

Nr
∑

v=1

E(S R)
u,v

=
p1

N0
C(S R)

u

(4.6)

whereE(S R)
u,v is the energy captured by the Rake receiver at thevth antenna of the relay termi-

nal and is calculated as in (2.16). From the equations (2.15)and (3.15) and using the Gauss-

Laguerre formula, the average BER for(S → R) link can be computed as

pe
(S R) =

1
2π

S L
∑

s=1

NH
∑

i=1

wL
s wH

i Ψ
(S R)
Cu

(ϑ) Q

(√

(1− ρr)
p1

N0
x

)

e[ϑ2+(1− jϑ)x]
∣

∣

∣

∣

∣

∣ϑ=xH
i

x=xL
s

(4.7)

4.3.2 Average BER for the source to destination link

In the source to destination(S → D) link, it is assumed that a source terminal selects theuth

transmitting antenna after performing the TAS/MRC scheme such that it maximizes the instan-

taneous SNR at the destination. The total received SNR afterapplying MRC in the(S → D)

link is obtained as

γ(S D) =
p1

N0
arg max

16u6Nt

{

C(S D)
u

}

=
p1

N0
C(S D)

(u)

(4.8)

From the equation (3.17), the average BER for the(S → D) link can be evaluated as

p(S D)
e =

Nt

(2π)Nt

S L
∑

s=1



















wL
s Q

(√

(1− ρr)
p1

N0
x

)

















NH
∑

i=1

wH
i Ψ

(S D)
Cu

(ϑ) e[− jϑx+ϑ2]
∣

∣

∣

∣

ϑ=xH
i

















ex

×
















x
2

NL
∑

j1=1

NH
∑

i=1

wL
j1w

H
i Ψ

(S D)
Cu

(ϑ) e
[

− jϑx
2

(

xL
j1
+1

)

+ϑ2
]∣

∣

∣

∣

∣

ϑ=xH
i

















(Nt−1)
















∣

∣

∣

∣

∣

∣

∣

∣

x=xL
s

(4.9)
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4.3.3 Average BER for the source to relay to destination link

In the source to relay to destination(S → R→ D) link, a destination receives signals from

the source and relay terminals when a relay decodes the broadcasted information correctly in

the first time slot and performs the MRC diversity scheme to combine the received signals. The

total instantaneous SNR at the destination after performing MRC can be formulated as

γ(S RD) =
p1

N0
C(S D)

(u) +
p2

N0
C(RD)

(u) (4.10)

Assumingp1 = p2 and(S → D) , (R→ D) links are i.i.d, then the received SNR in(S → R→ D)

link is calculated asγ(S RD) , γ(S D) with the substitution of 2Nr in place ofNr. Hence, the average

probability of error in this link can be calculated as

p(S RD)
e , p(S D)

e

∣

∣

∣

Nr=2Nr , γ(S D)=γ(S RD)
(4.11)

Combining the equations (4.5), (4.7), (4.9) and (4.11), thefinal average BER expression for

TAS/MRC based UWB DF-relay system over the IEEE 802.15.3a channel can be obtained by

p̃e (γ) = Nt



































S L
∑

s=1

wL
s Q

(√

(1− ρr)
p1

N0
xL

s

)

e(xL
s )
[

F(S D)
Cu

(

xL
s

)](Nt−1)
f (S D)
Cu

(

xL
s

)

















× 1
2π

















S L
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s=1

NH
∑

i=1

wL
s wH

i Ψ
(S R)
Cu

(ϑ) Q

(√
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p1
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xL

s

)
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s ]
∣

∣

∣

∣

∣

∣
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(4.12)

where fCu (.), FCu (.) andΨCu (.) have been presented in section 3.4.1.
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4.4 Numerical Results and Discussion

In this section, we present the simulation and the analytical BER results of TAS/MRC based

UWB DF-relay system over the IEEE 802.15.3a channel and examine the impacts of various

channel parameters on the performance. Fig. 4.2 shows the simulated and the analytical BERs

of the TAS/MRC(Nt, 1; Nr) based UWB DF-relay system and compare these results with the

BER of a conventional (without relay and single antenna link) UWB system over the IEEE

802.15.3a channel model (CM1). As expected, the DF-relaying UWB system has lesser BER

than the conventional UWB system. Additionally, the BER of the DF-relaying UWB system

improves with an increase in the number of antennas at the transmitter and at the receiver. An

improvement in the BER is because of the diversity gain achieved by employing the cooperative

technique and MIMO network into the conventional UWB systems. The TAS/MRC (4,1;4)

based DF-relaying UWB system has lesser BER than the BER of the TAS/MRC (2,1;2) or

TAS/MRC (3,1;3) based DF-relaying UWB systems. Similarly,Fig. 4.3 shows the simulation

and the analytical BER of TAS/MRC (3,1;3) based DF-relayingUWB system over the IEEE

802.15.3a channel model (CM1∼4). The results show that the derived analytical BER is in good

match with the simulation results, which validates the accuracy of the derived expression.

Fig. 4.4 shows the effect of shadow-fading with the standarddeviationσX = 3 dB andσX =

6 dB on the BER of the conventional and investigated UWB systems over the IEEE 802.15.3a

channel model (CM1). It is observed that, BER atσX = 3 dB is lesser than the BER atσX = 6

dB. Hence, the impact of shadow fading in the analysis of UWB system over the IEEE 802.15.3a

channel model can not be ignored. Furthermore, the impact ofRake’s fingers on the BER of the

of the TAS/MRC (3,1;3) based DF-relaying and the conventional UWB systems over the IEEE

802.15.3a channel (CM1∼4) at SNR = 5 dB is shown in Fig. 4.5. In general, asL increases,

the BER decreases, because of the increase in the amount of signal energy received by the Rake

receiver. But for large values ofL, BER curves become flat. A possible reason is that, with an

increase in the number of fingers beyond certain values ofL, the increments in the signal energy
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Figure 4.2: BERs of the conventional UWB and TAS/MRC(Nt, 1;Nr) based UWB DF-relay system
over the IEEE 802.15.3a channel (CM1)

becomes very small. Moreover, BER of conventional UWB system beyondL = 70 has almost

same values for all four channel models. A similar inferenceis also drawn from the BER of

TAS/MRC (3,1;3) based DF-relaying UWB system forL ≥ 90.

Fig. 4.6 shows the BER of conventional UWB systems over the IEEE 802.15.3a channel

(CM2) for various values of inter-cluster arrival rate(Λ). We observe that whenΛ increases,

the BER decreases. This is because increase inΛ signifies the arrival of increased number of

clusters within the same [0, LTc] time interval and the Rake receiver can now collect more signal

energy, thereby improving the BER.

4.5 Summary

In this chapter, we derived the BER expression for the TAS/MRC based DF-relaying UWB

system over the IEEE 802.15.3a channel model. Additionally, we presented the Monte-Carlo

simulation and the analytical BER results for the DF-relaying UWB systems for the different

number of antenna configurations in the TAS/MRC scheme and compared these results with the
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Figure 4.3: Simulation and analytical BER of TAS/MRC(3, 1; 3) based UWB DF-relay system
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system over the IEEE 802.15.3a (CM1)
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BER of the conventional UWB system. From the extensive Monte-Carlo simulation results, it

is found that the DF-relaying UWB system has lesser BER than the conventional UWB system

and it improves with an increase in the number of antennas in the TAS/MRC scheme. The

presented results show that the derived analytical BER is a good match with the simulation

results for the IEEE 802.15.3a channel models (CM1∼4). Furthermore, we investigated the

effects ofσX, Λ andL on the BER of the DF-relaying and conventional UWB systems. We

would also like to emphasize that the presented analytical method can be applied to the other

multipath channel models with any fading distribution.
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5. BER Analysis of TAS/MRC Based LR-UWB Relay System over theIEEE 802.15.4a Channel

5.1 Introduction

IEEE 802.15 WPAN working group has categorized the UWB technology into high-data-

rate and low-data-rate UWB (LR-UWB) technologies and has recommended the IEEE 802.15.3a

and the IEEE 802.15.4a channel standards for the implementation of these two UWB systems,

respectively. In the previous chapters, we dealt with the high-data-rate UWB system and de-

rived the BER of various diverse UWB networks and discussed the effects of various parameters

of the IEEE 802.15.3a channel model on the performance. In this chapter, we study the propa-

gation characteristics and the power delay profile of the IEEE 802.15.4a channel and compute

the average BER for the DF-relaying LR-UWB system with TAS scheme at the source and

the relay terminals. Additionally, we examine the impacts of various parameters of the IEEE

802.15.4a channel on the BER and suggest the sufficient number of Rake’s finger required to

capture the signal energy for various environments of the IEEE 802.15.4a channel model. Fur-

thermore, we demonstrate the Monte-Carlo simulation and the numerical results of the derived

BER expression and compare these results with the reported BER for the narrowband flat fading

channels.

Several research findings on the performance evaluation of the IEEE 802.15.4a channel in

various scenarios have been reported in the literature. Initial work on the error performance

analysis of LR-UWB system over the IEEE 802.15.4a channel model have been reported in

[71, 72, 94]. In [73, 74], the authors have analyzed the errorperformance of two hop LR-UWB

systems over the simplified UWB channel or narrowband flat fading channels. In [75], the

authors have investigated the BER of the cooperative communication over theκ − µ fading

channel (κ − µ is a generalized narrowband flat fading model which accommodates most of the

known fading models such as Rayleigh distribution forκ → 0 & µ = 1 Nakagami-m distribution

for κ→ 0 & µ = m and so on).

The remainder of this chapter is organized as follows. In thenext section, we describe the

system and channel model. We derive an expression of BER for the TAS/MRC based DF-
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5.2 System and Channel Model

relaying LR-UWB system in section 5.3. In section 5.4, we present the analytical and the

simulation results and summarize the outcomes of the chapter in section 5.5.

5.2 System and Channel Model

We consider a LR-UWB relay system with the antenna selectionat the source and the relay

terminals as shown in Fig. 4.1. In the system, relay is configured to perform the DF cooperative

strategy and the antenna selection is carried out such that the selected transmitting antenna is

delivers the maximum received SNR at the destination. A brief description of the system model

and the mathematical expressions of received signals vectors are already given in section 4.2.

In this chapter, channel impulse response for each channel link is modeled as IEEE 802.15.4a

standard, which is suitable for the LR-UWB applications. The propagation characteristics and

the power delay profile of the IEEE 802.15.4a channel is defined below.

5.2.1 IEEE 802.15.4a channel model

TG4a has developed the IEEE 802.15.4a standard for implementation of the LR-UWB sys-

tem covering frequency range 2-10 GHz. Mathematically, an impulse response of the IEEE

802.15.4a channel from theuth transmitter to thevth receiver can be expressed as [13]

h(u,v) (t) =
M
∑

m=0

R
∑

r=0

α(u,v)
r,m exp

(

jφ(u,v)
r,m

)

δ
(

t − T (u,v)
m − τ(u,v)

r,m

)

(5.1)

whereαr,m is the multipath gain coefficient (MPC) of therth ray within themth cluster,Tm

and τr,m are the cluster and ray arrival times, respectively. The phaseφr,m is uniformly dis-

tributed in the range [0, 2π], R and M represent the number of rays within the cluster and

the number of clusters, respectively. According to TG4a report, α is Nakagami-m distributed,

where parameter-m is modeled as a lognormally distributed random variable, whose logarithm

has a mean(µm (τ) = m0 − kmτ) and a standard deviation
(

σm (τ) = m̂0 − k̂mτ
)

. The parameters

{m0, km} and
{

m̂0, k̂m

}

are the mean factors and the variance factors for parameter-m, respec-

tively. For the first component of each cluster, the Nakagamifactor m is modeled differently

and it is defined asm = m̃0, wherem̃0 is the Nakagami-m factor for strong components. The
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distribution of cluster arrival time is modeled as the Poisson process and it is defined in 2.2.

While the distribution of ray arrival time is modeled as the mixtures of two Poisson processes.

If λ1 andλ2 are the ray arrival rates, then the distribution of ray arrival time is given by

f
(

τr,m
/

τ(r−1),m
)

= βλ1e(−λ1[τr,m−τ(r−1),m]) + (1− β) λ2e(−λ2[τr,m−τ(r−1),m]) , r > 0 (5.2)

whereβ is the mixture probability. Now an average arrival rate,λ is obtained as

λ =
1

E
[

Average arrival time
]

=
λ1λ2

(1− β)λ1 + βλ2

(5.3)

In the IEEE 802.15.4a channel, the power delay profile withinthe cluster is exponential and it

is defined as

E

[

∣

∣

∣αr,m

∣

∣

∣

2
]

=
Ωm

γm
exp

(

−
τr,m

γm

)

(5.4)

whereΩm is the integrated energy ofmth cluster andγm represents the intra-cluster decay time

constant, depends linearly on the arrival time of the cluster and it is defined as

γm ∝ kγTm + γ0 (5.5)

wherekγ andγ0 are the intra-cluster decay time constant parameters. The shape of average

power delay profile for NLOS path of the office and the industrial environments is given by

E

[

∣

∣

∣αr,1

∣

∣

∣

2
]

=
(

1− χe[−τr,m/γrise]
)

e[−τr,m/γ1]
(

γ1 + γrise

γ1

) (

Ω1

γ1 + γrise(1− χ)

)

(5.6)

where the parameterχ describes the attenuation of the first component, the parameter γrise de-

termines how fast the PDP increases to its local maximum, andγ1 determines the decay at

later times. AssumingMcluster to be a normally distributed random variable with zero mean and

σcluster standard deviation, the integrated energy ofmth cluster over the cluster shadowing can

be expressed as

10 log(Ωm) = 10 log
(

exp
(

−Tm

Γ

))

+ Mcluster (5.7)
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AssumingΩ = E
[

∣

∣

∣αr,m

∣

∣

∣

2
]

and from the equations (5.4), (5.7) after substitutingTm = T , τr,m =

T − τ, and we have

Ω =
1
γm

exp

(

−T
Γ
− T − τ

γm

)

(5.8)

On the basis of practical measurements, the IEEE 802.15.4a channel model is categorized

into five different environments viz, Residential, Indoor Office, Outdoor, Open Outdoor and

Industrial environments. Every channel environment is further classified according to the LOS

and NLOS paths. The measured values and parametric specifications of the IEEE 802.15.4a

channel parameters for various environments are given in the Appendix B.

5.3 Performance Analysis

In this section, we derive an expression of BER for binary signals in the TAS/MRC based

DF-relaying LR-UWB MIMO system over the IEEE 802.15.4a channel model. The derivation

of BER over the IEEE 802.15.4a channel is similar to the derivation over the IEEE 802.15.3a

channel presented in Chapter 4, the main difference is in thecomputation of characteristic

function of energy captured by a Rake receiver in the IEEE 802.15.4a channel.

5.3.1 Characteristic function of the received signal energy for the MRC system

Let Ẽu,v be the energy captured by a Rake receiver in the(u − v)th channel link for the LR-

UWB system. Similar to the IEEE 802.15.3a standard,Ẽu,v in the [0, LTc] time window can be

computed as

Ẽu,v ,

∑

0<Tm+τr,m6LTc

∣

∣

∣αu,v
r,m

∣

∣

∣

2
(5.9)

For brevity, we omit the antenna index. From the equations (2.16) and (2.18), a characteristic

function,ψẼ (ϑ) can be defined as

ψẼ (ϑ) = L0,0 (ϑ) e−λψ̃ϑ(0,L) e−ΛJ̃(ϑ,L) (5.10)

For the IEEE 802.15.4a UWB channelαT,τ is a random variable having Nakagami-m distribu-

tion, then the distributionα2
T,τ is modeled as a Gamma distribution. Hence the characteristic
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function,LT,τ (ϑ) can be calculated as

LT,τ (ϑ) =

(

1− iϑΩ
m

)−m

(5.11)

whereΩ represents the average energy ofαr,m is defined in equation (5.8) andm = exp
(

m0 +
m̂2

2

)

.

Combining the equations (2.22), (2.24), (3.14) (5.10) and (5.11), the characteristic function of

the received signal energy(Cu) is obtained as

ΨCu (ϑ) =





















1− iϑ

γ0e

(

m0+
m̂2
2

)





















−Nr exp
(

m0+
m̂2
2

)

e















− NrλLTc
2

NL
∑

j=1
wL

j [1−Lo,τ(ϑ)]
∣

∣

∣

∣

τ=
LTc

2

(

xL
j +1

)















× e



















− NrΛLTc
2

NL
∑

j1=1
wL

j1

[

1−LT,T (ϑ)e[−λψ̃ϑ(T,L)]
]

∣

∣

∣

∣

T= LTc
2

(

xL
j1
+1

)



















(5.12)

The final BER expression of the TAS/MRC based DF-relaying LR-UWB system over the IEEE

802.15.4a channel can be obtained by substituting the result of ΨCu (ϑ) in the equation (4.12).

5.4 Numerical Results and Discussion

In this section, we present the Monte-Carlo simulation and the analytical results of binary

signals for the TAS/MRC based DF-relaying LR-UWB system. Fig. 5.1 shows the comparison

of BER conventional (without relay) and TAS/MRC (3,1;3) based DF-relaying UWB systems

over the IEEE 802.15.3a and the IEEE 802.15.4a channel models (CM1). As expected, the BER

over the IEEE 802.15.3a channel is lower than the IEEE 802.15.4a channel. This is because, the

IEEE 802.15.3a channel standard has been developed for short distance UWB communication

and consequently in a given time-window, more MPCs arrive atthe Rake receiver than in the

IEEE 802.15.4a channel standard.

The effect ofL on the BER of TAS/MRC (3,1;3) based DF-relaying LR-UWB system over

various environments of the IEEE 802.15.4a channel at SNR= 5dB is shown in Fig. 5.2. Ini-

tially, asL increases, the BER decreases because more signals energy iscaptured by the Rake

receiver. But beyond certain values ofL (L > 15 for CM1∼2 andL > 25 for CM3∼6), the BER

curves become flat. This is because, beyond a certainL, the contribution to the total signal en-
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Figure 5.1: BER for conventional and TAS/MRC(3, 1; 3) based UWB DF-relay system over the IEEE
802.15.3a and the IEEE 802.15.4a channel model (CM1)

ergy captured by the Rake receiver is only marginal with increasingL. Therefore, BER curves

become almost flat. For further simulations and the numerical calculations, we chooseL = 25

for all channel models so that performance can be compared fairly in all cases.

Fig. 5.3 shows the effect of number of antennas on the BER of the TAS/MRC(Nt, 1; Nr)

based DF-relaying UWB communication over the IEEE 802.15.4a channel (CM1). The UWB

relay system has lesser BER than the conventional UWB systemand BER also improves with

an increase in the number of antennas in the TAS scheme due to the diversity gain achieved by

incorporating MIMO technology. Similarly, the simulationand analytical BER of binary signals

for the TAS/MRC(3, 1; 3) based DF-relaying UWB system over different environments of the

IEEE 802.15.4a channel (CM1∼6) are shown in Fig. 5.4. The results show that the derived

analytical result reasonably matches to the simulation results, which validate the accuracy of

the derived BER expression.

Fig. 5.5 shows the simulated and analytical BERs of the UWB system (with and without
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Figure 5.2: BER vsL for TAS/MRC(3, 1; 3) based LR-UWB relay system for SNR=5dB
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Figure 5.3: Simulation and analytical BER of the conventional and TAS/MRC (Nt, 1;Nr) based UWB
DF-relay system over the IEEE 802.15.4a channel (CM1)
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Figure 5.4: Simulation and analytical BER of the TAS/MRC(3, 1; 3) based UWB DF-relay system over
the IEEE 802.15.4a channel (CM1∼6)

0 2 4 6 8 10
10

−3

10
−2

10
−1

10
0

SNR (dB)

B
E

R

 

 

Non−relay SISO−UWB (Sim)
Non−relay SISO−UWB (Ana)
Relay SISO−UWB (Sim)
Relay SISO−UWB (Ana)

Conventional 
Nakagami−m  channel [83]

Rayleigh faded 
channel [83]

IEEE 802.15.4a 
UWB channel
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Figure 5.8: BER of TAS/MRC (3, 1; 3) based LR-UWB DF-relay system over the IEEE 802.15.4a
channel (CM2) for different values of mixture probability

relay) over the IEEE 802.15.4a channel and narrowband Nakagami-m flat fading channel (m =

1, and 2.0324) forL=10. As expected, the narrowband Nakagami-m fading has lesser BER than

the IEEE 802.15.4a channel model and BER for narrowband fading channels decreases with

increasing the value ofm.

Fig. 5.6 shows the effect of the inter-cluster decay constant (Γ) on the BER of the conven-

tional and the TAS/MRC (3,1;3) DF-relaying UWB systems overthe IEEE 802.15.4a channel

(CM1∼2), at SNR=10dB. It is observed that the BER of both UWB systems decreases with an

increase inΓ. But after certain values ofΓ (Γ= 22ns for CM1 &Γ= 26ns for CM2), the BER

curves go flat. Initially, the integrated energy of themth cluster,(Ωm) increases with an increase

in Γ. As a result, the energy captured by the Rake receiver also keeps increasing. Later on, at

Γ= 22ns for CM1 andΓ= 26 ns for CM2, most of themth cluster energy already gets integrated.

Therefore, beyond these values ofΓ, the BER curves become flat.

Fig. 5.7 shows the impact of inter-cluster arrival rate(Λ) on the BER of conventional UWB
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system. We observe that whenΛ increases, the BER decreases because more clusters arrive in

the given time window and the Rake receiver collects more signal energy for the channel, hence

improving the BER. Fig. 5.8 shows the effect ofβ on the BER of the investigated UWB system

over the IEEE 802.15.4a channel (CM2). Asβ increases, the BER decreases. From equation

(5.2), whenβ increases, the ray process has the higher probability to choose the arrival rateλ1

rather thanλ2. For the IEEE 802.15.4a channel (CM2),λ1 = 1.77 andλ2 = 0.15. As we already

know, the higher arrival rate means more signal energy captured by the Rake receiver thereby

improving the BER.

5.5 Summary

In this chapter, we derived the computable BER formula of binary signals for the TAS/MRC

based DF-relaying LR-UWB system over the IEEE 802.15.4a channel. Our numerical results

showed that there is a significant improvement in the BER of the DF-relaying UWB system. We

also showed the BERs of the low-data-rate UWB system for the various fading channels and

compared these results with the BER of the conventional UWB system over the IEEE 802.15.4a

channel. The results showed that the numerical values of thederived BER are in good match

with the Monte-Carlo simulation results, which justify theapproximations and assumptions

taken in our analysis. We also found that the numerical computation of the derived BER is faster

than the Monte-Carlo simulation. Furthermore, we investigated the impact of number of fingers

of Rake receiver on the BER and suggested the sufficient number of L for various environments

of the IEEE 802.15.4a channel model. Additionally, we have discussed the effects of various

parameters in the IEEE 802.15.4a channel model on BER performance of the TAS/MRC based

DF-relaying LR-UWB system.
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6. Analysis of mm-Wave MIMO System over the IEEE 802.15.3c Channel at 60 GHz

6.1 Introduction

the licence-exempted wide frequency spectrum in the mm-Wave for indoor communications

at 60 GHz band has shown enormous potential for bandwidth-hungry applications such as high

definition video streaming, live gaming and so on. In the available literature [79–81, 83–85],

the spectral efficiency, the outage channel capacity, and the average output SINR of the mm-

Wave system with various antenna beamforming techniques have been reported. Beamforming

is a signal processing technique used in the antenna arrays to compensate the high path loss

phenomenon and obtain the reliable transmission quality at60 GHz band. The main idea of

beamforming is to control the phase of the signal fed to each transmitting antenna via a network

of analog phase shifters. A large bandwidth and the stochastic nature of the IEEE 802.15.3c

channel pose difficulties in the theoretical analysis of themm-Wave communication at 60 GHz

band. Simulation results and semi-analytical analysis of 60 GHz band have been reported in

[82, 86, 90], but the BER analysis of mm-Wave system with the antenna beamforming has not

been reported (to the best of the knowledge of the authors).

In this chapter, we derive an analytical expression of antenna beamforming based BER for

the mm-Wave MIMO indoor communication system over the IEEE 802.15.3c channel model.

The analysis includes the impact of a coherent Rake receiveron the BER and suggests the

sufficient number of Rake fingers required to capture the maximum signal energy in the IEEE

802.15.3c channel environment. Additionally, we discuss the effect of the power decay fac-

tors and the arrival rates on the performance. We present theMonte-Carlo simulation and the

analytical results and examine the accuracy of our BER expression.

This chapter is organised as follows. Section 6.2 describesthe system and channel model.

In Section 6.3, the BER analysis of MIMO mm-Wave system over the IEEE 802.15.3c channel

model at 60 GHz is presented. In Section 6.4, the Monte-Carlosimulation results are provided

and discussed. The chapter is summarised in Section 6.5.
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6.2 System and Channel Model

In this section, the IEEE 802.15.3c channel model at 60 GHz band and the mm-Wave com-

munication system with uniform antennas array (ULAs) are described in brief.

6.2.1 IEEE 802.15.3c channel model

IEEE 802.15.3c channel model is known as the modified Saleh- Valenzuela (SV) indoor

channel model. It combines a LOS component using a two-path model with the NLOS reflec-

tive clusters of the S-V model. The channel model considers the spatial temporal phenomenon

and the angle-of-arrival (AOA) information, which are widely used for describing the multipath

propagation in the indoor communication system. Although the angle of departure (AOD) is

not defined in the original IEEE 802.15.3c mm-Wave channel model [19], but it is necessary to

examine the system performance with the antenna beamforming. Therefore, in this analysis we

considers the modified version of the IEEE 802.15.3c channel, which has four parameters, in-

cluding multipath gain coefficients, time of arrival (TOA),AOA and AOD. A impulse response

of modified version of the IEEE 802.15.3c channel is given by

h (t, θ, φ)= βδ (t) δ (θ) δ (φ)+
M

∑

m=1

R
∑

r=1

αr,mδ
(

t −Tm −τr,m
)

δ
(

θ − θm − ωr,m
)

δ
(

φ − φm − ψr,m
)

(6.1)

whereβ represents the gain coefficient of the LOS path, which are dependent on the antenna-

heights, the antenna gains, the Tx-Rx separation and the path loss of the first impulse.θm and

φm are the AOA and AOD of themth cluster, respectively. Similarly,ωr,m andψr,m are the AOA

and AOD for therth ray of themth cluster, respectively. Assuming AOD has the same statistics

as that of the AOA, A graphical representation of the multipath propagation behaviour at 60

GHz band is shown in Fig. 6.1. The figure clearly shows that theMPCs (rays) arrived in the

form of bunches (cluster) which are independent of each other. The number of cluster (M) is a
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Figure 6.1: Graphical representation of the IEEE 802.15.3c channel model

random variable, whose probability mass function (pmf) is expressed as

fM (m) =







































(

1+ L̄
)

e−L̄,

L̄me−L̄
/

m!

0,

m = 1

m ≥ 2

otherwise

(6.2)

whereL̄ = E [M]. The distribution of the cluster and the ray time-of-arrival are modeled as

Poison processes. In the angular domain, AOA of the LOS component, {θLOS }, is assumed

to be zero degree and a distribution of{θm}, to be uniform random variables distributed over

[0, 2π]. On the other hand, the distribution of{ωr,m}, is modeled as a zero mean Gaussian

random variable withσφ standard deviation and is given as

f
(

ωr,m
)

=
1

√
2πσφ

exp
(

−ω2
r,m

/

2σ2
φ

)

(6.3)
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The second order moment or average power of the complex multipath gain coefficient
(

αr,m
)

can

be calculated as

E

[

∣

∣

∣αr,m

∣

∣

∣

2
]

= Ω0 exp

(

−Tm

Γ
−
τr,m

γ
− κ̃I[ κ̃,0]

)

(6.4)

where κ̃ is the Rician factor andI[A] denotes the indicator function of an event{A}. On the

basis of practical measurements, the IEEE P802.15 WPAN channel model subcommittee has

categorized the 60 GHz indoor communication environment into five different categories viz,

Residential, Office, Library, Desktop and Kiosk. These environments are further classified

according to the LOS and NLOS scenarios. They are further sub-categorized based on the

Half-Power Beam-Width (HPBW) of the transmit and receive antenna arrays. The parametric

specifications and the measured data of the IEEE 802.15.3c channel parameters for different

environment are given in the Appendix C.

6.2.2 System model

The ULAs based mm-Wave MIMO system, havingNt transmit andNr receive antennas with

the bank of coherent Rake receiver is shown in Fig. 6.2. Note that the mm-Wave communication

Figure 6.2: Block diagram of mm-Wave MIMO system model employing coherent Rake receivers

at 60 GHz exclusively support the rank one transmission i.e., all transmitting antennas are fed

with the same symbol at one time instant. The mathematical expression of binary phase shift
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keying (BPSK) modulated transmitted signal is given by

s (t) =
√

Eb

∞
∑

i=−∞
bi p (t − iTs) (6.5)

wherebi ∈ {±1} represents theith transmitted bit,p (t) is the unit energy raised-cosine pulse of

durationTp andTs is the symbol duration. We denoteRg (.) as the normalized autocorrelation

function of pulsep(t) and assume thatRg (δ) ≈ 0, when |δ| ≥ Tp. It is also assumed that

each transmitted symbol having only one pulse henceTs = Tp. Considering the transmit and

the receive antennas are perfectly aligned and statistically independent, the effective mm-Wave

channel impulse response after considering the ULAs can be expressed as

h (t) =

π
∫

−π

π
∫

−π

h (t, θ, φ)ϑ (θ) ζ (φ) dθdφ (6.6)

where h (t) ∈ CNr×Nt is the matrix of effective mm-Wave channel,ϑ (θ) and ζ (φ) represent

the array response vector of ULAs at the transmitter and the receiver side, respectively, which

satisfy‖ϑ (θ)‖2 = 1 and‖ζ (φ)‖2 = 1, are defined as

ϑ (θ) =
1
√

Nt

[

1, e
(

j2πd sin(θ)
λc

)

, ..., e
(

j2π(Nt−1)d sin(θ)
λc

)

]T

(6.7)

and

ζ (φ) =
1
√

Nr

[

1, e
(

j2πd sin(φ)
λc

)

, ..., e
(

j2π(Nr−1)d sin(φ)
λc

)

]T

(6.8)

whereλc is the wavelength of the carrier frequency andd = λ/2 is the half wavelength spacing

between the two consecutive antennas. Since, all the transmitting antennas are independent and

transmit one symbol at a time, then the received signal at thevth receiving antenna can be given

as

rv (t) =

√

Eb

NtNr

∞
∑

i=−∞

Nt
∑

u=1

bi















β(u,v) p (t − iTs) +
M
∑

m=1

R
∑

r=0

α(u,v)
r,m p

(

t − δ(u,v)
r,m − iTs

)

e
(

j Θ(u,v)
r,m

)















+ η(v) (t)

(6.9)
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whereδ(u,v)
r,m = T (u,v)

m + τ
(u,v)
r,m , Θ(u,v)

r,m = 2πd
λc

[

(u − 1) sin
(

θ
(u,v)
m + ω

(u,v)
r,m

)

+ (v − 1) sin
(

φ
(u,v)
m + ψ

(u,v)
r,m

)]

andη(v) (t) ∽ N
(

0, N0Nt

Nr

)

.

6.3 BER Analysis

In this chapter, we derive a characteristic function based BER formula of antenna beamform-

ing based mm-Wave MIMO communication system with the bank ofcoherent Rake receiver.

In the analysis, it is assumed that a perfect CSI is availableat the receiver and the Rake receiver

correlates the received signal of the(i′) symbol with a template signal as follows.

φ (t) = βp
(

t − i′Ts
)

+

M
∑

m′=1

R
∑

r′=0

αr′,m′p
(

t − δr′,m′ − i′Ts
)

e( jΘr′ ,m′) (6.10)

The output of the Rake receiver correlator can be calculatedasRv=
∫ (i′+1)Ts

i′Ts
rv (t)φ∗v (t) dt, where

φ∗v (t) denotes the complex conjugate of the template signal. Underthe assumption of perfect

synchronization i.e.,(m = m′) & (r = r′) and using the relationRg (δ) = Rg (−δ), the output of

the correlator atvth receive antenna can be evaluated as

Rv =

√

Eb

NtNr

∞
∑

i′=0

Nt
∑

u=1

bi′















β2
u,v +

M
∑

m=1

R
∑

r=0

2 βu,v α
(u,v)
r,m Rg

(

δ(u,v)
r,m

)

cos
(

Θ
(u,v)
r,m

)

+

M
∑

m=1

R
∑

r=0

∣

∣

∣α(u,v)
r,m

∣

∣

∣

2















+η̃v (t)

(6.11)

whereη̃v (t) =
∫ (i′+1)Ts

i′Ts
ηv (t)φ∗ (t) dt, is the noise component. In order to remove the inter-pulse

interference, it is assumed thatδr,m ≥ Tp, henceRg
(

δr,m
) ≈ 0. Assuming all the receiving

antennas are sufficiently far away to make them uncorrelatedand have equal noise power, the

total received instantaneous SNR(Υ) can be computed as

Υ =
Eb

N2
t N0

Nr
∑

v=1

Nt
∑

u=1















β2
(u,v) +

M
∑

m=1

R
∑

r=0

∣

∣

∣α(u,v)
r,m

∣

∣

∣

2















(6.12)

6.3.1 PDF of the total received instantaneous SNR

Let us define,E(u,v) ,
M
∑

m=1

R
∑

r=0

∣

∣

∣α
(u,v)
r,m

∣

∣

∣

2
be the energy carried by all the multipath rays exclud-

ing the LOS component in the(u − v)th channel link for 60 GHz band. Assuming i.i.d. channel

links, the characteristic function,ΨΥ (ϑ) of the total received instantaneous SNR can be com-
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puted as

ΨΥ (ϑ) =
Nr
∏

v=1

Nt
∏

u=1

ψ
(u,v)
E

(

Eb

N2
t N0

ϑ

)

exp















jEb β
2
(u,v)

N2
t N0

ϑ















(6.13)

whereψ(u,v)
E (.) is the characteristic function ofE(u,v) in the IEEE 802.15.3c channel model. For

simplicity, we omit the antenna indexing (u, v) in the calculation ofψ(u,v)
E (ϑ). It may be noted

that the number of clusters (M) is a random variable in the IEEE 802.15.3c channel model.

Using equation (6.2), the average received energy with respect toM can be computed as

Ẽ =
∞
∑

m=1















m
∑

ℓ=1

R
∑

r=0

∣

∣

∣αr,ℓ

∣

∣

∣

2















fM (m)

=
(

1+ L̄
)

e−L̄Ẽ1 +
∑

m≥2

Ẽm

(

L̄me−L̄

m!

)

(6.14)

whereẼ1 =
∑R

r=0

∣

∣

∣αr,1

∣

∣

∣

2
and Ẽm =

∑m
ℓ=2

∑R
r=0

∣

∣

∣αr,ℓ

∣

∣

∣

2
are the energies carried by the rays which

arrived within the first cluster and the remaining clusters,respectively. In this analysis, we

conjecture that,Ẽ1 is close toE1, sum of the squared path gains of the first cluster that fall

within [0, LTc] time window. Similarly,Ẽm is close toEm, the sum of squared path gains of

rays in the remaining clusters, which are defined asE1 ,
∑

(r,1):0<(T1+τr,1)6LTc

∣

∣

∣αr,1

∣

∣

∣

2
andEm ,

∑

(r,m):0<(Tm+τr,m)6LTc

∣

∣

∣αr,m

∣

∣

∣

2
. It is noted thatE1 andEm are assumed to be statistically independent

to each other. From the equation (2.18), the characteristicfunction ofẼ can be calculated as

ψẼ (ϑ) = exp
[

−λψ̃κ1 (0, L)
]















∏

m>2

exp
[

−ΛJ̃ (κ2, L)
]















(6.15)

whereκ1 =
(

1+ L̄
)

e−L̄ϑ andκ2 =
L̄me−L̄

m! ϑ. From the equations (2.26), (6.13) and (6.15), the

hermite computation form forfΥ (x) can be obtained by

fΥ (x) =
1
2π

NH
∑

i=1

wH
i

















Nr
∏

v=1

Nt
∏

u=1

e













jEbβ
2
(u,v)xH

i

N2
t N0

−λψ̃(u,v)
κ̃1

(0,L)













∏

m2

e(−ΛJ̃(u,v)(κ̃2,L))
















e
(

− jxxH
i +(xH

i )2
)

(6.16)

where κ̃1 =
Eb(1+L̄)e−L̄

N0N2
t

xH
i and κ̃2 =

Eb

N0N2
t

L̄me−L̄

m! xH
i . Combining the equations (2.15) and (6.16)

and using Gauss-Laguerre quadrature, the final BER expression for binary signal in the antenna
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beamforming based mm-Wave MIMO system over the IEEE 802.15.3c channel model at 60

GHz band is given by

pe =
1
2π

S L
∑

s=1

NH
∑

i=1















wL
s wH

i















Nr
∏

v=1

Nt
∏

u=1

exp















j Eb β
2
(u,v) xH

i

N2
t N0

− λ ψ̃(u,v)
κ̃1

(0, L)















∏

m2

e(−ΛJ̃(u,v)(κ̃2,L))














× Q
( √

(1− ρr) x
)

e
[

x(1− jxH
i )+(xH

i )2
]∣

∣

∣

∣

∣

x=xL
s

}

(6.17)

6.4 Numerical Results and Discussion

This section presents the simulated and analytical BERs of the mm-Wave MIMO communi-

cation system for four different environments of the IEEE 802.15.3c channel- Residential LOS

(CM1), Residential NLOS (CM2), Office LOS (CM3) and Desktop NLOS (CM8). For simula-

tion and analysis, we setM = 4, the raised-cosine pulse of a roll-off factora = 0.8,Tp = 0.5ns,

Ts = 0.5ns, sampling timeTsamp = 0.01 ns and central carrier frequencyfc = 60 GHz. Fig.

6.3 shows the effect of number of fingers of the Rake receiver on the BER of mm-Wave SISO

communication system at SNR of 5dB. It is observed that the BER for different channel models

become flat after certain values ofL. These values areL ≥ 27, L ≥ 27, L ≥ 10 andL ≥ 10

for CM1.1, CM2.1, CM3.1 and CM 8.1, respectively. From this observation, it is inferred that,

for CM1.1 the rays carry most of the energy fall within first 27ns, whereas for CM3.1, it falls

within 10ns. Therefore, for further simulations, we chooseL = 27, for all four channel models

so that the performance can be fairly compared in all the cases.

Fig. 6.4 shows the simulated and analytical BERs of the mm-Wave SISO communication

system over different environments of the IEEE 802.15.3c channel model. It is seen that the an-

alytical results of our derived BER is a good match with the simulation results. However, there

is the marginal difference between the analytical and the simulated BERs which are attributed

to: (1) The use of the Gauss-Hermite and Gauss-Legendre formulae in the numerical integra-

tions and (2) error in calculating the energy at the Rake receiver. From the equation (6.17), it is

clear that the above-mentioned errors will scale up with an increase in the size of the antenna
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Figure 6.3: BER vs.L for various environments of the IEEE 802.15.3c channel model for SNR=5 dB
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Figure 6.4: BER (simulation and analytical) of mm-Wave SISO communication for various environ-
ments of the IEEE 802.15.3c channel
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Figure 6.5: BER (simulation and analytical) forNt × Nr mm-Wave MIMO system over the IEEE
802.15.3c channel (CM8.1)
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Figure 6.6: The effects of HPBW on the BER for all four sub-categories of the IEEE 802.15.3c channel
(CM2)
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Figure 6.7: BER vs power decay factors for mm-Wave SISO system for SNR = 5dB
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Figure 6.8: BER vs cluster and rays arrival rates of mm-Wave SISO system for SNR = 5dB
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array. Therefore the differences between the simulated andthe analytical BERs increase with

the size of the antenna array as depicted in Fig. 6.5. The figure shows the effect of antenna

array on the BER of the investigated mm-Wave system over the IEEE 802.15.3c CM8.1. For

small antenna array configurations, the differences are small while for large antenna array con-

figurations, i.e., for 8× 8 and 16× 16 antenna arrays, the differences are notable but is within

acceptable limits. Fig. 6.6 shows the effect of HPBWs on the BER of mm-Wave SISO system

over the IEEE 802.15.3c channel (CM2). According to TG3c channel report, HPBWs at Tx =

360◦, 60◦, 30◦, 15◦ and HPBWs at Rx =15◦, correspond to CM2.1, CM2.2, CM2.3 and CM2.4,

respectively. It signifies a reduction in the omni-directionality and an increase in the directivity.

A directional antenna sends more signal energy into a particular direction which leads to less

power associated to cluster power level(Ω0) in the multipath environment. As suggested in the

report,Ω0 (in dB)= -88.7, -108, -111 and -110.7 correspond to four different sub-categories of

CM2. TheΩ0 has a direct effect on the energy collected by a Rake receiver(6.4), therefore,

more HPBW accounts less BER.

Fig. 6.7 shows the effects of inter-cluster(Γ) and intra-cluster(γ) power decay factors

on the BER of mm-Wave SISO communication system at SNR = 5 dB. Initially, when power

decay factors increase, BER decreases, but for larger values of power decay factors BER curves

become flat. From equation 6.4, it is clear that energy(E) carried by MPCs increase with theΓ

or γ. As a result, the total energy captured by a Rake receiver also increases, causing a decrease

in BER. But beyond the certain value of power decay factor, theE remain. unchanged due to

most of the energy carrying MPCs have already been captured by a Rake receiver. Therefore,

BER curves become flat. Additionally, the similar trends of BER is also shown in Fig. 6.8,

which shows the effects of cluster(Λ) and ray(λ) arrival rates on the BER. This is because,

when arrival rates increase, the arrival times of MPCs decrease therefore, more MPCs arrive in

the given time interval at the Rake receiver andE increases, thereby BER decreases. The result

also indicates that the BER curves are less variant with a change in theλ and reaches the lower
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saturation value slower than the change inΛ. This is because the ray arrival rate influences the

rays within the cluster whereas cluster arrival rate influences the every cluster.

6.5 Summary

In this chapter, we have derived an expression of BER for antenna beamforming based

mm-Wave MIMO communication system with the bank of coherentRake receivers at 60 GHz

band. In the antenna beamforming, we have considered the analog phase shifters employed

at the Tx-ULAs and Rx-ULAs to overcome the high path loses experienced by the mm-Wave

signals. We have plotted the simulation and analytical results of mm-Wave systems for different

antenna arrays over various environment of the IEEE 802.15.3c channel model. The derived

BER expression is a good match with the Monte-Carlo simulation results which validate the

suitability of the analysis of this system. Additionally, we have discussed the impacts of power

decay factors and arrival rates of the IEEE 802.15.3c channel model on the BER. We have also

suggested a sufficient number of Rake fingers required to capture the energy of mm-Wave signal

in various environments of the IEEE 802.15.3c channel model.
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7. Conclusions and Future Work

The objective of the work presented in this thesis is to investigate the performance of the

UWB and the mm-Wave indoor wireless communication systems with different diversity net-

works. In this chapter, we summarize the thesis, discuss itsfindings and contributions and also

provide some suggestions for future extension of the presented work.

7.1 Conclusions

A brief summary of the thesis is as follows.

In this thesis, we have presented an approximate model of thelognormal shadowing by

a Mixture of Gamma distributions using the moments matchingwith non-linear curve fitting

method and the EM algorithm. Using this approximation, we have derived the CF based com-

putable BER formulae of binary signals with a coherent Rake receiver for UWB and UWB-

MIMO wireless communications systems over the IEEE 802.15.3a channel model. We have

also derived the error performance of UWB and LR-UWB DF-relay systems with an antenna

selection scheme over the IEEE 802.15.3a and the IEEE 802.15.4a channel models, respec-

tively. Additionally, we have analysed the performance of mm-Wave wireless communication

system at 60 GHz band. Furthermore, we have discussed the impacts of Rake fingers and other

parameters of different channel models on the performance.The specific contributions of the

thesis and its finding are enlisted below.

(a) The MG distribution is a good fit to the lognormal shadowing and the exactness of the

MG distributions improves with addition of more Gamma components. To measure the

exactness, we have generated the PDF and CDF plots of both thedistributions (lognormal

shadowing and MG distributions) and calculate the MSE for different number of mixing

coefficients. We have also observed that, the parameter estimation using an EM algorithm

is more efficient and accurate than the moment matching method.

(b) Using the MG approximation, we have derived the computable BER formula of binary

signals with a coherent Rake receiver for UWB and TAS/MRC based UWB-MIMO systems
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in Chapter 2 and Chapter 3, respectively. The results showedthat, the accuracy of the

derived BER expression for 5-MG distributions is better than the reported BER results.

Additionally, the computer computation time of our BER expression is much less than the

reported BER expressions and the Monte-Carlo simulation.

(c) We derived the error performance for the DF-relaying UWBand LR-UWB systems with

an antenna selection scheme at the source and the relay terminals in Chapter 4 and Chapter

5, respectively. The results showed that the BER of investigated systems improves with the

increase in number of antennas and the impact of shadow fading effect in the BER is quite

significant and should not be ignored while evaluating the performance of UWB system.

Additionally, the BER of investigated system over the IEEE 802.15.3a channel model has

lesser than the IEEE 802.15.4a channel model.

(d) The derivation of BER for antenna beamforming based mm-Wave MIMO system over the

IEEE 802.15.3c channel model at 60 GHz band is presented in Chapter 6. The effects

of HPBWs and antenna configurations on the performance are also reported in the same

chapter.

(e) The numerical results of the derived BER expressions arein close agreement with the

Monte-Carlo simulation results, which validate our BER expressions and justify the as-

sumptions and approximations taken in the analyses.

(f) In this work, we have also suggested the sufficient numberof Rake fingers required to

capture the signal energy in the various environments of investigated systems.

7.2 Suggestions for Future Work

Some of the possible future directions that can be taken up asan extension of this work are

suggested below.
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(a) Performance analysis of two hop UWB systems can be easilyextended to the multi hop and

multi user UWB systems with different cooperative strategies.

(b) The analysis of mm-Wave system for 60 GHz band can be done for the OFDM network

with different beamforming techniques.

(c) The investigation of index modulation techniques in theOFDM-MIMO system for 60 GHz

band can also be explored.

(d) The presented work can be explored for non-i.i.d channeland in the interference-limited

conditions.
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A. Gaussian-Quadrature Rule

A.1 Gauss Quadrature Rule

In numerical analysis, a quadrature rule is an approximate solution of the definite integral

of a function, usually stated as a weighted sum of function values at specified points within the

domain of integration. In this thesis, we have considered three types of quadrature formulae,

which are given below.

A.1.1 Gauss-Hermite quadrature

∞
∫

−∞

e−x2
f (x) dx ≈

NH
∑

i=1

wH
i f

(

xH
i

)

(A.1)

whereNH is the number of nodes andwH
i denotes the weight coefficient associated with theith

root
(

xH
i

)

of Hermite polynomial can be calculated as

wH
i =

NH!2(NH−1)√π

NH2
[

HNH

(

xH
i

)]2

and the Hermite polynomial is given as

HNH (x) =

(

2x − d
dx

)NH

.1

A.1.2 Gauss-Legendre quadrature

b
∫

a

f (x) dx ≈ b − a
2

NL
∑

j=1

wL
j f

(

b − a
2

xL
j +

a + b
2

)

(A.2)

whereNL is the number of nodes andwL
j are the weight coefficient associated with thejth root

(

xL
j

)

of Legendre polynomials can be calculated as

wL
i =

2
(

1−
(

xL
j

)2
)

[

P′(NL)
(

xL
j

)]2
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A.1 Gauss Quadrature Rule

and the Legendre polynomials is given as

PNL (x) =
1

NL!2NL

dNL

dxNL

[

(

x2 − 1
)NL]

A.1.3 Gauss-Laguerre quadrature

∞
∫

0

e−x f (x) dx ≈
S L
∑

s=1

wL
s f

(

xL
s

)

(A.3)

whereS L is the number of nodes andwL
s weight coefficients associated with thesth root

(

xL
s

)

of

Laguerre polynomials can be calculated as

wL
s =

xL
s

(S L + 1)2[LS L+1
(

xL
s

)]2

and the Laguerre polynomials is given as

LS L (x) =
1

S L!

(

d
dx
− 1

)S L

xS L
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B.1 IEEE 802.15.4a Channel Model

B.1 IEEE 802.15.4a Channel Model

The experimentally measured values of channel parameters for various environments of the

IEEE 802.15.4a channel model are given in the Tables B.1 and B.2, respectively.

Table B.1: Experimental values of the IEEE 802.15.4a channel parameters for residential and office
environments

CHANNEL PARAMETERS
RESIDENTIAL INDOOR OFFICE

LOS (CM1) NLOS (CM2) LOS (CM3) NLOS (CM4)
Path Loss (PL0) 43.9 48.7 36.6 51.4
Pathloss exponent (n) 1.70 4.58 1.63 3.07
Delay spread S[dB] 2.22 3.51 1.9 3.9
Antenna loss(Aant) [dB] 3 3 3 3
Frequency dependence of the
pathlossκ [dB/octave]

1.12+0.12 1.53+0.32 -3.5 5.3

Mean number of clusters
(

L̄
)

3 3.5 5.4 1
Λ [1/ns] 0.047 0.12 0.016 NA
λ1 [1/ns] 1.54 1.77 0.19 NA
λ2 [1/ns] 0.15 0.15 2.97 NA
β 0.095 0.045 0.0184 NA
Γ [ns] 22.61 26.27 14.6 NA
kγ 0 0 0 NA
γ0 [dB] 12.53 17.50 6.4 NA
σcluster [dB] 2.75 2.93 NA NA
m0 [dB] 0.67 0.69 0.42 0.50
km 0 0 0 0
m̂0 [dB] 0.28 0.32 0.31 0.25
k̂m 0 0 0 0
m̃0 NA NA NA NA
χ NA NA NA 0.86
γrise NA NA NA 15.21
γ1 NA NA NA 11.84
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Table B.2: Experimental values of the IEEE 802.15.4a channel parameters for outdoor and industrial
environments

PARAMETERS
OUTDOOR OPEN OUTDOOR INDUSTRIAL

LOS (CM5) NLOS (CM6) NLOS (CM7) LOS (CM8) NLOS (CM9)
Path Loss(PL0) 43.29 43.29 48.96 -56.7 -56.7
n 1.76 2.5 1.58 1.2 2.15
σs 0.83 2 3.96 6 6
Aant [dB] 3 3 3 3 3
κ [dB/octave] -1.6 0.4 NA -5.6 -7.82
L̄ 13.6 10.6 3.31 4.75 1
Λ [1/ns] 0.0048 0.0243 0.0305 0.0709 NA
λ1 [1/ns] 0.27 0.15 0.0225 NA NA
λ2 [1/ns] 2.41 1.13 0 NA NA
β 0.0078 0.0062 0 NA NA
Γ [ns] 31.7 104.7 56 13.47 NA
kγ 0 0 0 0.926 NA
γ0 [dB] 3.7 9.3 0.92 0.651 NA
σcluster [dB] NA NA NA 4.32 NA
m0 [dB] 0.77 0.56 4.1 0.36 0.30
km 0 0 0 0 0
m̂0 [dB] 0.78 0.25 2.5 1.13 1.15
k̂m 0 0 0 0 0
m̃0 NA NA 0 12099 NA
χ NA NA NA NA 1
γrise NA NA NA NA 17.35
γ1 NA NA NA NA 85.36
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C. Parametric Specification of the IEEE 802.15.3c Channel Model

C.1 IEEE 802.15.3c Channel Model

On the basis of practical measurements, the IEEE P802.15 WPAN channel modeling sub-

committee has categorized the 60 GHz indoor communication environment into five categories

defined in Table C.1. The detailed parametric specificationsfor various environments of the

IEEE 802.15.3c channel model are given in Tables C.2, C.3 andC.4:

Table C.1: Channel environments of the IEEE 802.15.3c channel

CHANNEL MODEL (CM) SCENARIO ENVIRONMENT

CM1 LOS
Residential

CM2 NLOS
CM3 LOS

Office
CM4 NLOS
CM5 LOS

Library
CM6 NLOS
CM7 LOS

Desktop
CM8 NLOS
CM9 LOS Kiosk

Table C.2: Parametric specifications of channel parameters for residential environment

PARAMETERS
RESIDENTIAL ENVIRONMENT

LOS (CM1) NLOS (CM2)
Tx-HPBW 360◦ 60◦ 30◦ 15◦ 360◦ 360◦ 60◦ 30◦ 15◦

Rx-HPBW 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦ 15◦

Λ [1/ns] 0.191 0.194 0.144 0.045 0.21 0.191 0.194 0.144 0.045
λ [1/ns] 1.22 0.9 1.17 0.93 0.77 1.22 0.9 1.17 0.93
Γ [ns] 4.46 8.98 21.5 12.6 4.19 4.46 8.98 21.5 12.6
γ [ns] 6.25 9.17 4.35 4.98 1.07 6.25 9.17 4.35 4.98
σ1 [dB] 6.28 6.63 3.71 6.11 1.26 6.28 6.63 3.71 6.11
σ2 [dB] 13 9.83 7.31 6.11 1.26 13. 9.83 7.31 6.11
σφ [degree] 49.8 119 46.2 107 8.32 49.8 119 46.2 107
L̄ 9 11 8 4 4 9 11 8 4
∆k [degree] 18.8 17.4 11.9 4.6 NA 18.8 17.4 11.9 4.6
Ω (d) [dB] -88.7 -108 -111 -110.7 NA -88.7 -108 -111 -110.7
n 2 2 2 2 NA 2 2 2 2
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Table C.3: Parametric specifications of channel parameters for office and desktop environments

PARAMETERS
OFFICE DESKTOP

LOS (CM3) NLOS (CM4) LOS (CM7) NLOS (CM8)
Tx-HPBW 30◦ 60◦ 360◦ 30◦ Omni 30◦ 60◦ 360◦ 30◦ 60◦

Rx-HPBW 30◦ 60◦ 15◦ 15◦ 15◦ 30◦ 60◦ 15◦ 30◦ 60◦

Λ [1/ns] 0.041 0.027 0.032 0.028 0.07 0.037 0.047 1.72 0.370 0.0474
λ [1/ns] 0.971 0.293 3.45 0.76 1.88 0.641 0.373 3.14 0.641 0.3731
Γ [ns] 49.8 38.8 109.2 134 19.44 21.1 22.3 4.01 21.1 22.3
γ [ns] 45.2 64.9 67.9 59.0 0.42 8.85 17.2 0.58 8.85 17.2
σ1 [dB] 6.60 8.04 3.24 4.37 1.82 3.01 7.27 2.7 3.01 7.27
σ2 [dB] 11.3 7.95 5.54 6.66 1.88 7.69 4.42 1.9 7.69 4.42
σφ [degree] 102 66.4 60.2 22.2 9.1 34.6 38.1 14 34.1 38.1
(

L̄
)

6 5 5 5 6 3 3 14 3 3
∆k [degree] 21.9 11.4 19 19.2 NA 11 17.2 NA 11 17.2

Ω (d) [dB]
-3.27d
-85.8

-0.303d
-90.3

-109 -107.2 NA
4.44d
-105.4

3.46d
-98.4

NA
4.44d
-105.4

3.46d
-98.4

n 2 2 3.35 3.35 NA 2 2 NA 2 2
ANLOS 0 0 5.56 5.56 NA 0 0 0 0 0
h1 [m] NA NA NA NA NA 0-0.3 0-0.3 NA 0-0.3 0-0.3
h2 [m] NA NA NA NA NA 0-0.3 0-0.3 NA 0-0.3 0-0.3
(d) [m] NA NA NA NA NA 0.3 0.3 NA 0.3 0.3

Table C.4: Parametric specifications of channel parameters for kiosk environment

PARAMETERS

K IOSK

LOS (CM9)
Tx-30◦ & Rx-30◦ Tx-30◦ & Rx-30◦

Inter-cluster arrival rate [Λ in 1/ns] 0.0546 0.0442
Intra-cluster (ray) arrival rate [λ in 1/ns] 0.917 1.01
Inter-cluster (cluster) decay rate [Γ in ns] 30.2 64.2
Intra-cluster (ray) decay rate [γ in ns] 36.5 61.1
Cluster lognormal std deviation [σc in dB] 2.23 2.66
Ray lognormal std deviation [σr in dB] 6.88 4.39
Angle spread [σφ in degree] 34.2 45.8
Average number of clusters [L̄] 5 7
Ray Rician factor [∆k in dB] 11 9.1
Average power of the first ray of the first
cluster [Ω(d) in dB]

-98.0 -107.8

PL exponent [n] 2 2
Attenuation value for NLOS environments [ANLOS ] 0 0
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