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Abstract

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

activity and the number of wireless devices accessing @ssehetworks are in-
creasing rapidly. However, the significant growth in the bemof wireless de-
vices along with the development of new high-rate applicetiand scarcity of mi-
crowave frequency spectrum are the major challenges. Aignegway to increase
the amount of available bandwidth is to utilize the highegfrency spectrum.
Ultra- wideband (UWB) and Millimeter wave (mm-Wave) are {ha&ential tech-

nologies for high-rate and short distance wireless comaoatiain. Both technolo-
gies have received great attention due to the license-fikegation of wide avail-

able frequency spectrum. Apart from the benefits, wide feagy spectrum has
introduced few additional challenges in the typical Salakenzuela (S-V) channel
model. One of the challenges in the modified S-V channel misdisle distribu-

tion of multipath gain coefficients are lognormal rathemtiayleigh. As we know
that, a lognormal random variable has no closed-form esas of its cumula-
tive distribution function, moment generating functiordasharacteristic function,
which are required to find the closed-form BER expression inélass systems
for such channels. For this reason, a lot of research has tomgucted to find
the computable BER formulae for such wireless communioagistems. There-
fore, the thesis focuses on the derivation of computable BERulae of UWB

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

mate model of a square of lognormal shadowing by a Mixture an@a (MG)
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distributions by using a moment-matching with non-linearve fitting method.
Using this approximation, we derive the characteristiccfion based computable
BER formula of UWB system over the IEEE 802.15.3a channelehd8econdly,
we derive an expression of BER for transmit antenna selegtith maximal ratio
combining (TAS/MRC) scheme based UWB-MIMO system, wheeegrameters
of MG approximation are estimated by using the Expectati@xikhization algo-
rithm. Third, we evaluate the average BER for relay based UskiB LR-UWB
systems over the IEEE 802.15.3a and the IEEE 802.15.4a ehanudlels, respec-
tively. In the analysis, each node is equipped with multgrieennas and the antenna
selection scheme is performed at the source and the relasnbbbxt, we analyse
the performance of antenna beamforming based mm-Wave M4 over the
IEEE 802.15.3c channel at 60 GHz band. Besides, we show thacinof Rake’s
fingers on the BERs and suggest the sufficient number of Rékgsrs required
to capture the maximum signal energy carried by multipathmanents in the var-
ious channel environments. We also show the effects of wan@rameters of the
UWB and mm-Wave channel models on the performance. All thivetdanalyti-
cal expressions reported in this thesis are validated bivtrete-Carlo simulation

results.
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1. Introduction

1.1 Introduction

During the last decade, wireless communications espgéradbor or short distance com-
munications have been penetrating into our society praftyuand making human life easier
and smarter. The continuous advancements in technologyntheasing popularity of smart-
phones, scarcity of lower frequency spectrum and many mave eBncouraged the scientific
and industrial communities to explore the possibilities@mmunications at higher frequency
spectrum such as Millimeter-wave (mm-Wave) band or preslipunallocated frequency spec-
trum like Ultra-wideband (UWB). The large available bandthiof licence-exempted spectrum
along with a few other favorable factors make the UWB and mav&\tommunication tech-
nologies ideal for high throughput and short distance wsglpersonal area networks (WPANS).
To ensure global compatibility and interference-free sraission with the existing narrow-
band technologies, the IEEE 802.15 working committee hagsldped several WPAN stan-
dards. Among them, six most popular standards, IEEE 80Rf@Ebluetooth technology, IEEE
802.15.2 for coexistence of WPANSs, IEEE 802.15.3 for higte WWPANS, IEEE 802.15.4 for
low-rate WPANS, IEEE 802.15.5 for mesh networking and IEER.85.6 for body area net-
works (BANSs) technologies are shown in Fig. 11.1. In addittorthis, the committee has
also introduced the IEEE 802.15.3a standard for high-radear UWB communication sys-
tem, IEEE 802.15.3c standard for mm-Wave indoor commuioicatystem 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 802.4%8d IEEE 802.15.3c) stan-
dards and low-rate WPAN (IEEE 802.15.4a) standard to déneeharacteristic function based
computable BER formulae for the UWB and mm-Wave wirelessrmoomications systems with
various networks, such as multiple-input-multiple-outiMiMO), two-hop relaying and trans-
mit antenna selection with maximal ratio combining (TAS/MIRscheme. Besides, we present

the impacts of Rake receiver and channel parameters on tReoBthe investigating systems.
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1.2 Ultra-Wideband Communication System

IEEE 802.15

Wireless Personal Area Networks (WPAN)

v

v

'

v

!

v

IEEE 802.15.1 | | IEEE 802.15.2 IEEE 802.15.3 IEEE 802.15.4 IEEE 802.15.5 | | IEEE 802.15.6
(Bluetooth ) || (Coexistence ) | |(High-rate WPAN)| | (Low-rate WPAN) (Mesh ) (BAN)
IEEE 802.15.3a IEEE 802.15.4a
High-rate UWB Low-rate UWB
3.1-10.6 GHz 2-10 GHz

IEEE 802.15.3¢
mm-Wave
57-64 GHz

Figure 1.1: Organization of IEEE 802.15 working group

1.2 Ultra-Wideband Communication System

Impulse radio ultra-wideband (UWB) communication teclogylis a revolutionary, power-
limited and carrier-free technology. It offers high-daéée transmission, low-cost implementa-
tion, spectrum sharing and fading-robust communicatidhs.term UWB was first used by the
U.S. department of defence in the late 1980’s, originallyettgped for highly secure military
communications and radar applications. The first UWB sigmadre generated in experiments
by Hertz in 1887, in which he generated sparks and radiateu thsing the wide-band pulse
loaded dipoles. In 1901, G. Marconi performed an experimi@nivhich he transmitted the
Morse-Code sequences across the Atlantic Ocean usingahle gap radio transmitters|[1-3].
Although UWB has experienced, approximately, 40 yearsadfrielogical developments, in the
noteworthy milestone, a substantial change occurred inuaep 2002, when Federal Commu-
nications Commission (FCC) allocated the 3.1-10.6 GHzuesgy spectrum for UWB tech-
nology under strict power emission limits. Similarly, in &enber 2004, European Union and
in subsequent years, other countries adopted the simifapaphes towards regularization of
the UWB technology [4,/5]. According to the FCC Part 15 regalss, power constraint on the
UWB signals (-41.3 dBm/MHz) allowed the UWB devices to shithee7.5 GHz wide frequency

spectrum and interference-free transmissions with therstéxisting narrowband technologies
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as shown in Fig._112.
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Figure 1.2: Spectral allocation and power emission limits of differeadio systems

According to the Defence Advanced Research Projects Ag@WRRPA) definition [6/7],
signals with a fractional bandwidth more than 25% or -10 dBdvedth larger than 500 MHz

are UWB signals. Mathematically, fractional bandwidth éfided as

_2(fu-1)

B = (1.1)

where fy and f,_ are the higher and lower frequencies bounds, respectiviliie -10 dB peak
emission point. UWB can be characterized with ultra-shoration pulses which has excellent
immunity to interference or multipath effects or fading Iplems. This type of transmission
does not require the additional carrier modulation. Thaeefthe technique is known as an
impulse radio (IR) UWB. Some of the pulses, which are commyaskd in UWB transmission
are Gaussian pulse and its derivatives, Hermite pulse,ridrgepulse, Prolate pulse and etc.
The nature of the above mentioned pulses together with tte fsequency spectrum of UWB

technology offer several benefits. Some of the key benetttisted below/([3].
(i) Ability to share frequency spectrum

(i) Large channel capacity
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1.2 Ultra-Wideband Communication System

(i) Ability to work with low signal to noise ratios

(iv) Multipath immunity and resistance to jamming

(v) Low probability of interception and malicious detectio
(vi) Low-cost transceiver implementation
(vii) Superior penetration property

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

in Table[1.1.
Table 1.1: Parameter specifications for UWB and other narrow band tdobies
PARAMETERS TECHNOLOGIES
WLAN 802.11a | BLUETOOTH | WLAN 802.11b | UWB
Data Rate
(Mbps) 54 1 11 100
Distances 50 10 100 10
(m)
Spatial Capacity
(Kbps/m2) 6.9 3.2 0.35 318.3
Spectral Capacity 2.7 0.012 0.1317 0.0133
(bps/Hz) ' ] ' '
Bandwidth
(GH2) 0.02 0.0833 0.0835 7.5

In January 2003, the International Telecommunication bifidU) formed two task groups

(TG) within IEEE 802.15 WPAN working group to investigatéthle technical and compatibil-
ity issues of UWB technology [9, 10]:

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

(i) TG4a (IEEE 802.15.4a) for low data-rate UWB applicatio
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1.2.1 |EEE 802.15.3a WPAN standard

The aim of TG3a is to develop an alternate physical (PHY)l&yehigh-data-rate and short
distance UWB communication. Originally, 25 proposals wamresented in the first meeting of
TG3awhich was held in March 2003. Based on voting proceduleeammon consensus, some
proposals have been eliminated. Later in the subsequetitlgeéheld in May 2003, July 2003
and September 2003), the total number of proposals weresiureduced and finally, in Septem-
ber 2003, only two proposals were retained. One is called@ibdnd Orthogonal Frequency
Division Multiplexing (MB-OFDM) and the other is Direct Segnce UWB (DS-UWB). Since
September 2003, TG3a encountered difficulty to further eéingse two proposals or none of
the two proposals have reached the 75% of the required vA$ea result, a motion to disband
TG3a was adopted in 19 January 2006 [11, 12].

1.2.2 |EEE 802.15.4a WPAN standard

The main objective of TG4a of developing an alternative Plyel for low-data-rate and
long range UWB communication systems, was officially setruMarch 2004. Unlike IEEE
802.15.3a standard, TG4a has successfully merged formaap®sals into one proposal and
released a draft standard in April 2006 with 83.6% affirmatiatio [13--15].

The propagation characteristics and channel impulse nsgpof the IEEE 802.15.3a and
the IEEE 802.15.4a standards will be discussed in the subséghapters.

1.3 Millimeter-Wave Communication at 60 GHz Band

Millimeter-wave (mm-Wave) frequencies often refer to thexjuency range from 30-300GHz,
the wavelength of which is between 10-1mm, which means theeljoager than infrared waves
or X-rays but shorter than radio waves or microwaves. Fnecyepectrum of mm-Wave band
is depicted in Fig[_113. In this thesis, we will focus printyion 60 GHz frequency band be-
cause it has enormous bandwidth. But it has strong oxygeorpiiien characteristics. Some

key benefits that make mm-Wave communication at 60 GHz minactive are([16=20]:

(i) Unlicensed operation: Companies do not have to buy a license from FCC, allowing them
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mm-Wave Spectrum
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Figure 1.3: Millimeter wave spectrum

to deliver low cost and high performance wireless products.

(i) Huge channel bandwidth: Most geographical regions provide 7 GHz bandwidth in the 60
GHz band.

(i) High security and excellent immunity to interference: Oxygen absorption, a unique prop-
agation characteristics of 60 GHz band provides an exdett@thanism to combat in-
terference and ensures high security. Due to the absorptielectromagnetic energy by

oxygen molecules, radiated signals cannot travel far bééylo@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 andduency can be reused due

to the higher attenuation in free space at mm frequencies.

Unutilized 60 GHz band has allowed regulatory authoritiresiad the world to create this (57-
66 GHz) huge frequency spectrum for the unlicensed use oRegise spectrum allocation for
mm-Wave band is illustrated in Fig._1.4. In 2000, the Ministf Public Management, Home
Affairs, Post and Telecommunication (MPHPT) of Japan mitgd 60 GHz regulations. In the
year 2004, FCC of United States of America (USA) introdudeal regulations in the 57-64

GHz band for the unlicensed use. The European ConferencastdlRand Telecommunication
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Administration (CEPT) and Ministry of Information and Coramcation (MIC), Korea estab-
lished the regulations of the 60 GHz band in 2006. Austraf@ammunications and Media
Authority (ACMA) and the other regulatory authorities fmied the international trend and

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

South Africa —- 59-64 GHz
South Korea —- 57-64 GHz
China —- 59-64 GHz
Japan : 59-66 GHz
Australia —- 59.4-62.9 GHz
UK —- 57.1-63.9 GHz
EU —- 57-66 GHz
USA —- 57-64 GHz
T T T T T T T T T T
56 58 60 62 64 66

Frequency in GHz

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

After the regulations for the unlicensed operation in the687GHz band, several stan-
dards in 60 GHz wireless networks have been establishedsetreral groups of international
organizations([24—26]. The proposed standards are IEEELB(B, IEEE 802.11ad, Euro-
pean Computer Manufacturers Association (ECMA) 387, Wigig Wireless HD. The IEEE
802.15.3c standard has been developed by the IEEE 802.k55Fasp (TG3c), which offers
the alternative PHY for the high data rate wireless persared network (WPAN) at 60 GHz
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band, while the IEEE 802.11ad standard has been introdycedbEEE 802 forum. Similarly,
the ECMA 387 standard has been published by ECMA, while teeifipations and the wireless
interface for the WiGig and Wireless HD standards at 60 GHeleen published by the con-
sortium of companies. In this thesis, we have adopted th& I&E2.15.3c standard to analyse
the performance of mm-Wave system. The propagation claistits of the IEEE 802.15.3c
standard and its parametric specifications will be covengdhapter 6. Major area of applica-
tions of the mm-Wave wireless (MMW) technology are manyludig telecommunications,
military & defence, security services and medical & healtiec

The mm-Wave communication at 60 GHz band is considered asfoie potential tech-
nology of 5G. The 5G technology is predicted to emerge in thraing years and the market
is likely to witness its adoption significantly. Therefotege Government of India (GOI) has
particularly planned to provide necessary environmenh&research community and indus-
tries so that country can play a leading role among the glotraimunity to design and finalize
the 5G standards and frameworks. On September 26, 2017 Qharthounced that it has set
up a 5G India 2020 forum comprising secretaries, industeigserts and academia (Professors
from various IITs and other institutes). With this emphatie telecom gear maker Nokia is
collaborating with the telecom giants including Bharti t&lrand state-run BSNL to prepare a
roadmap for the development of a 5G network in the countrg ddmpany, which has already
got the 5G loT (Internet of Things) lab in Bangalore, willpdy conduct 5G demonstration
and development. Ericsson and IIT Delhi have signed an MQbimdly roll out a 5G program
and will set up a center of excellence with 5G testbed. Huawee of the leading telecom
and networking company highlighted its efforts in ensutting rollout of a 5G network in the
country on the platform India Congress 2017 organized in Behi. Imagination Technolo-
gies, a British based in technology company is already pgpthe WiFI chip module and other
networking services on the IEEE 802.11ad WLAN standard lwigozery much similar to the
IEEE 802.15.3c WPAN standard at 60 GHz band. Apart from geseral R&D centers and
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faculties from 11Sc, IITM, IITD and other institutes in th@gantry are working on mm-Wave
communication at 60 GHz band.

1.4 Literature Review

The extensive literature related to the different perfarogaevaluation parameters such as
BER or symbol error rate (SER) and channel capacity of the sligtance IEEE 802.15 WPAN
communication systems, particularly, the UWB and the mnv&\aireless communication
systems have been reviewed. The review comprises of thiatlite of a TAS/MRC scheme,
MIMO and cooperative networks associated with the UWB syspeesented in the various
research articles. Furthermore, the existing literatetated to an approximate model of the
lognormal random variables (RVs) by other RVs have beereveil. Summary of some of the
reviewed literature relevant to the present research waskbieen presented in the subsequent
paragraphs.

The error performance of the UWB wireless communicatiotesysover an IEEE 802.15.3a
channel model has been analyzed and reported in [27-29]pMp®sed solutions have been
based on approximate model of a sum of independent logndR&kither by an another log-
normal RV using Wilkinson’s method [27] or by some other ramddistributions i.e., Pearson
type IV distribution [28, 29]. In[[30=32], the authors haveestigated the performance for
UWB wireless communications. In the investigations, ththars either did not consider the
clustering phenomena or shadowing effect as in the IEEEL802a channel model. These two
effects can not be ignored while investigating the perforoeaof UWB system. In[33], the
signal-to-interference-plus noise-ratio (SINR) of direequence UWB system in generalized
S-V channels based on the theory of renewal process is @thlyhe analysis did not consider
the shadowing effect. In [34], the authors have evaluateg#irwise error probability and out-
age probability of MB-OFDM systems in the IEEE 802.15.3arcted model, but have ignored
the effect of lognormal shadowing. In [35], the authors héwaved the formulae for the char-

acteristic function of the sum of gains arriving in a givani window, where multipath arrival

10
TH-2044_ 126102011
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times and gains are specified by the IEEE 802.15.3a UWB chamogel. In the derivation,
the authors have considered the Gauss-Hermite and Ganggidre quadratures to find the
approximate solutions of mathematically intractablegnés. The derived formulae are used
to compute the PDF and CDF by numerically inverting the ottaréstic function. Using these
formulae, the authors in [36], have derived the computalil® Bxpression for binary signals
in the IEEE 802.15.3a UWB channel model with a coherent Rekeiver. The derived com-
putable BER formula is faster in computation and more adeutsan the reported results, but
it has failed to converge at high values of SNR. Because ofritnactable mathematical ex-
pressions of lognormal distribution, the authors in [3{ad that lognormal distribution can be
modeled by a Gamma distribution. Based on the theoreticheaperimental results of shad-
owing phenomena, the authorslin[38, 39] have shown that an@zadistribution can be a good
approximation to the lognormal distribution. In the appnoation, the authors have equated
the first two moments of both distributions and estimateg#rameters of the Gamma approx-
imation. From the results, it is evident that suggested @ppration method is applicable in
the relevant rangér- < 9dB) and the estimated Gamma distribution fits only the lowes tail
the lognormal distribution. Literature in [40,/41] have demstrated that a Mixture of Gamma
(MG) distribution has great potential and can accuratelyraxmate the composite shadow-
ing/fading channel models, lognormal distribution and ynather existing small-scale fading
channels. In[[42-45], the authors have computed the paeaset the estimated Gamma or
Mixture of Gamma distributions by using Moments matching &xpectation-Maximization
(EM) algorithms and observed that 2-step EM algorithm iseredficient and accurate than the
moment matching method.

TAS technique was first introduced in 1973[[46]. This techeipas drawn great attention
and after combining with MRC diversity, the TAS/MRC schenas been proposed in [47]. The
advantages and initial results of the TAS/MRC scheme witioua wireless systems encour-

aged researchers to explore the possibility of incorponadf TAS/MRC into the UWB com-
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munication systems [48, 49]. The analysis reported_ in[[2D-d@monstrates that TAS/MRC
based wireless systems provide better SNR gains and BERrpenfice than the space time
block codes (STBCs) systems. In [53] 54], the MIMO techniqas been applied to the UWB
system for various wireless indoor channels. It has shownntiprovement in the information
rate and the robustness of the performance. The authorSjin&ve employed a zero-forcing
(ZF) scheme to separatéparallel transmitted data stream and then applied to a Radaver
to combine the ZF paths carrying information. [In/[54], théhaus have experimentally charac-
terized the performance of the UWB system for spectral anar@mtenna arrays. Apart from
numerous benefits, a MIMO network poses higher hardwareasabtalculation complexity.
To address these issues, TAS scheme has emerged as a popataes The performance of
TAS scheme based MIMO-UWB systems has been investigatésbin [The system has ex-
ploited spatial multiplexing and in order to cope the lontpglespread of UWB channel, time
reversal technique has been adopted. Most of the analy3ésSo$cheme based UWB-MIMO
systems have considered the simplified UWB channel modeaksoddid not provide the BER
formula, which presents opportunities for further invgations.

To discuss the shortcomings of conventional point-to-poammunications, new class of
methods of wireless communications called cooperativenconication has been proposed
in [56]. The core idea of the cooperative communication wdasduced by Cover and El
Gamal in 1979[5/7], which enables the single antenna mob#éare their antenna and provide
an additional new independent path to transmits the sonfoemation to the destination. Co-
operative communications have been broadly categorizeduser based cooperative diversity
and relay based cooperative diversity![58-60]. Here, wadamn the relay based cooperative
communication. Based on the relay protocols, many cooperstrategies have been suggested
and reported in [61, 62]. Some of the popular relay protoacdsAmplify and Forward (AF),
Decode and Forward (DF), Selective relay, Coded cooperati Compressed and Forward.

The existing literature reported in [63,/64] have analyzedigerformance of various relay pro-
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tocols based two-hop wireless communication systems. Uiti®es in [65], have first focused
on the need of relaying UWB system and then investigated ¢hi@pnance. In the investiga-
tion, the authors have considered the simple-structugehter as a relay, which can relay the
pulse position modulation-UWB signal in the high-speed dathy-critical UWB communi-
cation environments. In [66, 67], the authors have preskthte error performance of the DF
and AF diversity schemes in the context of IR-UWB systems diithors have also developed
the coherent and non-coherent schemes that exploit thialsgigersity in a distributed manner
among the different terminals of wireless networks.[In [@B¢ authors have proposed an an-
alytical model and have studied the performance of a cotigeriank for time-hopping UWB
system under the AF and DF relay models. The authors havédewed the effect of multiuser
interference while computing the outage probability anerage bit error probability (BEP) of
the system. To achieve a greater coverage of UWB technahoglyihop relaying strategy has
been suggested and an initial investigation over the IEEEI#3a UWB channel is reported
in [69]. In [7Q], the authors have provided the channel capad a hybrid relay scheme based
UWB-MIMO systems.

Similar to the high-data-rate UWB system, performance ofll®B system over the IEEE
802.15.4a channel has been analyzed inl[71, 72]._Ih [71]athleors have presented the sim-
ulation results of an LR-UWB system with a coherent Rakeiveceln [72], semi-analytical
expressions for BEP and frame error rate for BPSK signalserLR-UWB system have been
derived. The formulation considered the coherent and rdr@nt reception methods and per-
formed the suboptimal multipath combining at the receivée BEP of cooperative TH-UWB
systems with a DF relay protocol has been studied by consglegalistic LR-UWB channel
links specified in the IEEE 802.15.4a standard [73]. [In [&], The authors have developed
the unified framework and have investigated the performafheerelay based MIMO network
for the generalized fading scenario of Nakagamnlistributions, which is similar to the fading

distribution specified in the IEEE 802.15.4a channel molfst of the work in the literature
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have analyzed the performance of the UWB relay based systesmiplified UWB channel or
narrowband Nakaganm multipath fading channel. The investigation of TAS/MRC agte at
the direct (source to destination) as well as indirect yredadestination) links of two hop UWB
systems have not been presented in the literature.

The mm-Wave wireless communication system at 60 GHz hasrdaagreat attention due
to its licence free utilization of 7.5 GHz wide frequency spem [76+78]. The SINR analysis
of OFDM systems over the IEEE 802.15.3c channel at 60 GHz bas mvestigated in [79].
The derivation precisely captured the distinctive cluatgphenomenon in the spatial-temporal
domain. Simulation and semi-analytical analysis of mm-8a@mmunication at 60 GHz has
been presented in [80,81]. In [82], the authors have ewaditite error performance of mm-
Wave system in the presence of human activity, which is aenskbn of the standard channel
model proposed by the IEEE 802.15.3c channel. On the basiasurement, the attenuation
due to human blockage can be 20 dB or more, and hence, noigib&glPerformance analysis
of low complexity precoding algorithms for large millimetgave MIMO system has been pre-
sented in[[83]. Upper bound on the error probability and diggohannel capacity of the MIMO
mm-Wave systems with hybrid beamforming have been derivg84--89]. Performance eval-
uation of beamforming techniques for OFDM based 60 GHz mdter-wave WPAN has been
presented in [90]. The available literature has shown agmedant analysis of the channel

capacity of beamforming based mm-Wave communication syste

1.5 Thesis Contribution

The major contributions of this thesis have been listedwelo
|. Approximate model of a lognormal shadow fading

(i) Present an approximate model of square of lognormal@hdading distribution by
the MG distributions and estimate its parameters using tbmemt matching with

non-linear curve fitting method and Expectation-Maximi@ai{EM) algorithm.
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(i) Evaluate Mean Square Error (MSE) between the estimatedexact distributions.

(iif) Generate the probability density function and cuntiviadistribution function plots
of MG distributions for different number of mixing coefficiess and compare it with

that of actual lognormal shadow fading.
Il. Performance analysis of UWB system over the IEEE 8034 8hannel model

(i) Derive a characteristic function based computable BBfntila of UWB wireless
communication system over the IEEE 802.15.3a channel afiproximating the

square of a lognormal shadowing by MG distributions.
(i) Compare the numerical results of the derived BER with bhonte-Carlo simulation
results for different environments of the IEEE 802.15.3arutel.

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

(i) Using the approximation of a lognormal shadow fading by MG distributions by
employing EM algorithm, we derive an expression of BER fa TWS/MRC based
UWB-MIMO system over the IEEE 802.15.3a channel model.

(i) The derived BER expression has been validated throxtdnsive Monte-Carlo sim-

ulation results.
IV. TAS/MRC two hop relay based UWB system over the IEEE 8823& channel model

(i) Evaluate the average BER of binary signals for TAS/MRGdsthUWB DF-relay
system over the IEEE 802.15.3a channel.
(i) Analytical results have been compared with the Mongl@ simulation results.
(iif) Discuss the impacts of various parameters of IEEE 882a channel on the perfor-

mance of UWB system.

V. TAS/MRC based LR-UWB relay system over the IEEE 802.15Hannel

15
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(i) Compute the average BER of two hop LR-UWB DF-relay systarar the IEEE

802.15.4a channel model with antenna selection at the s@und relay terminals.

(i) Derived expression has been validated by the MontdeCsimulation results for

different environments of the IEEE 802.15.4a channel.

(iif) Compare our BER results for residential environmeoftt R-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 basedawe MIMO commu-

nication system over the IEEE 802.15.3c channel at 60 GHz.
(i) The derived BER expression has been verified by the M@=#do simulation results.

(i) Examined the impacts of various parameters and Rakajers on the performance
and suggest the sufficient number of Rake’s finger to caphgretaximum possible

energy at the receiver.
1.6 Thesis Organization

This thesis is divided into seven chapters. A brief overvidwontent of each chapter has
been given below.

In Chapter 2, an approximate model of lognormal shadow tainthe MG distributions
using Moments matching method with non-linear curve fitapgroach has been presented. We
also examined the MSE to measure the exactness of the apyaied distribution for different
number of mixing coefficients of MG distributions. Usinggtapproximation, a characteristic
function based BER of UWB indoor communication system okerlEEE 802.15.3a channel
has been derived. The numerical values of the derived BEBngpared with the Monte-Carlo
simulation results for different environments of the IEEE8.5.3a channel model. Besides,

we have also compared our results with the reported results.

16
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Chapter 3 gives an overview of TAS/MRC scheme. Here, an appadion of the log-
normal shadow fading by MG distributions using EM algorithias been presented. Apart
from this, an expression of BER for TAS/MRC scheme based UMIBIO system over the
IEEE 802.15.3a channel has been derived. The analyticaMamde-Carlo simulation results
of the investigated system for different number of anteratabe transmitter and the receiver
side over different environments of the IEEE 802.15.3a nkhhas been presented. Besides,
we have also discussed the impacts of intra and inter-clpsiger 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 @iogecommunication and
demonstrates the various cooperative strategies. Théoeedd BER analysis of TAS scheme
decode and forward protocol employed UWB relay system dwelEEE 802.15.3a channel has
been analyzed. Here, antenna selection has been perfotrttezl source and relay terminals
such that the selected transmitting antenna delivers thxé@maan signal to noise ratio (SNR) at
the intended receiver. Additionally, we have examined theacts of various parameters of the
IEEE 802.15.3a channel on the BER and also suggested thaeniffitumber of Rake’s fingers
to capture the signal energy at the UWB receiver.

Chapter 5 deals with the LR-UWB wireless system. The champllse response and
propagation characteristics for IEEE 802.15.4a standasdken discussed. We have evaluated
the end-to-end BER of two hop UWB wireless systems similah&d of Chapter 4 over the
IEEE 802.15.4a channel model. We have also examined thectropfingers of Rake receiver
and the parameters of the IEEE 802.15.4a channel on therpenfice of the investigating
system. Additionally, we have also compared our results thie narrowband flat fading results.

Chapter 6 discusses the mm-Wave communication system atHa0e@ploying antenna
beamforming. It presents the channel impulse responseed&BE 802.15.3c channel model.
An expression of BER for antenna beamforming based mm-Wdivsystem at 60 GHz has

been derived. The analysis includes the effect of Rakevecegifingers 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 conclusamd scope for future research

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

An analysis of the various performance measures of UWB Bysis presented in [27—
33/36]. These analyses of UWB systems have either conslidieeesimplified UWB channel
models or an approximate model of the sum of lognormal RVs.st\db the reported anal-
yses have not considered the clustering phenomena anddbdevgimg effect as in the IEEE
802.15.3a UWB channel model because lognormal distributi@ms no close-form formulae
for its PDF and CDF which leads to intractable mathematigptession for BER expression.
Furthermore, work presented in [37+-42] have shown thabuarcomposite shadowing/fading
channel models can be modeled by a Mixture of Gamma (MG)illigions and proved that
MG distributions is closely fit these fading channel models.

In this chapter, we first present an approximate model ofdgadrmal shadow fading by
the MG distributions. The parameters of the approximatsttidution which matched the tar-
get distribution are estimated by using Moments matchinthotewith non-linear curve fitting
approach. Next we calculate the mean square error (MSEeeetthe exact and the estimated
distributions for different number of mixing coefficients)and choose the value f for the
BER calculation, such that the MSE10-3. With this approximation, we derive the characteris-
tic function based computable BER formula of binary sigiatdJWB communication system
over the IEEE 802.15.3a channel model. We use a coherentrReder to capture the signal
energy and consider the impact of fingers of the Rake receitbe BER analysis. Further, we
have utilized the Gauss-Hermite (GH) and Gauss-Legendrg gGadrature formulae to find
the numerical solutions of mathematically intractablegnals. The derived analytical BER
is validated with the Monte-Carlo simulation results amsbatompared these results with the
reported results.

In the next section, we give a brief description of the IEER.86.3a UWB channel model.
Approximate model of lognormal shadowing by MG distribusousing moment matching
method is presented in section]2.2. In sectionh 2.3, we détweomputable BER formula for

UWB system over the IEEE 802.15.3a channel model. In se@idnwve discuss the numerical
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and simulation results and conclude the chapter with a brefmary in section 2.5.
2.1 IEEE 802.15.3a UWB Channel Model

TG3a standardization group has developed the IEEE 802 X5a®dard to provide an al-
ternative PHY layer of the UWB wireless communication sgstd he IEEE 802.15.3a UWB
channel model is different from the traditional narrowbanckeless channel models because of
the large bandwidth provided by the UWB system. The extrgtaege bandwidth gives rise to

new effects in the channel model which are listed below.

e Only few multipath components falls within each resolvat#éy bin. Therefore, Central

limit theorem is not applicable.

e Multipath fading statistics in the UWB channels are lognallgndistributed rather than

Rayleigh distributed.

e The arrival processes of clusters and rays are modeled kgotligle stochastic Poisson
processes. As a result, it is difficult to compute the sigm&rgy received at the Rake

receiver.

Mathematically, a channel impulse response of the IEEE1#2a UWB channel is given
by [11]
M R
ht)=X>" > b (t = T = 7m) (2.1)

m=0 r=0
where X represents the shadow fading and its distribution is malda¢ea lognormal random

variable o, , denotes the multipath gain coefficients Bfray within them cluster,T,, andr, ,

are the arrival times of the" cluster and'™ ray of them™ cluster, respectively. The process
of times of arrival of cluster and ray are described by Paigsmcesses. Furthermore, the
distribution of cluster inter-arrival time and ray intargal time are exponential RVs, whose

PDFs are given as follows.

fro (Tm\ Tm-1) = AXp[-A(Tm = Ti-1)], m>0 (2.2)
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fTr,m (Tr,m \ T(r—l),m) =1 exp [—/I(Tr’m - T(r—l),m)] , r>0 (23)

whereA andaA are the arrival rates of the cluster and ray, respectivaig @ropagation charac-

teristics and power delay profile of a UWB channel are degdisté=ig[2.1. The multipath gain

A

1 %0 Ray decay

factor (y)
! Cluster decay

Ao factor (I)

Power (dB)

OR,1

>

) <> .
(1/A) (1/») Time (ns)
Figure 2.1: An illustration of power delay profile of the IEEE 802.15.38MB channel model

coefficients are defined as a product of small-s¢#lg) and large-scal&,) fading coefficients.

The logarithm of this product is given by

2010910 (Enram) ~ N (pem. 7 +3) (2.4)

whereo; ando are the standard deviation for the cluster and ray, resfatiThe behaviour

of the average power delay profile is exponentially distelican be defined as

Tm r,m
B [l = 2oexp(-72 - ) @5)

whereQ is the mean power of the first ray of the first cluster. From tipeations[(2.4) and

(2.8), the mearny, , can be calculated as

Tm  Trm In (10) ? 0-5 + 0-3
10 2

(2.6)
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2.2 Approximate Model of Lognormal Shadowing

On the basis of experimental set-up, the IEEE 802.15.3anghamodel (CM) is divided into
the four categories, namely CM1, CM2, CM3, and CM4. CM1 déssra LOS (line-of-sight)
scenario with a separation between a transmitter (Tx) aedeiver (Rx) of less than 4m. CM2
describes the same range, but for a non-LOS situation. CMB8ritbes a non-LOS scenario
for distances between TX and RX of 4-10m. Scenario 4 finalgcdbes an environment with
strong delay dispersion, resulting in a delay spread of 25nsm the experiment results, the

numerical values of channel parameters are summarisedla[Zal

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

CHANNEL PARAMETERS CM1 | CM2 | CM3 | CM4
Cluster arrival ratéA) [1/ns] 0.0233| 0.4 0.0667 0.0667
Ray arrival ratg1) [1/ns] 2.5 0.5 2.1 2.1
Cluster decay factdf’) [dB] 7.1 5.5 14.0 24.0
Ray decay factofy) [dB] 4.3 6.7 7.9 12
Std. deviation for clustefo;) [dB] 3.3941| 3.3941 3.3941 3.3941
Std. deviation for rayo-,) [dB] 3.3941| 3.3941 3.3941 3.3941
Std. deviation for shadowin@ ) [dB] | 3 3 3 3

2.2 Approximate Model of Lognormal Shadowing

A variation of the received signal strength around the médae,to the presence of a large
object in the environment surrounding a transmitter andcaiver, is referred to as shadow
fading and is usually modeled by the lognormal distribution
2.2.1 Lognormal distribution

Alognormal distributior{X ~ InA (1, %)}, is the probability distribution of a random vari-
able whose logarithm is normally distributed i.e.(¥) ~ N (1. o). The probability density

function, fx(x) andr™ momenty!  of the lognormal distribution are defined as, respectively

In () — u]?
fy (X) = @Oxexp([ — ul ) 2.7)
and
2 2
iy = exp(ru ¥ %) (2.8)
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The main drawback of a lognormal distribution is its intedsde mathematical expressions,
thereby making the performance evaluation of communinaystems over such channels very
challenging [[40]. Therefore, in this chapter the PDF of loignal 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@ mma distributions. It
offers a closed form expression of Moment Generating foncfMGF), which is useful in the
calculation of average BER. The PDf, (X) and MGF,nuc (s) of MG distribution are given

respectively as,

N
fx (9 = D Wo G (ko Br), x>0 (2.9)
n=1
and,
N S —kn
e (9) = ) Wy (1 - ﬁ—) (2.10)
n=1 n

kn . . .
whereG (X/Kn, Bn) = r@n) xa—lebX js the standard Gamma distribution with shape parameter
(kn) and scale parametésg,), I'(.) is the Gamma function anhl is the number of mixing
coefficients of MG distributions. The mixture coefficients,satisfyw, > 0 aner'}'=1 w, = 1.
2.2.3 Parameter estimation

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

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

four steps such that it matches the lognormal distributidnch are explained below.

() Inthe first step, we equate the first and second momentswofr@a and lognormal distri-

butions and compute the shape and scale parameters assfollow

k=— (2.11)

and

8= 2 (2.12)
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2.3 BER Analysis

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

closely fits the lower trails of the targeted distribution.

(i) In the second step, we choose the valueNofind divide the upper trail of the target

distribution intoN — 1 partitions.

(iii) In third step, the estimation ofN — 1) Gamma components is performed by using non-
linear curve fitting approach, such that single Gamma appration match the single

partition of the targeted distribution.

(iv) In the last step, by applying hit and trial method, weireste,w, for each Gamma ap-
proximation so that the resultant MG distributions can elpdit the targeted lognormal

distribution.

In order to measure the exactness of the estimated distnbwte calculate the MSE between

the PDFs of the exact and the estimated distributions asdl#fined as
MSE = E | (fesect () — fe. (¥)?] (2.13)

where, feyae (X) and feg (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 basemputable BER formula of
binary signals with a coherent Rake receiver for the IEEE.BR3a UWB channel model,
where a square of lognormal shadow fading is substitutetiéG distributions. Conditional

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

Pe(¥) = Q(V(1-p1)7) (2.14)

wherey = (Ep/Np) &, is the received SNRg,, represents the energy per ik, denotes the noise

power spectral density (PSD) a&ds the total signal energy received by the Rake receiver for
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the IEEE 802.15.3a channel apd= 0 for orthogonal binary signals apg = -1 for antipodal
binary signals. The average BER of binary signals with thieecent Rake receiver can be

calculated by averaging the CEP over the fiffx), can be expressed as

Pe = fQ(\/(l—pr)E—ZXJ fe (X) dx (2.15)

wherefg (X) is the PDF of the received signal enel@) in the IEEE 802.15.3a channel.
2.3.1 PDF of the received signal energy in the IEEE 802.15.8hannel

In the UWB system or multipath environments, the total traitted signal energy is dis-
persed over the multipath components (rays/clusters). tDtiee narrow time bin, these mul-
tipath components can be resolved separately which prdwglesr order of diversity gain. To
attain this gain and collect the signal energy carried by raye used thé— fingers of a co-
herent Rake receiver. Assuming, as the chip duration between the two consecutive fingers,
the approximate energy captured by a Rake receiver witl@rjGhLT.] time window can be

calculated as

g2x2 Y o]

O<Tm+trm<LTec (2.16)
£ X? (a(%,o + fro+ ¢~5®)
whereX? is the square of lognormal shadowinfj, is the sum of squared path gains of first
cluster excludingzg’0 andés is the sum of squared path gains in the remaining clusterse No
that,&q = ag,o + ¢ + ¢ andX? are statistically independent then the PDEafan be obtained

as

b= [ é f(g) feo (y) dy (2.17)

wherefy. (.) and fg, (.) represent the PDFs of and&, respectively.
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2.3 BER Analysis

2.3.1.1 PDF of the received energy without shadow fading

Assumingag’o, ér0 andé,, are statistically independent to each other then the cteaisiic

function,yg, (v) can be calculated as [35]
Ve, (V) = Loo (v) ePOV gt (2.18)

where L1, (v) represents the characteristic function of the square gfeipath coefficient in

the IEEE 802.15.3a channel with ray arrival time atT +7. Here,T andr are the arrival times
of the cluster and ray, respectively. The function&¢™b and 1) are the characteristic
functions of a short noise random variable related to thed@mi processes of arrival rateand

A, respectively. From the equations (2.6) andl(2.7),£he(v) is calculated as

Lri(v)= | &

1 2
exp|———=(10lo X) — dx 2.19

whereo = /o2 + o3. This integral is mathematically intractable. It can besedinumerically
by using Gauss-Hermite (GH) quadrature. Using this quadzatnd after some simplifications,

the Hermite solution of’r; (v) is given as

\fz‘r(xiH)“lT,t ) (2 . 20)

y
1 N
L) = — ) w exp(,-ylo—m
Vs
Where{WiH, X, NH} are the weights!" roots and number of nodes of GH quadrature, respec-

tively. Accordingly, the functiong, (T, L) andJ (v, L) are defined as follows

LTc

v, (T,L) = f [1- L7 (v)]dt, forT < LT, (2.21)
T
and
LT¢
Jo,L) = f [1— L1 (v) e-ﬂ@v(T’U] aT (2.22)
0
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Since the range of above integrals are finite, the integead$e computed using Gauss-Legendre
(GL) formula. Then the above expressions can be written as

NL

~ LT.—-T
(L) = =5 ) Wi [1= Lo Ol gy uner (2.23)

j1=1 g

and

i} LTe & | o
JouD =55 )" W [1- Lrr () e

j2=1

(2.24)

=155, +1)
where {wt, xt, Nt} represent the weightg™ roots and number of nodes of GL quadrature,
respectively. From the equatioris (2.18), (2.20), (2.23) h24), the characteristic function

Ve, (v) is given as

1 NH 9y O(\/er+yoo
= = e 1 e
Vo () = —= lew XIO(JV ) xp(

ZW [1- .EOt(V)” LTc(xL +1)]

. ji=1 (225)
X ex|o(_A|£TC 2 W [1- L ) e_wy(T’L)”T—ﬂ(xL +l))
= 2 \%2

The PDF 0, is calculated adg, (X) = 2 [y, (v) € ”*dv. Using GH quadrature, thi, (X)
can be expressed as

feo (X) = Z W we, (v) exp(—jxv + v )' ¥ (2.26)
I1 1 Xil

From the equation§ (2.115), (2117) ahd (2.26), the BER of théBlsystems is obtained as

H
L3S ) f o[ yu- pr)—x)fxz( Jox 2.27)
2 e oy y
2=+ 1= A
y=Xg =X
According to [92], Q-function is approximated @{x) = Le*/2+1 e‘zx/3 and considering the

MG approximation, the final BER expression of a UWB systemrﬁerIEEE 802.15.3a channel
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model can be expressed in term of MGF of MG distributionsjusmgby

1 NN wHwly ey |1 Zoy 25,y
Pe = WZZ z—ﬁwao(V)e( py02ey’) [éUMG(_ > )+77MG(_ 3 )]

i2=11i1=1 |y

y=x;v=x)
(2.28)

wherezg = %
2.4 Numerical Results and Discussion

To have a better understanding, this section is dividedtimtoparts. In the first part, we
consider the approximate model of a square of lognormalshiag by the MG distributions
and show the PDF and CDF plots of both distributions. Addgity, we calculate the MSE to
measure the exactness of the approximate distributions@bend part presents the simulation
and analytical BER of the UWB systems over the IEEE 802.18hZanel and compares these
results with the reported results.

As suggested, we consider the lognormal shadow fading, z&itb mean and 3 dB stan-
dard deviation i.e.X ~ InN (0,3dB). Hence the square of a lognormal shadowingis~
InN (0,6dB). The parameters of its MG distributions fidf = 1, 3 and 5 are found out as in

subsection 2.213 and are given in Tablg 2.2. In Figl 2.2 agd[EB3, we show the PDFs and

Table 2.2: Estimated MG distributions parameters

NUMBER OF MIXING SHAPE SCALE MIXTURE
COEFFICIENTS (N) | PARAMETER (K,) | PARAMETER (8p) | COEFFICIENTS (W)
N=1 1.6353 0.7763 1
3.5977 0.2406 0.68
N=3 1.6353 0.7763 0.17
16.5165 0.1397 0.15
3.5977 0.2406 0.65
1.6353 0.7763 0.15
N=5 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 appadmn for the estimated pa-

rameters, which are given in Tablle 2.2. From Hig.l 2.2, it @aclhat lower tails of the exact
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Figure 2.2: PDFs of square of lognormal shadowing and its MG distrimgitorN = 1, 3 and 5

distribution (in red) and its MG approximation fof = 1 (in magenta) fit closely as reported
in [38]. It can be observed that the PDFs of MG distributicorsN =3 and 5 fit the lower tails
as well upper tails of the desired distribution and its emas$ is improved with the increase
in the order of mixing coefficientéN). Similar conclusion can be also drawn for CDF results
shown in Fig Z.B. From the results, it is clear that 5-MG disttions (blue dashed) is a close
fit for the square of lognormal shadowing.

Fig.[2.4 shows the MSE for different number of mixing coe#fitis of MG approximation.
We observe that MSE decreases with increade and atN=5, MSEx 0.001. Note that lesser
MSE implies MG approximation is a close fit for the desiredritisition, consequently a good
match of the analytical BER with the simulation results. rRrequation[(2.28), it is obvious
that accuracy, complexity and computational time incresisie the increase ifN. Therefore,
we chooseN = 5, for our further BER calculations.

For the second part of this section, we &t = N = 40,p, = 0, T = 1 ns,N = 5,
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Figure 2.3: CDFs of square of lognormal shadowing and its MG distrimgiéorN = 1, 3and 5
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Figure 2.4: MSE vs number of mixing coefficien{®\) of MG distributions
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Figure 2.5: Simulation and analytical BER curves of the UWB systems tvwefEEE 802.15.3a channel
(CMm1)
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Figure 2.6: Simulation and analytical BERs of the UWB system for 5-MQrifisitions
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2.5 Summary

L = 10 and number of bits to 100000. Fig. 2.5 shows the simulatddaaalytical BER of the
UWB systems over the IEEE 802.15.3a channel (CM1) and coespaith the BERs reported
in [30,131/36]. The figure shows that reported simulated BBRslower than our results.
This is because, reported analyses did not consider thecispé clustering phenomena and
shadowing effect which are encountered by the UWB signatscam not be ignored, while
evaluating the performance of UWB systems. It is also oleskthat, the derived BER for 5-
MG distributions closely matches with the simulation résuln Fig.[2.6, the derived analytical
BER (2.28) is verified by simulations for all four channel eamments of the IEEE 802.15.3a
UWB channel model. Results show that analytical BER is a goatth with the simulations.
Nevertheless, there are some discrepancies between thkton and analytical results. The
explanations for these discrepancies lie in the adoptiadghefGH and GL numerical formulae
for evaluations of the numerical solution of the mathenadliycintractable integrals involved
and the approximation involved to calculate the signalg@neaptured by the coherelntfingers
of Rake receiver.

2.5 Summary

In this chapter, we have discussed the approximate modeeafquare of lognormal shad-
owing by the MG distribution by using Moments matching metkoth non-linear curve fitting
approach and calculate the MSE to measure the exactness ettimated distribution. We
have also shown the PDF and CDF plots of square of lognornadiesting and its MG approx-
imation forN = 1, 3 and 5. According to these results, we have seen that onbrltails of the
1-MG approximation match with the targeted distributionilelthe 5-MG approximation fits
very closely. Additionally, MSE has improved from 0.321r(flcMG) to 0.00102 (for 5-MG).
Furthermore, by considering MG distributions, we havewstithe computable BER formula
of binary signals for UWB systems over the IEEE 802.15.3aanbemodel. In the analysis,
we have incorporated the impacts of Rake receiver on themeance of UWB system and

utilized the Gaussian quadrature formulae to find the nwaksolutions of mathematically
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intractable integrals. Moreover, we have compared the nigalgesults of the derived BER
with the Monte-Carlo simulations and with the reported BEERuits. It has been observed that
the analytical BER for 5-MG approximation is a good matchwite simulation results, which
validates the accuracy of the derived BER and justifies thamations and assumptions
taken during the analysis. It is important to note that,\a=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 ggoekeanent with the simula-
tion than the reported results. It can save a significant atnaficomputer simulation time. For
instance, our computer (Intel(R) Core (TM)i5-3470 CPU witBigabytes of RAM) takes 25
minutes to calculate the analytical BER in Hig.|2.5 wherbastime computation took 95 min-
utes for BER calculation reported in [36]. Note that, the Mo@arlo simulation for the BER of
the investigated system took around 33 hours. However,iffaeldantage of a non-linear curve
fitting approach is that it needs rigorous hit and trial mdttmarrive at the optimal values of

the parameters of MG distributions.

34
TH-2044_ 126102011



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

Contents
3.1 Introduction . . . . . . . ... [ Be
3.2 SystemModel . .. .. ... .. e [137
3.3 Parameter Estimation by Expectation Maximization (EM)Algorithm . .
3.4 Performance Analysis . . . . . .. ... .. [ad
3.5 ResultsandDiscussion . . . ... ... ... ... e 42
3.6 Summary . ... [146

35
TH-2044_ 126102011



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

3.1 Introduction

In the year 2002, FCC allocated the 3.1- 10.6 GHz frequenegtapm for unlicensed uti-
lization of the UWB technology. In this regulation, the comsion has imposed restriction on
the maximum allowable transmission power for the UWB signarder to minimize the in-
terference to the other narrowband technologies existirligg same frequency spectrum. This
power constraint limits the transmission data-rate anctaye area of the UWB technology.
To address this limitation, researchers have incorpordtedVIMO network into the UWB
system and have investigated the various performance mesasg8ome of these analyses are
available in[[47-55]. However, these analyses have notideres] the appropriate UWB chan-
nel model. The MIMO network emerges as one of the most patietthnology in the modern
wireless communication systems. It can effectively enbahe system performance without
increasing the bandwidth and the transmitting power. Ha@véwequires multiple RF chains,
which are typically very expensive and introduce designlaardware complexities. In order to
overcome this problem, the TAS scheme provides a good wddanong the cost, complexity
and the performance of the systems. It can achieve full slityegain with a less complex hard-
ware implementation. To the best of our knowledge, none®féported works have evaluated
the error performance of the TAS/MRC based UWB-MIMO systarardhe IEEE 802.15.3a
channel model.

In this chapter, we approximate the square of lognormal@handy by the MG distributions
and estimate its parameters by using the Expectation-Maatian (EM) algorithm. Consider-
ing this approximation, we derive the numerically evaldd3&R expression for the TAS/MRC
based UWB-MIMO system over the IEEE 802.15.3a channel. Wepe antenna selection at
the transmitter and utilize the MRC diversity scheme at dueiver to combine all the received
signals. We plot the PDF and the CDF of the MG distributiongtie different number of mix-
ing coefficientgN) and calculate the MSE to examine the exactness of the MG xippeition.

Additionally, we present the Monte-Carlo simulations tdid@te our results and discuss the
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impacts of inter-cluster power decay factb) and intra-cluster power decay factes of the
IEEE 802.15.3a channel on the BER.

In the next section, we describe the system model. We préseparameter estimation by
using EM algorithm in section 3.3. We derive the numericagdrezsion for BER of the inves-
tigated UWB systems in sectign 8.4. In section 3.5, we prtetdenanalytical and simulation

results and summarize the inferences of the chapter irségi6.
3.2 System Model

TAS based MIMO system comprising B antennas at this transmitter aNd antennas at

the receiver is depicted in Fig._3.1. We perform the TAS/MR8ene assuming full channel

Input Output

4 Feedback |

Figure 3.1: System model of TAS-MIMO systems

state information (CSI) is available at the transmitter msnd also assumed that only one trans-
mitting antenna is active at a time for the transmission. ustefine x to be the transmitted

signal then the received signal vectiy) can be expressed as
y =hyx+n (3.1)

wherey € C™, h, € C is the impulse response vector of the IEEE 802.15.3a chdantie
u transmitting antenna armue C is the additive white Gaussian noise (AWGN) vector with
each noise component having povidy: The TAS/MRC scheme with its decision criteria and

parameter estimation of the MG distributions by the EM altpon are discussed below.
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3.2.1 Transmit antenna selection with maximal ratio combiing (TAS/MRC) scheme

Transmit antenna selection (TAS) is an effective techniguaddress the challenges, like
the hardware and the design complexities encountered wicibeporating the MIMO network.
In general, TAS uses a subset of the total transmitting aaiefor the transmission; mathemat-
ically it is denoted as TAS/IMRGN,, p; N;). It means among thh; transmitting antennag
antennas are selected for the transmission whereas attieaeall theN, antennas are active
for the reception and one may combine the received signalé lantennas utilizing the MRC
scheme. In this thesis, the antenna selection is perforoadtbat the selected antenna delivers
the maximum instantaneous SNR at the receiver. The recsavals the informatio(l) of the
resulting instantaneous SNR to the transmitter througliegbdback link as shown in Fig._3.1.
Mathematically, the decision informatigh) is given by

Ny
| = arg max{Cu = Z |hv’u|2} (3.2)
v=1

I<usN

whereh,, is the impulse response of the IEEE 802.15.3a channel betthea™ transmitting
antenna and the" receiving antenna fon € {1,2,...,N; andv € {1,2,....N;}. Under the
assumption of perfect CSI available at the transmit@gris sorted in the ascending order of
magnitude, such a5y < Cp <, ..., < C(y). According to this order statistics, it is assumed that
the u™ transmitting antenna delivers the maximum instantanedlR, $ence it is selected for

the transmission. The PDF of thé selected antenna can be computed as [93]
fow 09 = N {Fg, 0™ Ve, () (3:3)

wherefc, (.) andF¢, (.) are the PDF and the CDF of the received signal enépdgyfor MRC
system .

3.3 Parameter Estimation by Expectation Maximization (EM)Algorithm

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

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

algorithm implements two steps iteratively until converge.

() Expectation step (E-step): The expectancy of the complete log-likelihood function is
calculated with respect to the observed information andectirestimate of the model
parameters.

Q(,0") =E[logL (©/x.1)/x,0"| (3.4)

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

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

0" = arg max{Q(G), ®(i)) (3.5)
®

Let us considex = {xy, X, ..X_ } be a given sample data set of a square of lognormal shadowing
and® = {64, 0,, ...,0\} is the set of unknown parameters of the MG distributions,r&fg =
{Wh, Kn, Bn}. To find the optimum values of the unknown parameters, thdikejhood (LLH)
function is defined as

L N

logL(©/%) = Iog(Z W, G (xt/kn,ﬂn)) (3.6)

t=1 n=1
It is very difficult to compute the logarithm of sums by traglital maximum likelihood methods.
Therefore, a data augmentation step is necessary to findtalita solution. It is assumed that
sample data sex, is incomplete and i.i.d. distributed. Let us introduce adetecond random
variablesy = {r}tL=1 associated witlx = {x}tL=1 such thatP (r; = n/x, ®), which represents the
probability of x, to be drawn from the™ Gamma distribution an@ (r; = n) = w,. Now the

LLH of the augmented data is given by

L
logL (©/x,1) = ), 10g {Wh, G (/K. ) (3.7)
t=1
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Expanding E-step gives

L N
Q(©.0%) = 3 Y {[log(wn) + l0g (G (x/ke BN P (1t = /% 00))  (3.8)

t=1 n=1

Using the Bayes’ rulel?(n = n/xt, ®(‘)) can be calculated as

o G (K9, 49)

P(I’t = n/Xt, ®(I)) = (39)
w6 ). )
Solving aQ(G ) - =0, yields
. 1< .
wiD = T P(re = n/x, ), (3.10)
KO i P(re = n/x, 00)
I32+1) = — S (3.11)
% XP (ri = n/x, 00)
and

i L
KD = KO 4 ? > {log(x) +log (89) - v (k?)} P(r: = n/x, ©7) (3.12)

t=1

wherea® e (0, 1) represents the step size andz) = M is the polygamma function.
Sincey (2) has no explicit expression, it has to be estimated numéricAtcording to [43],
l//(Z) =~ |Og (X— 05) ar WJ)-(—OS)Z whenx > 2.

3.4 Performance Analysis

Considering the MG distributions by using EM algorithm, wezide an expression of BER
for the TAS/MRC based UWB-MIMO communication system. Frdra equationd(2.15) and
(3.3), average BER of the investigated UWB system with a miteRake receiver can be

obtained as

(o)

Pe = Nth( \J(@=pr) E—ZX) {Fe, (00) Mg, () dx (3.13)

0
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3.4.1 PDF and CDF of the received signal energy for the MRC syam

From (3.2), let us defin&,, = |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 FPg) has already
been presented in the sectlon 2.3.1. Under the assumptidrdofchannel link, characteristic

function ofC, can be expressed as
Ny
Ve, @) = | | v, @) (3.14)
v=1
whereyg,, (.) is the characteristic functiay,, and can be calculated ¢ () = f_ O; el fg (X) dx.
Using Gauss-Hermite Quadrature and equafion {2.17), thed?D, can be expressed as
N, NH NH

fe, (¥) = 27TZW HZZ I|12| : fUV( )fUV(Z)e[Jz9y+y2+22]

v=1 i1=1ip=2

gl 1] (3.15)

z=x; 2 B=x{"

Now using the Gauss-Legendre quadrature, the ERKX) can be calculated as

Fc, (X) = QZWM fcu( X, +1)) (3.16)

Combining the equations (3113}, (3115) and (B.16) and usiegsauss-Laguerre quadrature, the
final BER for TAS/IMRC based UWB-MIMO systems over the IEEE 8@23a channel model

is given as

N = /
Pe = . ( a-p0) —x)
(27T)Nt ; { 1%

NH
" (Z W e, () el i)
i=1

(Ne-1)

NS N .
ZZWMW ‘Pcu(ﬂ)e[ 1) ﬂ)ﬂH]

ji=1 i=1
IHH] exp(x)}

where{wg, XL, SL} represent the weights;roots and number of nodes of the Gauss-Laguerre

x=x&

(3.17)

guadrature, respectively.
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3.5 Results and Discussion

We present an approximate model of a square of lognormalbs¥iag by the MG distri-
butions using the EM algorithm. In order to estimate the peters of the MG distributions
for X? ~ InN (0, 6dB), we first initialize the parameters and then update thesapeters after
execution of each iteration of the EM algorithm such thahdreases the likelihood function,
L (®/x,r). The initial and updated parameters after execution of @@tfions are given in

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

Table 3.1: Initial and updated parameters of MG approximationsNot 1, 3 and 5

NO. OF MIXING PARAMETERS OF MG DISTRIBUTIONS
COEFFICIENTS | NITIAL UPDATED
(N k,? ,32 vvﬂ kr(]wl) g+1) Wg+1)
N=1 05| 7 1 45942 | 3.6211 1
25 | 6 0.65| 4.9918| 6.8299 0.56%4
N=3 7 0.3| 0.25| 0.69993 4.1868 0.3781
19 | 4 0.1 9 2.2728| 0.056p
5 2 0.35| 4.9968 | 2.9530[{ 0.2832
7 3 0.15| 6.9993| 6.2683| 0.1732
N=5 9 4 0.2 | 8.999 10.6092 0.2003
2 05| 0.2 | 1.9818| 0.8950 0.1551
4 7 0.1 | 6.9957| 15.1586 0.1882

tions for above estimated parameters are shown in[Fig. Bi&clearly seen that an accuracy
of the MG approximation improves with the increase in Gammiamgonents and 5-MG ap-
proximation closely fits the square of a lognormal shadowdistyibution. Fig[3.B exhibits the
MSE for different number of mixing coefficients and noticéat adding more Gamma com-
ponents gradually reduced the MSE, in other words the egastaf the MG approximations
is improved but at the cost of increasing complexity. From tdsults, we found that the EM
algorithm outperforms the Moments matching with non-lmaarve fitting approach.
For simulation and analytical results, we B&t = N* = St = 40,p, =0, T, =1 nsand. =

10. Considering the 5-MG approximations, the simulatiod analytical BER of TAS/MRC
based UWB-MIMO systems over the IEEE 802.15.3a CM1 chanmelehfor different num-
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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/MR;, 1; N;) 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 UAMBVIO systems over the
IEEE 802.15.3a channel model (CM4)

44
TH-2044_ 126102011



3.5 Results and Discussion

-2

10

—+—CM1
——-CM2[
-+ CM3
-o-CM4

107 10°

10
Inter—cluster power decay factar)(

2

10"

Figure 3.6: BER vs inter-cluster power decay fac{®) for SISO-UWB system at SNR=3dB
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Figure 3.7: BER vs intra-cluster power decay fac{gy) for SISO-UWB system at SNR=3dB
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ber of antennas at the transmitter and the receiver are shotig. [3.4. It is observed that,
whenN; or N, increases, BER improves. This is because, we get the divgian due to the
multiple antennas employed in the MIMO network. SimilaRig.[3.5 shows the simulated and
analytical BERs for TAS/MRC (3,1;3) based UWB systems oWdpar channel environments
of the IEEE 802.15.3a channel model. From the results, ibseoved 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-ehestd intra-cluster power decay
factors on the BER of the SISO-UWB systems over the IEEE &)2adlchannel model at SNR
= 3dB. In the Fig[(316, wheh increases, BER curves first decrease and then increaserahd fo
very large values df, BER curves become flat. This phenomenon can be explainell@ass.
From the IEEE 802.15.3a channel power delay profile givengmadon [(Z2.5), the average
energy of MPCs depends @&y and the exponential term. Whéhis small, the exponential

term dominates and energy captured by the Rake receiverases with an increaselinthere
1

(A+TA) A+ Ay)

therefore BER curve shows increasing trends. But at thelaegg value of’, the total received

by BER decreases. Whéhnis large, the ternf), = ( ) starts dominating and
energy at the receiver is almost constant hence there isrraiva in the BER curves. A similar
explanation can be put forth for Fig._8.7.

3.6 Summary

This chapter describes the approximation of a square oflogal shadowing by the MG
distributions and estimates its parameters by utilisirg BM algorithm. For the estimated
parameters, we demonstrated the PDF and CDF plots forelifferlues of mixing coefficients
of the MG distributions. Additionally, we have calculatdgetMSE to measure the exactness
of the MG approximation and found that adding more Gamma arapts gradually improves
the exactness of the MG approximation at the cost of higherptexity. It is also observed
that the estimation using the EM algorithm is more efficiemtl @ccurate than the Moment

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

for TAS/MRC based UWB-MIMO communication system over thé&eEE802.15.3a channel
model. The simulation results for the different environtsesf IEEE 802.15.3a channel model
with various antenna configurations are presented to \aliti@ accuracy of the derived BER
expression. The results show that the performance of théMRE system improves without
any additional hardware and design complexities posed &ywttMO networks. The derived
analytical results showed reasonably close agreementtingtimulation results. Apart from

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

4.1 Introduction

To address the limitations of conventional point to pointelss networks and to extend
the coverage area of the wireless communication systemewaclass of diversity methods
called Cooperative communication (CC) has been introdudde core idea behind the im-
plementation of the CC is to harness the benefits of an additi@lay(R) terminal. In the
CC, sourcdS) terminal transmits the information to the destinat{by through multiple nodes
(or relays). In this way, the destination receives the tratied data with multiple copies that
are generally affected by different and statistically ipeledent fading paths. The destination
then combines all the received signals to obtain the disegsiin. Depending on the type of
signal processing performed at relays, the cooperativersity schemes can be classified as
Amplify-and-Forward (AF), Decode-and-Forward (DF), Estite-and-Forward, etc. The two
cooperative schemes that are extensively studied in #@iitre are the AF and the DF. With
AF, relays receive noisy versions of the source data, aynalifl re-transmit to the destination.
Whereas in the DF, relays decode the source data, re-enndde-#ransmit to the destination.
In [63-70], the authors have investigated the channel ¢yeaad the error performance of sin-
gle and multi-antenna UWB relay systems using the AF and th@iotocols for conventional
narrowband fading channels.

Based on the analysis of the TAS/IMRC based UWB-MIMO wirelggstem investigated
in Chapter 3, an end to end error performance for the DF-redgy WB-MIMO system over
the IEEE 802.15.3a channel model with antenna selectioansetat the source and the relay
terminals is derived. Here, the antenna selection is peddrsuch that the selected antenna
delivers the maximum receive SNR at the destination. Thigetanalytical expression of BER
is validated with the results of an extensive Monte-Cantowation. Furthermore, the impacts
of inter-cluster arrival ratéA), standard deviation of shadow fadifigx) and the Rake’s fingers
(L) on the BER is investigated.

Chapter 4 is organized as follows. The system model is destrin sectiori 412. The
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4. BER Analysis of TAS/MRC Based UWB Relay System over the IEE 802.15.3a Channel

derivation of end to end BER expression of the investigatediiop UWB DF-relay system is
derived in sectiof 413. In sectign 4.4 the simulation andyaical results are shown and the

chapter is summarized in sectionl4.5.
4.2 System Model

We consider the TAS/MRC based two hop MIMO system and it isaeg in Fig. [4.1,
in which {S, R} terminals employN; number of transmitting antennas afigl D} terminals
employ N; number of receiving antennas. In this system TAS schemerferpged in the
source to destinatiof® — D) and the relay to destinatidi® — D) links in such a manner that
it maximizes the total received SNR at the destination teailn the source to relafs —» R)
link, source terminal does not perform the TAS scheme argki$ the same transmitting antenna

which has been selected in tff®& — D) link.

~

11 /
TAS/MRC
Y 2

| -1 2~
N “_

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

In the two hop DF-relay wireless communication systemsgmaission is performed in two
time slots. In the first time slot, source broadcasts thermétion to the destination and the
relay terminals. In the second time slot, the relay inigatee transmission to the destination
terminal only if it can correctly decode the broadcastednmiation of the source in the first time
slot. Letx to be the transmitted symbol apgd andp, to be the transmitted powers at the source

and the relay terminals, respectively. The received sigeetors in th€S — D), (S —» R) and
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(R — D) links can be written as follows.

y(SD) _ \/ﬁhg)D)X + n(SD)’ (4_1)

y©&R = yprhERx + SR (4.2)
and

y® = ypoh{Px + n®O) (4.3)

wherey e CN andh € CV are vectors of the received signal and the impulse respditbe o
IEEE 802.15.3a channel, respectively and C" is the AWGN noise vector. The superscripts
and subscripts represent the corresponding channel Im#ghe transmit antenna indexing,
respectively.

4.3 Performance Analysis

In this section, we compute the end to end BER for the TAS/MB€&:d UWB-MIMO relay
system with a coherent Rake receiver, where relay is comfihto perform the DF coperative

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

Pe (¥) = Pe (¥(sR) Pe (¥(sp)) + Pe (¥(srp)) [1 = Pe (¥(sR)] (4.4)

whereyqy is the received SNR in tha — b channel link andpe (.) is the CEP for the bi-
nary signals with a coherent Rake receiver and is defineduatem [2.1#). Assuming all the
channel links are i.i.d., the average end to end BER of thesiinyated UWB systems can be
calculated as

pe = PSP + 5% [1.- piS¥] @s)

where pe(ab) = f_ 0:0 Pe (Y(an)) fy(ab) () dy.
4.3.1 Average BER for the source to relay link

In the source to relayS — R) link, source terminal uses the same transmitting antenna

which has been selected in t(f® — D) link and relay utilizes the MRC scheme to combine all
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the N, received signals arrived at the relay. Now after performtRC, the instantaneous SNR

at the relay terminal can be computed as

Yom = N ZS(SR)

_ P sr
TN M N

(4.6)

whereaﬂ,sz) is the energy captured by the Rake receiver atthantenna of the relay termi-
nal and is calculated as in({2]16). From the equatibns](2a®8)(3.15) and using the Gauss-
Laguerre formula, the average BER {& — R) link can be computed as

st NH

pe(SR) » iZZW W \P(SR) (ﬁ)Q( (1- pr) P1 )6[192+(1—j19)x]

s=1 i=1

(4.7)

U= )ﬁH

X=Xs

4.3.2 Average BER for the source to destination link

In the source to destinatid® — D) link, it is assumed that a source terminal selectaithe
transmitting antenna after performing the TAS/MRC scheaah$hat it maximizes the instan-
taneous SNR at the destination. The total received SNR ayfftelying MRC in the(S — D)

link is obtained as
_ P (SD)
V) = - A maxC?}

0 I<usNg ( 4.8)
_ P ClSD)
No (u)

From the equatio (3.17), the average BER for(he~ D) link can be evaluated as

st NH
N p i 2
(SD) _ L 1-— M H \P(SD) 9 e[—]19x+19 ] e
e (27T)N‘ ; {WSQ(\ [( Pr) No X) (; Wi Yo, (9) gt
NL N (Ni-1) (4.9)
Z Z W W \I](SD) (19) J XL +1 +19 ]
h H
11 1i=1 B=x Yoxt

52
TH-2044_ 126102011



4.3 Performance Analysis

4.3.3 Average BER for the source to relay to destination link

In the source to relay to destinati® — R — D) link, a destination receives signals from
the source and relay terminals when a relay decodes thedasiad information correctly in
the first time slot and performs the MRC diversity scheme tolzioe the received signals. The

total instantaneous SNR at the destination after perfayilRC can be formulated as

P1 sp)y , P2 rD
Y(SRD) = No CEU) )+ No CEU) ) (4.10)

Assumingp; = p; and(S — D), (R — D) links are i.i.d, then the received SNR(fB8 — R — D)
link is calculated agsrp) = y(sp) With the substitution of R in place ofN,. Hence, the average

probability of error in this link can be calculated as

(SRD) & (so)|
Ny=

Pe (4.11)

2Nr, ¥(sb)=Y(SRD)

Combining the equation§(4.5), (4.7), (4.9) ahd (4.11),fihal average BER expression for
TAS/MRC based UWB DF-relay system over the IEEE 802.15.2auohl can be obtained by

SL
e (¥) = N, {(Z ngQ( (1-p,)— XL) e(Xs)[F(SD)( s)](Nt—l) féfD) (XQ)J

SL
X (ZZW w PSR (ﬁ)Q( \/M) L7+ (1-i9x] ]
s=1 i=1 I\IO ﬂinH

[ 1 st NH D ! .
+]1- = W W \P(SR) 9 ( 1-p, _1X|_) e[ﬂ +(1-j9)x5]
| (ZZ (9) Q[ /(- % »

s=1 i=1
Nr=2N;,y(sp)=Y(SRD) }
4,

SL
| (e gt LIFE ()" 17 (¢)
s=1

wherefc, (.), Fc, (.) and¥¢, (.) 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 analBE#® results of TAS/MRC based
UWB DF-relay system over the IEEE 802.15.3a channel and eMathe impacts of various
channel parameters on the performance. [Eid. 4.2 showsrithdaded and the analytical BERs
of the TAS/IMRC(N;, 1;N;) based UWB DF-relay system and compare these results with the
BER of a conventional (without relay and single antenna)lidkVB system over the IEEE
802.15.3a channel model (CM1). As expected, the DF-refayiwB system has lesser BER
than the conventional UWB system. Additionally, the BER o DF-relaying UWB system
improves with an increase in the number of antennas at thertrdter and at the receiver. An
improvement in the BER is because of the diversity gain agltidy employing the cooperative
technigue and MIMO network into the conventional UWB systenThe TAS/MRC (4,1;4)
based DF-relaying UWB system has lesser BER than the BEReoTAS/MRC (2,1;2) or
TAS/MRC (3,1;3) based DF-relaying UWB systems. SimilaRig. [4.3 shows the simulation
and the analytical BER of TAS/MRC (3,1;3) based DF-relayiiyB system over the IEEE
802.15.3a channel model (CM4). The results show that the derived analytical BER is indgoo
match with the simulation results, which validates the a&cy of the derived expression.

Fig.[4.4 shows the effect of shadow-fading with the standardationoyx = 3 dB andoyx =
6 dB on the BER of the conventional and investigated UWB systever the IEEE 802.15.3a
channel model (CM1). It is observed that, BERyat= 3 dB is lesser than the BER at = 6
dB. Hence, the impact of shadow fading in the analysis of UW&esn over the IEEE 802.15.3a
channel model can not be ignored. Furthermore, the impdRaké’s fingers on the BER of the
of the TAS/MRC (3,1;3) based DF-relaying and the converai®diVB systems over the IEEE
802.15.3a channel (CM#) at SNR =5 dB is shown in Fig._4.5. In general,lamcreases,
the BER decreases, because of the increase in the amougnaf energy received by the Rake
receiver. But for large values &f, BER curves become flat. A possible reason is that, with an

increase in the number of fingers beyond certain valués thfe increments in the signal energy

54
TH-2044_ 126102011



4.5 Summary
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Figure 4.2: BERs of the conventional UWB and TAS/MR@}, 1; N;) based UWB DF-relay system
over the IEEE 802.15.3a channel (CM1)

becomes very small. Moreover, BER of conventional UWB sydbeyondL = 70 has almost
same values for all four channel models. A similar infereiscalso drawn from the BER of
TAS/MRC (3,1;3) based DF-relaying UWB system fop 90.

Fig. [4.6 shows the BER of conventional UWB systems over tHeHB02.15.3a channel
(CM2) for various values of inter-cluster arrival rdt®). We observe that wheA increases,
the BER decreases. This is because increagesmnifies the arrival of increased number of
clusters within the same [QT,] time interval and the Rake receiver can now collect morealig
energy, thereby improving the BER.

4.5 Summary

In this chapter, we derived the BER expression for the TASIMRased DF-relaying UWB
system over the IEEE 802.15.3a channel model. Additionalé/presented the Monte-Carlo
simulation and the analytical BER results for the DF-raigyyUWB systems for the different

number of antenna configurations in the TAS/MRC scheme anmgbaced these results with the
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Figure 4.3: Simulation and analytical BER of TAS/MR@, 1; 3) based UWB DF-relay system
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Figure 4.4: Effect of standard deviation of shadow fadi@igx = 3dB and6dB) on the BER of UWB
system over the IEEE 802.15.3a (CM1)
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Figure 4.5: BER vs Rake fingerd( for the IEEE 802.15.3a (CM1) for SNR=5 dB
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Figure 4.6: BER of conventional UWB system for different values of intéuster arrival rat€A) in the
IEEE 802.15.3a (CM2)
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BER of the conventional UWB system. From the extensive M@d€do simulation results, it
is found that the DF-relaying UWB system has lesser BER thartbonventional UWB system
and it improves with an increase in the number of antennakenTAS/MRC scheme. The
presented results show that the derived analytical BER isaal gnatch with the simulation
results for the IEEE 802.15.3a channel models (GMI)L Furthermore, we investigated the
effects ofox, A andL on the BER of the DF-relaying and conventional UWB system& W
would also like to emphasize that the presented analytieghod 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 théEEE 802.15.4a Channel

5.1 Introduction

IEEE 802.15 WPAN working group has categorized the UWB tebty into high-data-
rate and low-data-rate UWB (LR-UWB) technologies and hasmemended the IEEE 802.15.3a
and the IEEE 802.15.4a channel standards for the impletn@mtz these two UWB systems,
respectively. In the previous chapters, we dealt with tlgghidata-rate UWB system and de-
rived the BER of various diverse UWB networks and discuske@ffects of various parameters
of the IEEE 802.15.3a channel model on the performance.idrcttapter, we study the propa-
gation characteristics and the power delay profile of theHBH2.15.4a channel and compute
the average BER for the DF-relaying LR-UWB system with TASesoe at the source and
the relay terminals. Additionally, we examine the impadtsarious parameters of the IEEE
802.15.4a channel on the BER and suggest the sufficient nuohiitake’s finger required to
capture the signal energy for various environments of tleEB02.15.4a channel model. Fur-
thermore, we demonstrate the Monte-Carlo simulation aadhtimerical results of the derived
BER expression and compare these results with the repoE&I& the narrowband flat fading
channels.

Several research findings on the performance evaluatidmedf2EE 802.15.4a channel in
various scenarios have been reported in the literaturdiallmork on the error performance
analysis of LR-UWB system over the IEEE 802.15.4a channalehbave been reported in
[71,[72]94]. In[73,74], the authors have analyzed the gresformance of two hop LR-UWB
systems over the simplified UWB channel or narrowband flainfadhannels. In[[75], the
authors have investigated the BER of the cooperative conuation over thex — u fading
channel k — u is a generalized narrowband flat fading model which acconatesdmost of the
known fading models such as Rayleigh distributiondepr 0 & u = 1 Nakagamimdistribution
fork - 0 & u = mand so on).

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

system and channel model. We derive an expression of BERh&@TAS/MRC based DF-
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relaying LR-UWB system in sectidn 5.3. In sectionl5.4, wesprdé the analytical and the
simulation results and summarize the outcomes of the chiapsectiori 5.b.

5.2 System and Channel Model

We consider a LR-UWB relay system with the antenna selectidhe source and the relay
terminals as shown in Fig._4.1. In the system, relay is condigto perform the DF cooperative
strategy and the antenna selection is carried out suchhtbateiected transmitting antenna is
delivers the maximum received SNR at the destination. A igscription of the system model
and the mathematical expressions of received signalsngeate already given in sectién 4.2.
In this chapter, channel impulse response for each chamkdaklmodeled as IEEE 802.15.4a
standard, which is suitable for the LR-UWB applicationseimopagation characteristics and
the power delay profile of the IEEE 802.15.4a channel is defiedow.

5.2.1 |IEEE 802.15.4a channel model

TG4a has developed the IEEE 802.15.4a standard for implati@mof the LR-UWB sys-
tem covering frequency range 2-10 GHz. Mathematically,rapulse response of the IEEE
802.15.4a channel from th#' transmitter to the" receiver can be expressed las [13]

M R

huw ) = D" o exp(jel) s (t - TS - 749) (5.1)

m=0 r=0
wherea,, is the multipath gain coefficient (MPC) of thd' ray within them™ cluster, T,
and ., are the cluster and ray arrival times, respectively. Theseba, is uniformly dis-
tributed in the range [@r], R and M represent the number of rays within the cluster and
the number of clusters, respectively. According to TG4argp is Nakagamim distributed,
where parametemis modeled as a lognormally distributed random variablegsehogarithm
has a mealn, (r) = my — ky7) and a standard deviatidtry (7) = o — kyt). The parameters
{Mo, Kn} and{r‘no, ﬁm} are the mean factors and the variance factors for paramete¥spec-
tively. For the first component of each cluster, the Nakagd@ctor m is modeled differently

and it is defined am = My, wherendy, is the Nakagamim factor for strong components. The
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distribution of cluster arrival time is modeled as the Poisprocess and it is definedin R.2.
While the distribution of ray arrival time is modeled as thixtures of two Poisson processes.

If 2, andA, are the ray arrival rates, then the distribution of ray atrime is given by
f (Tr,m/T(r—l),m) — ﬁ/lle(—/ll[ﬁ,m—‘l'(r—l),m]) + (1 _ﬁ) ﬂze(—ﬁz[Tr,m—T(r—l),m])’ r> 0 (52)

whereg is the mixture probability. Now an average arrival ratés obtained as

1
E [ Average arrival timg
_ Ady
(1-p8) 1+

In the IEEE 802.15.4a channel, the power delay profile withencluster is exponential and it

(5.3)

is defined as
Q
E [|C¥r,m|2] - — exp(—Tr—’m) (5.4)
Vm ¥Ym
whereQ, is the integrated energy ofi" cluster andy,, represents the intra-cluster decay time

constant, depends linearly on the arrival time of the chustel it is defined as

¥Ym & kmi + %Yo (5.5)

wherek, andyg are the intra-cluster decay time constant parameters. fiégesof average

power delay profile for NLOS path of the office and the inda$&nvironments is given by

2] ey —remfya] (Y1 T Yrise 0
E[|ar,1| ] - (1—/\/9[ / ])e[ / ]( Y1 )(71 +7rise(1—X)) ©©)

where the parametgr describes the attenuation of the first component, the pdaesimg. de-
termines how fast the PDP increases to its local maximum,yardetermines the decay at
later times. Assuminlyuger 10 be a normally distributed random variable with zero meah a
oause Standard deviation, the integrated energyrf cluster over the cluster shadowing can
be expressed as

10log(Q2m) = 10 Iog(exp(—%)) + Myuser (5.7)
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AssumingQ = E[|a/r,m|2] and from the equations (5.4, (5.7) after substitufing= T, 7, m =

T — 7, and we have

(5.8)

On the basis of practical measurements, the IEEE 802.18a@anel model is categorized
into five different environments viz, Residential, IndooifiGe, Outdoor, Open Outdoor and
Industrial environments. Every channel environment ighierr classified according to the LOS
and NLOS paths. The measured values and parametric spacifcaf the IEEE 802.15.4a
channel parameters for various environments are givereid\fgpendix B.

5.3 Performance Analysis

In this section, we derive an expression of BER for binaryailg in the TAS/MRC based
DF-relaying LR-UWB MIMO system over the IEEE 802.15.4a ahalnmodel. The derivation
of BER over the IEEE 802.15.4a channel is similar to the @#iovn over the IEEE 802.15.3a
channel presented in Chapter 4, the main difference is irctimeputation of characteristic
function of energy captured by a Rake receiver in the IEEEBR2a channel.

5.3.1 Characteristic function of the received signal enengfor the MRC system

Let éu,\, be the energy captured by a Rake receiver in(the v)" channel link for the LR-

UWB system. Similar to the IEEE 802.15.3a standém,,in the [Q, LT] time window can be

computed as

éu,v = Z |a'$r¥1 ’ (5.9)

O<Tm+7rm<LTc

For brevity, we omit the antenna index. From the equatibiEgj2and [Z.18), a characteristic

function,yz () can be defined as
Ve (9) = Loo (9) e g0 (5.10)

For the IEEE 802.15.4a UWB channe} ; is a random variable having Nakagamidistribu-

tion, then the distribution? . is modeled as a Gamma distribution. Hence the characteristi
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function, L1, () can be calculated as

im)"“ (5.11)

~£T,‘r (ﬁ) = (1 - ?

whereQ represents the average energyaf is defined in equatiofi(5.8) ama= exp(mp + ).
Combining the equations (2122)), (2124), (3.14) (5.10) &dX), the characteristic function of

the received signal enerdg,) is obtained as

i
Ye, (@) =[1- ———=
C [ ’yoe(rrb+%)

NL
e 3w [1-Loc(0)] L%(xjul)]

}Nr exi{o ) |

(5.12)

Nt _
_NeALT - ~Ap(T.L)
{ Fz j12=1 wh [1- L7 (@)el 7 ]]'T=L;C(XI__ +1)]
X € i1

The final BER expression of the TAS/MRC based DF-relayingU\WB system over the IEEE

802.15.4a channel can be obtained by substituting thetrestl, () in the equation(4.12).
5.4 Numerical Results and Discussion

In this section, we present the Monte-Carlo simulation dr&analytical results of binary
signals for the TAS/MRC based DF-relaying LR-UWB systeny. 5.1 shows the comparison
of BER conventional (without relay) and TAS/MRC (3,1;3) bd®DF-relaying UWB systems
over the IEEE 802.15.3a and the IEEE 802.15.4a channel m@@d®1). As expected, the BER
over the IEEE 802.15.3a channel is lower than the IEEE 802al¢hannel. This is because, the
IEEE 802.15.3a channel standard has been developed fdrdistance UWB communication
and consequently in a given time-window, more MPCs arrivin@atRake 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 systaver
various environments of the IEEE 802.15.4a channel at SN#B=i8§ shown in Fig[ 5]2. Ini-
tially, asL increases, the BER decreases because more signals eneagyured by the Rake
receiver. But beyond certain valueslofL > 15 for CM1~2 andL > 25 for CM3~6), the BER

curves become flat. This is because, beyond a cettdime contribution to the total signal en-
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BER

q ——Conventional UWB over IEEE 802.15.3a
| -O—Conventional UWB over IEEE 802.15.4a ]
= TAS/MRC (3,1;3) based UWB relay over IEEE 802.1%.3a
_s||*TAS/MRC (3,1;3) based UWB relay over |IEEE 802.15.4a |

1 2 3 4 5 6 7 8 9
SNR (dB)

Figure 5.1: BER for conventional and TAS/MR@, 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 witheasingL. Therefore, BER curves
become almost flat. For further simulations and the numlecedaulations, we choose = 25
for all channel models so that performance can be compaiygifaall cases.

Fig. [5.3 shows the effect of number of antennas on the BEReTAS/MRC (N, 1; N;)
based DF-relaying UWB communication over the IEEE 802.4%Hannel (CM1). The UWB
relay system has lesser BER than the conventional UWB syatehBER also improves with
an increase in the number of antennas in the TAS scheme dhue thversity gain achieved by
incorporating MIMO technology. Similarly, the simulatiand analytical BER of binary signals
for the TAS/IMRC(3, 1; 3) based DF-relaying UWB system over different environmefhthe
IEEE 802.15.4a channel (CM®) are shown in Fig[_ 5l4. The results show that the derived
analytical result reasonably matches to the simulationltgswhich validate the accuracy of
the derived BER expression.

Fig. [5.5 shows the simulated and analytical BERs of the UW&esy (with and without
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5 10 15 20 25 30 35 40
Rake receiver Fingers (L)

Figure 5.2: BER vsL for TAS/IMRC (3, 1; 3) based LR-UWB relay system for SNR=5dB

O Simulation
— Analytical ||

Conventiona
UWB System

| TAS/MRC (4,1;4)
based UWB rela
system

BER

10 "+
i TAS/MRC (3,1;3)
based UWB relay system

TAS/MRC (2,1;2)

i based UWB relay system \g\ D\@\‘{
-3 | | | | | | |
10 6 10

12 14 16

Figure 5.3: Simulation and analytical BER of the conventional and TAB®A(N;, 1; N;) based UWB
DF-relay system over the IEEE 802.15.4a channel (CM1)

66
TH-2044_ 126102011



5.4 Numerical Results and Discussion

---Ana for CM1}

x  Sim for CM1 |
——Ana for CM2||

o Sim for CM2 ||
“““ Ana for CM3
- Ana for CM4 |
CM1 O Sim for CM4 ||
—— Ana for CM5
CM6 * Sim for CM5 ¢
---Ana for CM6|]
* Sim for CM6 ||

8 10
SNR (dB)

Figure 5.4: Simulation and analytical BER of the TAS/MR@, 1; 3) based UWB DF-relay system over
the IEEE 802.15.4a channel (CM&)

IEEE 802.15.4a
UWB channel

10~
o
i
m
channel [83]
10_2;
O Non-relay SISO-UWB (Sim) R
'|—— Non-relay SISO-UWB (Ana) Conventional 5. |
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107 --- Relay SISO—UWB (Ana) | | ﬁl
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Figure 5.5: BER of conventional UWB system over the IEEE 802.15.4a cebf@M1) and narrowband
Nakagamim fading channel fom=1 and 2.0324
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10

—o- IEEE 802.15.4a CM1
—~ IEEE 802.15.4a CM;

Conventional
UWB system

BER

TAS/MRC (3,1;3) based
UWB DF-relay system

10 10 20 30 40 50

Inter—cluster decay constant(ns)

Figure 5.6: BER vsI for the IEEE 802.15.4a UWB channel (CM2) for SNR=10dB

——ANA=10
-O-A=50

0 2 4 6 8 10
SNR (dB)

Figure 5.7: BER of conventional LR-UWB system over the IEEE 802.15.4anctel (CM2) forA =
0.01,0.1,1 10 and 50
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10 ]

r —D—B:O i
+B:03:
—O—B:O_S,

BER
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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 Nalkag flat fading channelrf =

1, and 2.0324) foL=10. As expected, the narrowband Nakagamfading has lesser BER than
the IEEE 802.15.4a channel model and BER for narrowbanadadhannels decreases with
increasing the value oh.

Fig. [5.6 shows the effect of the inter-cluster decay conigigron the BER of the conven-
tional and the TAS/MRC (3,1;3) DF-relaying UWB systems otrey IEEE 802.15.4a channel
(CM1~2), at SNR=10dB. It is observed that the BER of both UWB systdecreases with an
increase iM. But after certain values df (I'= 22ns for CM1 &I'= 26ns for CM2), the BER
curves go flat. Initially, the integrated energy of thé cluster,(Q.,) increases with an increase
in . As a result, the energy captured by the Rake receiver akoski@creasing. Later on, at
I'= 22ns for CM1 and’= 26 ns for CM2, most of thet" cluster energy already gets integrated.
Therefore, beyond these valuedpthe BER curves become flat.

Fig.[5.7 shows the impact of inter-cluster arrival rgt@ on the BER of conventional UWB

69
TH-2044_ 126102011



5. BER Analysis of TAS/MRC Based LR-UWB Relay System over théEEE 802.15.4a Channel

system. We observe that whanincreases, the BER decreases because more clusters arrive i
the given time window and the Rake receiver collects moneadignergy for the channel, hence
improving the BER. Fig._518 shows the effect@®bn the BER of the investigated UWB system
over the IEEE 802.15.4a channel (CM2). Asncreases, the BER decreases. From equation
(5.2), wherg increases, the ray process has the higher probability tosghthe arrival rata;
rather thanl,. For the IEEE 802.15.4a channel (CM2),= 1.77 and1, = 0.15. As we already
know, the higher arrival rate means more signal energy cagtoy the Rake receiver thereby
improving the BER.

5.5 Summary

In this chapter, we derived the computable BER formula oabjrsignals for the TAS/MRC
based DF-relaying LR-UWB system over the IEEE 802.15.4awlbla Our numerical results
showed that there is a significant improvement in the BER®fiR-relaying UWB system. We
also showed the BERSs of the low-data-rate UWB system for #owus fading channels and
compared these results with the BER of the conventional UYéBesn over the IEEE 802.15.4a
channel. The results showed that the numerical values adehieed BER are in good match
with the Monte-Carlo simulation results, which justify thgproximations and assumptions
taken in our analysis. We also found that the numerical cdatjamun of the derived BER is faster
than the Monte-Carlo simulation. Furthermore, we inveged the impact of number of fingers
of Rake receiver on the BER and suggested the sufficient nuoflhefor various environments
of the IEEE 802.15.4a channel model. Additionally, we haseussed the effects of various
parameters in the IEEE 802.15.4a channel model on BER peaface 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 Cénnel at 60 GHz

6.1 Introduction

the licence-exempted wide frequency spectrum in the mmeéavindoor communications
at 60 GHz band has shown enormous potential for bandwidtigiyuapplications such as high
definition video streaming, live gaming and so on. In the laée literature([79-81, 83—85],
the spectral efficiency, the outage channel capacity, amévtbrage output SINR of the mm-
Wave system with various antenna beamforming techniquesiieen reported. Beamforming
is a signal processing technique used in the antenna away@antpensate the high path loss
phenomenon and obtain the reliable transmission quali60aBHz band. The main idea of
beamforming is to control the phase of the signal fed to eatsmitting antenna via a network
of analog phase shifters. A large bandwidth and the stoichaature of the IEEE 802.15.3c
channel pose difficulties in the theoretical analysis ofrtime-Wave communication at 60 GHz
band. Simulation results and semi-analytical analysisCoG&iz band have been reported in
[82,86/90], but the BER analysis of mm-Wave system with thiem@na beamforming has not
been reported (to the best of the knowledge of the authors).

In this chapter, we derive an analytical expression of ardéseamforming based BER for
the mm-Wave MIMO indoor communication system over the IEBPR.85.3c channel model.
The analysis includes the impact of a coherent Rake receivahe BER and suggests the
sufficient number of Rake fingers required to capture the mami signal energy in the IEEE
802.15.3c channel environment. Additionally, we discumss éffect of the power decay fac-
tors and the arrival rates on the performance. We presemiitimee-Carlo simulation and the
analytical results and examine the accuracy of our BER ssjoe.

This chapter is organised as follows. Secfion 6.2 descthmsystem and channel model.
In Sectior 6.8, the BER analysis of MIMO mm-Wave system okerlEEE 802.15.3c channel
model at 60 GHz is presented. In Section 6.4, the Monte-Gamallation results are provided

and discussed. The chapter is summarised in Secfion 6.5.
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6.2 System and Channel Model

In this section, the IEEE 802.15.3c channel model at 60 Ghid lamd the mm-Wave com-
munication system with uniform antennas array (ULAS) argcdbed in brief.
6.2.1 IEEE 802.15.3c channel model

IEEE 802.15.3c channel model is known as the modified SalakenZuela (SV) indoor
channel model. It combines a LOS component using a two-pattehwith the NLOS reflec-
tive clusters of the S-V model. The channel model considerspatial temporal phenomenon
and the angle-of-arrival (AOA) information, which are wiglesed for describing the multipath
propagation in the indoor communication system. Althoughdngle of departure (AOD) is
not defined in the original IEEE 802.15.3¢c mm-Wave channaleh{il9], but it is necessary to
examine the system performance with the antenna beamfgrimrerefore, in this analysis we
considers the modified version of the IEEE 802.15.3c chanvigch has four parameters, in-
cluding multipath gain coefficients, time of arrival (TOAQA and AOD. A impulse response
of modified version of the IEEE 802.15.3c channel is given by

M R
h(t,6,6)=B51) 5 (6)6(@)+) ) e (t=Ten =7em)d (6 = O = Wrm) (6 = ¢ — Yim) (6.1)

m=1r=1
wherep represents the gain coefficient of the LOS path, which aremldgnt on the antenna-
heights, the antenna gains, the Tx-Rx separation and thdqss of the first impulsed,,, and
¢m are the AOA and AOD of thet" cluster, respectively. Similarly, , andy, , are the AOA
and AOD for ther™ ray of them™ cluster, respectively. Assuming AOD has the same stagistic
as that of the AOA, A graphical representation of the muthiparopagation behaviour at 60
GHz band is shown in Fid._8.1. The figure clearly shows thatMIRCs (rays) arrived in the

form of bunches (cluster) which are independent of eachroffiee number of clusteM) is a
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Gain

A
14

/4

Time of arrival

Figure 6.1: Graphical representation of the IEEE 802.15.3c channekinod

random variable, whose probability mass function (pmfiisressed as

(1 + I:) et m=1
fw(m =1 Lmet/m m> 2 (6.2)

0, otherwise

wherelL = E[M]. The distribution of the cluster and the ray time-of-aatiare modeled as
Poison processes. In the angular domain, AOA of the LOS coeno{6 os}, IS assumed
to be zero degree and a distribution{éf,}, to be uniform random variables distributed over
[0, 27]. On the other hand, the distribution @b, ,,}, is modeled as a zero mean Gaussian

random variable witlr, standard deviation and is given as

f(wrm) =

1
\/Zaq; exp(—wﬁm/Zaé) (6.3)
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The second order moment or average power of the complexpatiitgain coefficienta, ) can
be calculated as

Tm Trm

E [|a/r,m|2] = Qo exp(—? - 7 - I~<|[7<¢0]) (6.4)
where« is the Rician factor andis denotes the indicator function of an eveAj. On the
basis of practical measurements, the IEEE P802.15 WPANn&hanodel subcommittee has
categorized the 60 GHz indoor communication environmetat five different categories viz,
Residential, Office, Library, Desktop and Kiosk. These emunents are further classified
according to the LOS and NLOS scenarios. They are furthercatdgorized based on the
Half-Power Beam-Width (HPBW) of the transmit and receivéeana arrays. The parametric
specifications and the measured data of the IEEE 802.15&8meh parameters for different
environment are given in the Appendix C.

6.2.2 System model
The ULAs based mm-Wave MIMO system, haviNgiransmit and\, receive antennas with

the bank of coherent Rake receiver is shown in Eig. 6.2. N@tethe mm-Wave communication

1 4
Rakel —> MRCI
Yi'@—>
: Rake, —» MI?C2 g Detector Estimated

. . , . Y Y<(), ) O_Eit/b\’
1

: - : >0,
N I4
Y—'@—» Rake, | MRC-

Rx-ULA

S S

Figure 6.2: Block diagram of mm-Wave MIMO system model employing cohéiRake receivers

at 60 GHz exclusively support the rank one transmissionaletransmitting antennas are fed

with the same symbol at one time instant. The mathematigalession of binary phase shift
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keying (BPSK) modulated transmitted signal is given by
s(t) = VB, ) b p(t=iTy) (6.5)
i=—oc0

whereb; € {+1} represents th#" transmitted bitp (t) is the unit energy raised-cosine pulse of
durationT, andTs is the symbol duration. We deno®g (.) as the normalized autocorrelation
function of pulsep(t) and assume thd;(5) ~ 0, when|s| > T,. It is also assumed that
each transmitted symbol having only one pulse héhce T,. Considering the transmit and
the receive antennas are perfectly aligned and statisticalependent, the effective mm-Wave

channel impulse response after considering the ULAs caxjfressed as

h(t) = f f h (t,6.6) 9 (6) £ (6) dode (6.6)

whereh (t) € CVN s the matrix of effective mm-Wave channél(6) and ¢ (¢) represent
the array response vector of ULAs at the transmitter andebeiver side, respectively, which

satisfy|[9 (0)|l, = 1 and||{ (¢)ll, = 1, are defined as

1 j2rdsin(6) j2rN-1)dsin@)\ 1T
0(9):—[1,e(—4c ), e )] 6.7)
VN
and
1 j2rdsin(g) j2r(N -Ddsing) \ | T
() = [1, w), e >] (6.8)
VN,

whereA. is the wavelength of the carrier frequency ahd 1/2 is the half wavelength spacing
between the two consecutive antennas. Since, all the tiimgrantennas are independent and

transmit one symbol at a time, then the received signal at'teceiving antenna can be given

as
E o N M R )
VO =\ 2.b {ﬁ(u,v> PL=TT) +D D Jalilp(t—offy o)l o7 >} 10 (1)
|=—00 U= m=1r=
(6.9)
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wheres(y = TRV + 7, offy) = [(u - Dsin(6” + W) + (v— D sin(gH? + wS}‘,;Y))]
andg (t) -~ A (0. "),
6.3 BER Analysis

In this chapter, we derive a characteristic function bade® Bormula of antenna beamform-
ing based mm-Wave MIMO communication system with the bankatferent Rake receiver.
In the analysis, it is assumed that a perfect CSl is avaikattiee receiver and the Rake receiver
correlates the received signal of ti§ symbol with a template signal as follows.

M R
¢ t) = ﬂp(t - i’Ts) + Z Z Ay oy p(t — Oy — i,Ts) e(j®r/m) (6-10)

m=1r'=0

The output of the Rake receiver correlator can be calculkaséj= f "

Ty (t) ¢ (t) dt, where
#; (t) denotes the complex conjugate of the template signal. Uthéeassumption of perfect
synchronization i.e(m=nY) & (r =r’) and using the relatioRy (§) = Ry (-d), the output of
the correlator at'" receive antenna can be evaluated as

- M R
R/ = NIIEIEI Z bi (ﬁuv + Z Z 2 Buy a(u v) 5(u V) COs| @(u V) % Z Z | (u I +ijy (1)
r

i’=0 u=1 m=1 r=0 m=1 r=0
(6.11)

(i’+1)Ts

whererjy (t) = J;

ny (t) ¢* (t) dt, is the noise component. In order to remove the inter-pulse
interference, it is assumed th&t, > T,, henceR,(6,m) = 0. Assuming all the receiving
antennas are sufficiently far away to make them uncorrekteldhave equal noise power, the
total received instantaneous SN'R) can be computed as

= 3 LS ML 6.12)

v=1 u=1 m=1 r=0

6.3.1 PDF of the total received instantaneous SNR

Let us defineS,y) = Z Z |a(“v)| be the energy carried by all the multipath rays exclud-
ing the LOS componentin ti*(e — V) channel link for 60 GHz band. Assuming i.i.d. channel

links, the characteristic functioM/ (1) of the total received instantaneous SNR can be com-
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puted as

r t JE ﬁzuv
wo-[le(@led ) e

v=1 u=1

wherey ¥ () is the characteristic function @y, in the IEEE 802.15.3c channel model. For
simplicity, we omit the antenna indexing,{) in the calculation otb(‘”) (). It may be noted
that the number of clusterdi) is a random variable in the IEEE 802.15.3c channel model.

Using equation(6]2), the average received energy withetpM can be computed as

00 m R
z[ z|ar,€|2)fM (m
(=

m=1 r=0 _ (614)

[Me-
—L81+Zam( € )

where&; = YR, |ar,1|2 and&, = Y, 3R, |C¥r’[|2 are the energies carried by the rays which

arrived within the first cluster and the remaining clusteespectively. In this analysis, we
conjecture thatg, is close to&;, sum of the squared path gains of the first cluster that fall
within [0, LT¢] time window. Similarly,En is close to&y, the sum of squared path gains of

. . . . 2
rays in the remaining clusters, which are definedas= 2(1.2:0<(Ty471)<LTe a/r,1| and&y =

ar’m|2. It is noted tha, and&,, are assumed to be statistically independent

Z(r,m):0<(Tm+rr,m)<LTC

to each other. From the equatién (2.18), the charactefistiction of& can be calculated as

Yg (9) = exp| -y, (0. 1) []_[ exp|-AJ (kz, L)]) (6.15)

m=2

wherex; = (1+L)e9 andk, = "' 9. From the equation§(Z26), (6113) and (6.15), the

hermite computation form fof-. (X) can be obtained by

0= 2 [ [][]¢

v=1 u=1

JEbB(u v) |

‘/N’/gljj:V) © L)) rl e(_Aj(u,v)(’?Z’L))] e(_jXXiH +(XiH)2) (6 16)
m2

where; = Eb(mze{xi'* andg, = —= EmeixiH. Combining the equation§ (2]15) arid (6.16)

NoN; NoNZ ml

and using Gauss-Laguerre quadrature, the final BER expre&sibinary signal in the antenna
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beamforming based mm-Wave MIMO system over the IEEE 802cl&hannel model at 60
GHz band is given by
st N

Z Z {W W (rl L ex (J Et;\lﬁZ(llilV) Xl -1 J/gi,V) (0’ L)] l—[ e(‘Aj(u,v)(l?z,L))
v=1 1 o

s—l i=1 u= m2 ] (6_17)
"

x QA= px) & )¢
This section presents the simulated and analytical BERseafim-Wave MIMO communi-

6.4 Numerical Results and Discussion

cation system for four different environments of the IEER 8%.3c channel- Residential LOS
(CM1), Residential NLOS (CM2), Office LOS (CM3) and Desktop®E (CM8). For simula-
tion and analysis, we séd = 4, the raised-cosine pulse of a roll-off facee 0.8, T, = 0.5ns,
Ts = 0.5ns, sampling tim&gm, = 0.01 ns and central carrier frequenty= 60 GHz. Fig.
[6.3 shows the effect of number of fingers of the Rake receime¢he BER of mm-Wave SISO
communication system at SNR of 5dB. It is observed that thB RE different channel models
become flat after certain values bf These values are > 27,L > 27,L > 10 andL > 10
for CM1.1, CM2.1, CM3.1 and CM 8.1, respectively. From thisservation, it is inferred that,
for CM1.1 the rays carry most of the energy fall within firsn87 whereas for CM3.1, it falls
within 10ns. Therefore, for further simulations, we chobse 27, for all four channel models
so that the performance can be fairly compared in all thescase

Fig. [6.4 shows the simulated and analytical BERs of the mme/&SO communication
system over different environments of the IEEE 802.15.2malel model. It is seen that the an-
alytical results of our derived BER is a good match with thwdation results. However, there
is the marginal difference between the analytical and thmikited BERs which are attributed
to: (1) The use of the Gauss-Hermite and Gauss-Legendreufaenin the numerical integra-
tions and (2) error in calculating the energy at the RakeiveceFrom the equation (6.117), itis

clear that the above-mentioned errors will scale up withraemneiase 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 mimié&SNR=5 dB
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Figure 6.4: BER (simulation and analytical) of mm-Wave SISO commumacafor various environ-
ments of the IEEE 802.15.3c channel
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Figure 6.5: BER (simulation and analytical) foN; x N, mm-Wave MIMO system
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Figure 6.6: The effects of HPBW on the BER for all four sub-categorieshef EEEE 802.15.3c channel
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—O—For inter—cluster power decay factor |]
-0 For intra—cluster power decay factor |

0 20 40 60 80 ~ 100 120
Intra and Inter power decay factors in ns

Figure 6.7: BER vs power decay factors for mm-Wave SISO system for SNRB= 5d
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Figure 6.8: BER vs cluster and rays arrival rates of mm-Wave SISO systerSKR = 5dB
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array. Therefore the differences between the simulatedtadnalytical BERs increase with
the size of the antenna array as depicted in Eigl 6.5. Theefighows the effect of antenna
array on the BER of the investigated mm-Wave system overBR&1802.15.3c CM8.1. For
small antenna array configurations, the differences ard srnée for large antenna array con-
figurations, i.e., for & 8 and 16x 16 antenna arrays, the differences are notable but is within
acceptable limits. Fid._6.6 shows the effect of HPBWSs on tBRBf mm-Wave SISO system
over the IEEE 802.15.3c channel (CM2). According to TG3aoiehreport, HPBWs at Tx =
360, 60, 3C°, 15° and HPBWSs at Rx =1% correspond to CM2.1, CM2.2, CM2.3 and CM2.4,
respectively. It signifies a reduction in the omni-direniity and an increase in the directivity.
A directional antenna sends more signal energy into a pdatidirection which leads to less
power associated to cluster power le{@}) in the multipath environment. As suggested in the
report,Q, (in dB)=-88.7, -108, -111 and -110.7 correspond to fouredéht sub-categories of
CM2. TheQq has a direct effect on the energy collected by a Rake recfvé), therefore,
more HPBW accounts less BER.

Fig. [6.7 shows the effects of inter-clust@f) and intra-cluste(y) power decay factors
on the BER of mm-Wave SISO communication system at SNR = 5 wiBally, when power
decay factors increase, BER decreases, but for largersrafymwer decay factors BER curves
become flat. From equatidn 6.4, it is clear that enéé&)ycarried by MPCs increase with tiie
ory. As aresult, the total energy captured by a Rake receiveiatseases, causing a decrease
in BER. But beyond the certain value of power decay facta&memain. unchanged due to
most of the energy carrying MPCs have already been captyredRake receiver. Therefore,
BER curves become flat. Additionally, the similar trends &HBis also shown in Fig[_6.8,
which shows the effects of clustéh) and ray(1) arrival rates on the BER. This is because,
when arrival rates increase, the arrival times of MPCs a@msar¢herefore, more MPCs arrive in
the given time interval at the Rake receiver @hcreases, thereby BER decreases. The result

also indicates that the BER curves are less variant with agghan thel and reaches the lower
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saturation value slower than the changeinThis is because the ray arrival rate influences the
rays within the cluster whereas cluster arrival rate infagsrthe every cluster.

6.5 Summary

In this chapter, we have derived an expression of BER forrmatdbeamforming based
mm-Wave MIMO communication system with the bank of cohefRaite receivers at 60 GHz
band. In the antenna beamforming, we have considered thegaphase shifters employed
at the Tx-ULAs and Rx-ULAs to overcome the high path loseseeemced by the mm-Wave
signals. We have plotted the simulation and analyticalltesfimm-Wave systems for different
antenna arrays over various environment of the IEEE 802cl&hannel model. The derived
BER expression is a good match with the Monte-Carlo simaatesults which validate the
suitability of the analysis of this system. Additionallyevmave discussed the impacts of power
decay factors and arrival rates of the IEEE 802.15.3c cHanadel on the BER. We have also
suggested a sufficient number of Rake fingers required toiethte energy of mm-Wave signal

in various environments of the IEEE 802.15.3¢c channel model
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7. Conclusions and Future Work

The objective of the work presented in this thesis is to itigate the performance of the
UWB and the mm-Wave indoor wireless communication systeiitts avfferent diversity net-
works. In this chapter, we summarize the thesis, discussmdsgs and contributions and also
provide some suggestions for future extension of the ptedemork.

7.1 Conclusions

A brief summary of the thesis is as follows.

In this thesis, we have presented an approximate model dbtrrmal shadowing by
a Mixture of Gamma distributions using the moments matchwith non-linear curve fitting
method and the EM algorithm. Using this approximation, weehderived the CF based com-
putable BER formulae of binary signals with a coherent Raaiver for UWB and UWB-
MIMO wireless communications systems over the IEEE 8034 5hannel model. We have
also derived the error performance of UWB and LR-UWB DFyedgstems with an antenna
selection scheme over the IEEE 802.15.3a and the IEEE 8@2.Thannel models, respec-
tively. Additionally, we have analysed the performance oh+Wave wireless communication
system at 60 GHz band. Furthermore, we have discussed tlzeisngpf Rake fingers and other
parameters of different channel models on the performamhbe. specific contributions of the

thesis and its finding are enlisted below.

(a) The MG distribution is a good fit to the lognormal shadagyvand the exactness of the
MG distributions improves with addition of more Gamma comgats. To measure the
exactness, we have generated the PDF and CDF plots of bodlistnibutions (lognormal
shadowing and MG distributions) and calculate the MSE féfiedetnt number of mixing
coefficients. We have also observed that, the parametenasin using an EM algorithm

is more efficient and accurate than the moment matching rdetho

(b) Using the MG approximation, we have derived the comfdat&8tR formula of binary

signals with a coherent Rake receiver for UNB and TAS/MR@&Hd$WB-MIMO systems
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in Chapter 2 and Chapter 3, respectively. The results shahegg the accuracy of the
derived BER expression for 5-MG distributions is bettemthlae reported BER results.
Additionally, the computer computation time of our BER egsion is much less than the

reported BER expressions and the Monte-Carlo simulation.

(c) We derived the error performance for the DF-relaying UM LR-UWB systems with
an antenna selection scheme at the source and the relapaésnim Chapter 4 and Chapter
5, respectively. The results showed that the BER of invatgigjsystems improves with the
increase in number of antennas and the impact of shadowgfaffiect in the BER is quite
significant and should not be ignored while evaluating thdogpmance of UWB system.
Additionally, the BER of investigated system over the IEER285.3a channel model has

lesser than the IEEE 802.15.4a channel model.

(d) The derivation of BER for antenna beamforming based mava\WIMO system over the
IEEE 802.15.3c channel model at 60 GHz band is presented apt€h6. The effects
of HPBWSs and antenna configurations on the performance aceraported in the same

chapter.

(e) The numerical results of the derived BER expressionsraose agreement with the
Monte-Carlo simulation results, which validate our BER mgsions and justify the as-

sumptions and approximations taken in the analyses.

(H In this work, we have also suggested the sufficient nundfeéRake fingers required to
capture the signal energy in the various environments @stigated systems.

7.2 Suggestions for Future Work

Some of the possible future directions that can be taken ap axtension of this work are

suggested below.
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(a) Performance analysis of two hop UWB systems can be eadiyded to the multi hop and

multi user UWB systems with different cooperative stratsgi

(b) The analysis of mm-Wave system for 60 GHz band can be dum@né OFDM network

with different beamforming techniques.

(c) The investigation of index modulation techniques in@€DM-MIMO system for 60 GHz

band can also be explored.

(d) The presented work can be explored for non-i.i.d chaandlin 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 approximaltéien of the definite integral
of a function, usually stated as a weighted sum of functidnesat specified points within the
domain of integration. In this thesis, we have considereeetllypes of quadrature formulae,

which are given below.
A.1.1 Gauss-Hermite quadrature

(o)

NH
f e f (dx~ > wf(x) (A.1)
i=1

—00

whereN" is the number of nodes ang' denotes the weight coefficient associated withithe

root (x!*) of Hermite polynomial can be calculated as

h NH!Z(NH—l)ﬁ
N ()]

and the Hermite polynomial is given as

d\"
HNH (X) = (2X— d—x) 1

A.1.2 Gauss-Legendre quadrature

b 4
b-ax L (b-a  a+b
ff(x)dXz 5 ijf( 5 X+ ) (A.2)
a =1
whereN' is the number of nodes amzif are the weight coefficient associated with ffferoot

(xJL) of Legendre polynomials can be calculated as

L 2

(2= () [Py (O
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and the Legendre polynomials is given as

1 dv

P09 = g e | (€ )"

A.1.3 Gauss-Laguerre quadrature

(59

SL
f e f (X) dx ~ Z ws  (x5) (A.3)
s=1

0

whereS‘ is the number of nodes and weight coefficients associated with teé root(x's-) of

Laguerre polynomials can be calculated as

L
L Xs
s

" (B + [Len ()

and the Laguerre polynomials is given as

1(d \°
LSL(X):@(&—].) XS
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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 parametevafious environments of the

IEEE 802.15.4a channel model are given in the Tdbles B. I add&spectively.

Table B.1: Experimental values of the IEEE 802.15.4a channel paramée residential and office
environments

TH-2044_ 126102011

CHANNEL PARAMETERS RESIDENTIAL INDOOR OFFICE
LOS (CM1) | NLOS (CM2)| LOS (CM3) NLOS (CM4
Path Loss (Pb) 43.9 48.7 36.6 51.4
Pathloss exponeni) 1.70 4.58 1.63 3.07
Delay spread S[dB] 2.22 3.51 1.9 3.9
Antenna losgA ) [dB] 3 9 3 3
Frequency dependence ofthe, 1,5 15 | 1 5340.32 35 5.3
pathlossc [dB/octave]
Mean number of clustel(sQ 8 3.5 5.4 1
A [1/ns] 0.047 0.12 0.016 NA
A1 [1/ns] 1.54 1.77 0.19 NA
As [1/ns] 0.15 0.15 2.97 NA
B 0.095 0.045 0.0184 NA
I" [ns] 22.61 26.27 14.6 NA
K, 0 0 0 NA
vo [dB] 12.53 17.50 6.4 NA
O cluster [dB] 2.75 2.93 NA NA
my [dB] 0.67 0.69 0.42 0.50
K 0 0 0 0
My [dB] 0.28 0.32 0.31 0.25
Km 0 0 0 0
My NA NA NA NA
X NA NA NA 0.86
Vrise NA NA NA 15.21
Y1 NA NA NA 11.84
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Table B.2: Experimental values of the IEEE 802.15.4a channel paramée outdoor and industrial

environments

TH-2044_ 126102011

PARAMETERS OUTDOOR OPEN OUTDOOR INDUSTRIAL
LOS (CM5) | NLOS (CM6) NLOS (CM7) LOS (CM8) NLOS (CM9
Path LosgPLy) 43.29 43.29 48.96 -56.7 -56.7
n 1.76 2.5 1.58 1.2 2.15
s 0.83 2 3.96 6 6
Aant [dB] 3 3 3 3 3
« [dB/octave] -1.6 0.4 NA -5.6 -7.82
L 13.6 10.6 3.31 4.75 1
A [1/ns] 0.0048 0.0243 0.0305 0.0709 NA
A1 [1/ns] 0.27 0.15 0.0225 NA NA
A7 [1/ns] 2.41 1.13 0 NA NA
B 0.0078 0.0062 0 NA NA
I' [ns] 31.7 104.7 56 13.47 NA
K, 0 0 0 0.926 NA
vo [dB] 3.7 9.3 0.92 0.651 NA
O cluster [AB] NA NA NA 4.32 NA
my [dB] 0.77 0.56 4.1 0.36 0.30
Km 0 0 0 0 0
My [dB] 0.78 0.25 2.5 1.13 1.15
Km 0 0 0 0 0
My NA NA 0 12099 NA
b% NA NA NA NA 1
Vrise NA NA NA NA 17.35
V1 NA NA NA NA 85.36
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C. Parametric Specification of the IEEE 802.15.3c Channel Mael

C.1 IEEE 802.15.3c Channel Model

On the basis of practical measurements, the IEEE P802.15N\dP&nnel modeling sub-
committee has categorized the 60 GHz indoor communicatisma@ment into five categories
defined in Tablé_Cl1. The detailed parametric specificatfonsarious environments of the

IEEE 802.15.3c channel model are given in Tables$[C.2, C.Zaad

Table C.1: Channel environments of the IEEE 802.15.3c channel

CHANNEL MODEL (CM) [ SCENARIO | ENVIRONMENT
Cill LOS Residential
CM2 NLOS

CM3 LOS .

CM4 NLOS Qce

Cifs ot Librar

CM6 NLOS y

CM7 LOS

CM8 NLOS Desktop
CM9 LOS Kiosk

Table C.2: Parametric specifications of channel parameters for nesadenvironment

PARAMETERS RESIDENTIAL ENVIRONMENT

LOS (CM1) NLOS (CM2)
Tx-HPBW 360 60 3 15 360 | 360 60° 3 15
Rx-HPBW 15 15° 15° 15° 15° 15° 15 15 15
A [1/ns] 0.191] 0.194 0.144 0.04b 0.21 0.191 0.194 0.144 0,045
A[1/ns] 1.22 0.9 1.17 0.93] 0.77 1.2p 0.9 1.17 0.93
I' [ns] 446 | 8.98| 21.5 12.6) 4.1 446 898 215 12.6
v [ns] 6.25 | 9.17| 4.35 498 1.0/ 6.26 917 4.35 4.98
o1 [dB] 6.28 | 6.63| 3.71 6.11| 126 6.28 6.63 3.711 6.11
o, [dB] 13 9.83 | 7.31 6.11| 1.26 13. 9838 7.31 6.11
o, [degree] 49.8 119| 46.7 107 8.32 49|8 119 46.2 107
L 9 11 8 4 4 9 11 8 4
Ak [degree] 18.8| 17.4 11.9 4.6 NA 188 174 119 46
Q(d) [dB] -88.7 | -108| -111| -110.7¥ NA} -88.7Yy -108 -111 -110Q.7
n 2 2 2 2 NA 2 2 2 2
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Table C.3: Parametric specifications of channel parameters for offidedesktop 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° 30 600 | 15 | 30 60°
A [1/ns] 0.041] 0.027| 0.032 0.028 0.07 0.037 0.047 1.72 0.37@47@.
A[1/ns] 0.971| 0.203| 3.45 0.7 188 0.641 0.373 3[14 0.p41 3137
T [ns] 49.8 38.8 | 109.2 134| 1944 211 22|13 401 211 223
v [ns] 452 649 | 679 59.00 042 88% 17/2 0b8 885 17.2
o [dB] 6.60 8.04 | 3.24| 437 182 3.01 727 27 301 7.27
o [dB] 11.3 795 | 554 6.66] 188 7.69 442 1|9 7.69 442
o, [degree] 102 66.4| 602 22.2 91 34pb 381 14 341 381
(Q 6 5 5 5 6 3 3 14 3 3
Ak [degree] 21.9 11.4 19 19.2 NA 11 17 NA 11 17.p
-3.27d| -0.303d 4.44d | 3.46d 4.44d | 3.46d
Q(d) [dB] 858 | -903 | 09| 10720 NA| 1554] 98.4| NA | .105.4| -98.4
n 2 2 3.35| 3.35] NA 2 2 NA 2 2
AnLos 0 0 556 | 5.56| NA 0 0 0 0 0
hy [m] NA NA NA | NA [ NA [0-03 [0-03| NA | 0-0.3] 0-0.3
h, [m] NA NA NA | NA [ NA [0-03 [0-03| NA | 0-0.3] 0-0.3
(d) [m] NA NA NA | NA | NA 0.3 03 | NA | 03 0.3

Table C.4: Parametric specifications of channel parameters for kiogkanment

Klosk
PARAMETERS LOS (CM9)
Tx-30° & Rx-30° | Tx-30° & Rx-30°

Inter-cluster arrival rateA in 1/ns] 0.0546 0.0442
Intra-cluster (ray) arrival ratet[in 1/ns] 0.917 1.01
Inter-cluster (cluster) decay ratg jn ns] 30.2 64.2
Intra-cluster (ray) decay rate jn ns] 36.5 61.1
Cluster lognormal std deviatioorf in dB] 2.23 2.66
Ray lognormal std deviationr} in dB] 6.88 4.39
Angle spreadd, in degree] 34.2 45.8
Average number of cluster&] 5 7
Ray Rician factor Ak in dB] 11 9.1
Average power of the first ray of the first
cluster [2(d) in dB] -98.0 -107.8
PL exponenti] 2 2
Attenuation value for NLOS environment&y, os] 0 0
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