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Summary

Evolving wireless technologies such as multi-antennaesysi state of the art cod-
ing techniques, diversity combining schemes, etc., cotigtatrive to achieve the
capacity limits of wireless communication systems. On tiieohand, it is a well-
known fact that information theory holds the secret of déstg the fundamental
limits for reliable communication over the wireless mediunformation-theoretic
analysis of mobile fading channels not only provides angimisinto the potential
and limitations of fading channels, but also provides a sticll to design efficient
wireless communication systems. The capacity is congiderbe one of the most
important information-theoretic measures of fading clegsinThe channel capac-
ity evolves in time as a random process and can be described appropriate
stochastic models. Hence, studies pertaining to unveilyimamics of the channel
capacity can be very helpful to achieve higher data ratetevideieping the prob-
ability of errors as low as possible. Statistical propertsuch as mean, variance,
probability density function (PDF), and cumulative distriion function (CDF) ad-
equately characterize the channel capacity. Howeverethiagistical quantities do
not provide an insight into the temporal behavior of the ctegrtapacity, which
is imperative for the efficient design of future mobile commimation systems. It
is therefore, absolutely necessary to study, in additiotinéofirst order statistical
properties of the channel capacity, also the second ordeststal properties, such
as the level-crossing rate (LCR) and the average duratifedes (ADF).

In wireless communication systems, the random amplitudguitions of the
received signal can be described with the help of propeisstatl channel models.
For single-input single-output (SISO) systems, modelind eapacity analysis of
mobile fading channels are extensively studied topics. ¢l@w there still exist a
few unsolved problems in this domain. Specifically, therditare lacks informa-
tion regarding the influence of important phenomena, sutheaseverity of fading,
shadowing, number of multipath components, and the angditaf LOS compo-
nents on the statistical properties of the channel capatitis dissertation aims to
address these problems by studying the capacity of spet8® Shannels, namely
multipath fading channels, Rigachannels, and land mobile terrestrial channels.

A fruitful method to obtain increased spectral efficiencg anproved link qual-
ity by utilizing the existing resources of the wireless netkis known as cooper-
ative communications. In relay-based cooperative netsyaikgle-antenna mobile
stations assist each other to relay the transmitted sigoal the source mobile
station (SMS) to the destination mobile station (DMS). Segktems are also re-
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ferred to as multihop communication systems. This kind oficwnication scheme
promises an increased network coverage, enhanced mpailifyimproved system
performance. It has applications in wireless local arevords (WLANS), cellular
networks, ad-hoc networks, and hybrid networks. This diaten studies the ca-
pacity of multihop communication systems employing anygéihd-forward-based
blind relays under various propagation scenarios.

The performance of wireless communication systems is lgratiected by the
multipath fading phenomenon. The received signal impaits)ecaused by mul-
tipath fading, can be reduced by diversity combining methadich as maximal
ratio combining (MRC) and equal gain combining (EGC). Inedsity combin-
ing schemes, the received signals in different diversipnbhes are combined in
a way that results in an increased signal-to-noise ratidR}SNence, such methods
increase the system throughput and therefore enhance #rallosystem perfor-
mance. Motivated by the advantages of using diversity cambischemes, this
dissertation also includes the analysis pertaining to thissical properties of the
capacity of fading channels in systems employing MRC and B&@ddition, the
case when diversity branches are spatially correlatedsdsiavestigated.

Designing very high-speed wireless links that offer gooalify+of-service (QoS)
constitutes a significant research and engineering chugdlemo perform this task,
particularly in power and bandwidth limited systems, npléitinput multiple-output
(MIMO) technology was proposed in the literature. By emjgymultiple anten-
nas at the transmitter and the receiver, MIMO systems carigeoemarkable gain
in the spectral efficiency of wireless communication systefrthe enormous spec-
tral efficiency originally attributed to MIMO systems wassled on the premise of
a rich scattering environment, providing independentdanaigsion paths between
the transmitter and receiver antennas. Under such idedltgams, a linear increase
in the channel capacity w.r.t. the increase in the minimurthefnumber of trans-
mitter and receiver antennas was observed. However, sedlizdd propagation
conditions are rarely met in real life. Due to the spatiakelation between sub-
channels, realistic MIMO channels show a reduced chanpelaity. It is therefore
of great practical and theoretical interest to study theacedyp of MIMO systems
when the elements of the channel matrix are correlated. éjanchis disserta-
tion, a special emphasis has been put on the statisticalsasaif the capacity of
spatially correlated MIMO channels. To achieve the desgagacity in MIMO
channels, space-time coding techniques, such as orthlogmae-time block codes
(OSTBC) are considered to be an effective method. Thergiioithis PhD thesis,
the capacity analysis of both correlated and uncorrelat8dEBL MIMO channels

Xiv



is presented.

In summary, this dissertation deals with the derivation analysis of the first
order as well as the second order statistical propertiebefcapacity of mobile
fading channels in various wireless communication systérhe topics studied in
depth include the capacity of specific SISO channels, agplifd-forward channels
in cooperative networks, fading channels in spatial ditaersombining systems,
and MIMO channels.
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Chapter 1
Introduction

To provide high data rate communication with higher spédtfieciency, both in
cellular mobile networks and wireless local area netwoYKEANS), is one of the
epic challenges faced by the next generationj4@reless communication sys-
tems. One of the motivations behind this strive is to copdahe rapidly grow-
ing desire of replacing cables with high-speed wirelessieotors. Moreover, the
availability of recently popular high-definition (HD) audvideo [1] over the inter-
net as well as the presence of high-definition television TMPnetworks [2, 3]
are among the other reasons which have triggered an enorilisn the con-
sumers’ demands for higher data rates. The modern technal@glvancements
in electronic platforms enable users to transfer/sharemedia content (e.qg., high-
quality audio/video) in wired networks. However, perfongithis task over the
wireless medium requires high-speed wireless links, wharehnot provided by the
prevailing 3@ cellular networks (e.g., HSDFby 3GPP [4], which support up
to 10 Mb/s [5, 6]) and WLANSs (offering up to 50 Mb/s [7, 8]). He® in order to
accommodate a large amount of data traffic in wireless nésweith seamless con-
nectivity, future mobile communication systems are expet¢b provide data rates
much higher than 100 Mb/s and spectral efficiencies far greéhain 10 b/s/Hz [8].

In the following, those peculiar aspects of wireless comications will be re-
viewed, which provide a basis for the analysis and improverokthe system per-
formance.

14G stands for fourth generation

23G stands for third generation

SHSDPA corresponds to high speed downlink packet access
43GPP is an abbreviation of third-generation partnershojegt

1
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1.1 Channel Capacity: Overview, Definition,
Importance, and Statistical Properties

One of the reasons behind the limited success of 3G techyatagchieving high
data rates is mainly a lack in the understanding of the uyithgrlfading chan-
nel characteristics, leading to the unavailability of igt&d channel models [9, 10,
11]. Moreover, the unavailability of information-thedretools for the analysis and
cross-layer optimization of wireless communication systdas also been a bottle
neck in maximizing the transmission rates. Since its adisgrthannon in 1948
[12, 13], information theory has found diverse applicasiamthe fields of commu-
nications [14], economics [15], biology [16, 17], etc. Inreless communications,
information theory has widely been used in the past to stadynf phenomena
[18]. However, it is relatively recently that the informati-theoretic analysis of
complex (but realistic) fading channel models is attragtime researchers’ interest
[19]. Harnessing information-theoretic tools for the istigation of mobile fading
channels not only provides an insight into the potential Emdiations of fading
channels, but also provides a yardstick to design efficierdgl@ss communication
systems [18, 20, 21].

The framework of information theory, established by Sharfieo wireless com-
munications, describes the fundamental limits for rebatdmmunication over the
wireless medium [12, 13]. This theory is based on the notiochannel capacity,
which sets an upper bound on the maximum amount of informakiat can be re-
liably transmitted over a channel with a negligible proltiagbof error. Specifically,
the channel capacity determines the maximum transmissitenthat a wireless
channel can sustain with a negligible error probabilityamis of bits per second
per unit bandwidth. For the case of an ideal channel, wherenlty impairment in
the wireless channel is the introduction of additive whiguGsian noise (AWGN),
the channel capacity is given by Shannon’s well-known fdenfii2, 13]

C=log,(1+y) (bits/s/Hz) Q)

wherey is the ratio of the received signal power to the AWGN powespa&nown
as the received signal-to-noise ratio (SNR). The consespiehShannon’s mathe-
matical construct was the Shannon coding theorem and iteecem The Shannon
coding theorem proves that there exists a code, which izad| allows to transmit
data without errors at a rate(bits/s/Hz) as long as < C. While, the converse
theorem showed that the error probability is always largantzero if the transmis-
sion rater is higher than the capacity. In addition, Shannon demonstrated that
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the channel capacity can be achieved with a negligible g@mavability by coding
the transmitted data with infinitely long random codes. Hasvethere exists no
specification for designing such codes. In addition, indigitong random codes
are practically not realizable due to the enormous effaytimed for their decod-
ing. Moreover, utilization of such lengthy codes also idtroes intolerable delays
in communication. For decades, the efforts of coding tts®were mainly focused
to find practical codes. Finally, this problem was solvedhm émergence of very
effective coding techniques, such as turbo codes [22] andiEnsity parity check
(LDPC) codes [23, 24], which approach the Shannon’s caphuwitt very closely.

The channel capacity formula in (1) considers a simple so@nay assuming
an ideal AWGN channel. However, a realistic description okless propagation
environment is far more complex. Mobile fading channelstipalarly in urban
environments, are generally classified as time-variantipath fading channels,
which can well be characterized with the help of proper stiail channel models.
The dynamic behavior of mobile fading channels in turn rssul a time-varying
channel capacity [25], which evolves in time as a randomegsscFor such chan-
nels, the channel capacity is described not only in term$iefreceived SNR,
but it also incorporates the information regarding theistias of the received sig-
nal envelope (see, e.g., (2)—(7), in the subsequent segtitins demonstrated via
various examples in [26, Section 4.2.6] that the actual dapaf mobile fading
channels is much less than the one predicted in (1). Therdfmget the knowledge
of maximum achievable transmission rates in practicalesgst it is important to
study the channel capacity by considering realistic prapag conditions. Since
future mobile communication systems aim to maximize thesmaission rate, much
consideration has been put on the analysis of the channatitain recent years.
A large number of articles can be found in the literature ttighlight the signifi-
cance of using the channel capacity and its statistics asldaiothe analysis and
optimization of mobile communication systems (e.g., [23, 29]). Hence, in ad-
dition to the knowledge of underlying fading channel cheeggstics, a profound
understanding of the channel capacity and its statistieguslly important.

The well-known statistical quantities describing the @mdbehavior of the
channel capacity include the mean channel capacity (orrmdes capacity), the
outage capacity, the probability density function (PDR) ghe cumulative distri-
bution function (CDF) of the channel capacity [29, 25, 28in@ng these statistical
guantities, the ergodic capacity and the outage capa&tyeay widely explored by
researchers in the literature due to their importance fioenperformance analysis
point of view. The ergodic capacity provides the informatiegarding the average
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data rate offered by a wireless link (where the average isntaver all the real-
izations of the channel capacity) [21, 29]. On the other h&mel outage capacity
guantifies the capacity (or the data rate) that is guarant#@d certain level of re-
liability [21, 29]. However, these two aforementioned istatal measures describe
the capacity behavior on the average sense, e.g., the atdpgeity gives an idea
regarding the probability of a specific percentage of capaxtitage, but it does not
give any indication of the spread of the outage intervalderrate at which these
outage durations occur over the time scale. Whereas, themiation regarding the
temporal behavior of the channel capacity is very usefultierimprovement of the
system performance [28].

A decrease in the channel capacity below a certain desivetifesults in a ca-
pacity outage, which in turn causes burst errors. In the gastevel-crossing and
outage duration analysis have been carried out merely éoretteived signal enve-
lope to study hand-off algorithms in cellular networks adlas to design channel
coding schemes to minimize burst errors [30, 31]. Howewrsystems employing
multiple antennas (specifically at the receiver), the atho[28] provide sufficient
evidence to choose the channel capacity as a more pragneatarrpance merit
than the received signal envelope. Therein, the signifearcstudies pertaining
to the analysis of the level-crossing rate (LCR) of the clehiapacity can easily
be witnessed for the cross-layer optimization of overativoek performance. In a
similar fashion, for multi-antenna systems, the imporémiinvestigating the aver-
age duration of fades (ADF) of the channel capacity for thestoerror analysis can
be argued. The LCR of the channel capacity is a measure okfleeted number of
up-crossings (or down-crossings) of the channel capdeityugh a certain thresh-
old level in a time interval of one second. While, the ADF of thannel capacity
describes the average duration of the time interval ovechwvtiie channel capacity
is below a given level [32, 33]. It is here noteworthy that &R and ADF of the
channel capacity are the important statistical quantthes describe the dynamic
nature of the channel capacity. Hence, studies pertainingyeil the dynamics of
the channel capacity are cardinal to meet the data raterezgents of future mobile
communication systems.

In the subsequent sections, some of the key technologieg@tss communi-
cations will be introduced that carry a fundamental impactain the literature and
have been thoroughly investigated in this dissertation.
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1.1.1 Single-Input Single-Output Systems

Single-input single-output (SISO) systems are the comveat means for wireless
communications, employing single antennas at the tratesnaibd the receiver. The
random amplitude fluctuations of the received signal in sygtems can be mod-
eled by using an appropriate stochastic process. If thenghas unknown to the

transmitter but the receiver has perfect channel statemdbon (CSl), the capacity
of SISO systems, assuming flat fadtingan be expressed as [34]

C(t) = log, <1+ y|h(t)|2) (bits/s/Hz) )

Throughout this dissertation, we have considered flat tadimannels, assuming
perfect CSI at the receiver. In accordance with the defimigiven in [34, 35, 36,
37], in this dissertation, we refer ©(t) as the channel capacity. However, in the
literature, it is also known to as the instantaneous chacaygdcity [38, 39] or the
mutual information [40, 41, 42, 43]. In (2)ydenotes the average received SNR)

is a stochastic process, which describes the fading behav&SO channels, and
|h(t)| denotes the envelope of the prock&s. Forh(t), a large number of models
have been proposed in the literature. The widely used SIS@rei models include
the Nakagamim [44], Rice [45], and Rayleigh [46, 47, 48] processes. ThesRic
and Rayleigh models have applications in line-of-sight @Y @nd non-line-of-sight
(NLOS) propagation environments, respectively. While Makagamim process
represents a more general channel model, which can beedtiizstudy scenarios
where the fading is more (or less) severe compared to Réwfaijng. Moreover,
the Nakagamim model reduces to the Rayleigh and one-sided Gaussian models
in special cases. Another class of channel models, whichigga deep insight
into the fundamental multipath propagation charactesstire known as multipath
channel models. Such models (e.g., the sum-of-cisoids J®@del [49, 50, 51]),
are not only accurate in modeling SISO fading channels, Isot@rovide a clearer
physical interpretation in terms of the wave propagatioen@mena.

The aforementioned models however, do not incorporatdiagmsving effect in
land mobile terrestrial channels. For overcoming this @t a Suzuki process is
considered to be a more suitable statistical channel mé@¢l The shadowing ef-
fect can be adequately modeled by a lognormal process, whithe incorporated
in the channel model as a multiplicative process. Thus, tlze!l§ process is gener-
ated by taking the product of a Rayleigh and a lognormal m®{&3]. However, by
employing a Nakaganma process instead of the Rayleigh process in a Suzuki pro-

5In flat fading, the coherence bandwidth of the channel issiatftan the bandwidth of the signal,
therefore all frequency components of the signal will eigraze the same magnitude of fading.



6 Statistical Analysis of the Capacity of Mobile Radio Chalsne

cess, a more general channel model referred to as the Naksmggmormal (NLN)
model [54, 55] is obtained, which contains the Suzuki precs a special case.
Hence, by using the NLN process as a channel model, the inopabtadowing on
the channel capacity can be studied under different fadomgliions. Moreover,
the effects of severity of fading on the channel capacityaiaa be studied.

Although, modeling and capacity analysis of SISO channelsvidely explored
topics, without leaving much room for further researchreéhexist a few unsolved
problems in this domain. Specifically, the literature laitkermation regarding the
influence of important phenomena, such as the severity aidadhadowing, the
number of multipath components, and the amplitude of LOSpmmnts on the
statistical properties of the channel capacity. This diatien aims to address these
problems by studying the capacity of specific SISO chanmesely multipath
fading channels, Ricaichannels, and land mobile terrestrial channels.

1.1.2 Cooperative Communication Systems

A fruitful method to obtain increased spectral efficiencyl amproved link qual-
ity by utilizing the existing resources of the wireless netkvis known as coop-
erative communications [56, 57, 58]. In cooperative nekspa diversity gain is
attained when single-antenna mobile stations collabdoafether and share their
antennas to form a so-called virtual multiple-input mu&iputput (MIMO) system
[59]. In such scenarios, mobile stations not only transheirtown data, but also
act as a relay node for other mobile stations. Hence, therrdted signal from the
source mobile station (SMS) is received at the destinatiobila station (DMS) via
multiple relays. This cooperation between mobile stati@ssilts in an increased
network coverage with enhanced mobility support.

The simplest configuration of such relay-based cooperat@orks is shown
in Fig. 1.1, employing single mobile relay (MR). In the sceaalepicted here,
it is assumed that the direct transmission link between #¥& &nd DMS is not
available. The MR receives the transmitted signal and foievé to the DMS. For
such systems, the channel capacity can be written simtiall¥) as

C(t) = % log, (1+ y\heq(mz) (bits/s/Hz) 3)

Here, y denotes the average received SNR at the DMS, whilé) describes the
overall SMS-DMS channel. The factoy4 in (3) is due to the fact that the MR
in Fig. 1.1 is assumed to be operating in a half-duplex mode leence the signal
transmitted from the SMS is received at the DMS in two timéssI&uch channels
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SMS-MR link

MR-DMS link
Source mobile Mobile relay Destination mobile
station (MR) station
(SMS) (DMS)

Figure 1.1: The propagation scenario describing a rel@gthaooperative commu-
nication system.

are usually modeled with the help of cascaded channel maddlwiill be discussed
in detail in Chapter 3.

Figure 1.1 merely depicts a simple propagation scenarialewh practice,
multiple relays exist in a relay-based cooperative netwStch systems are usually
referred to as multihop communication systems. Multihopewnication systems
have applications in WLANS [60], cellular networks [61]-Bdc networks [62, 63],
and hybrid networks [64]. Based on the amount of signal siog used for relay-
ing the received signal, the relays can generally be cladsiito two types, namely
amplify-and-forward (or non-regenerative) relays [65] &6d decode-and-forward
(or regenerative) relays [67]. The relay nodes in multihopmmunication systems
can further be categorized into channel state informati) assisted relays [68],
which employ the CSI to calculate the relay gains and blitayewith fixed relay
gains [69]. This dissertation studies the capacity of rhojti communication sys-
tems employing amplify-and-forward-based blind relaydemvarious propagation
scenarios.

1.1.3 Spatial Diversity Combining Systems

The performance of wireless communication systems is lgrafi¢cted by the mul-
tipath fading phenomenon. The aim of spatial diversity ciomnlg techniques is to
combat multipath fading in contrast to modern MIMO systenmgcly benefit from
it [70, 71]. Due to this reason, spatial diversity combinprgvides a logarithmic
increase in the spectral efficiency as compared to a linearnga.t. the number of
antennas) expected from future MIMO wireless communicasigstems. Despite
providing a limited gain in the spectral efficiency, spatialersity combining is
widely accepted to be an effective method to mitigate theot$fof fading [70, 71]
and has been explored quite thoroughly by researchersgqsegl72, 73, 74, 75]).
Figure 1.2 shows a block diagram representation oL tfseanch spatial diver-



8 Statistical Analysis of the Capacity of Mobile Radio Chalsne

by (1) n, (1)

% xl(Q 5

h() () é
bt & M Daion) s

S . >

Db () () 7

% 44 x, (1 .QE)

D A

Figure 1.2: The block diagram representation of a diversiybining system.

sity combining system. Herg(t) denotes the transmitted signal, the received sig-
nals at the combiner input are represented;fy) (1 =1,2,...,L), y(t) is the output
of the diversity combiner arsl(t) is the detected signal. The complex random chan-
nel gains, characterizing the fading behavior inlthediversity branch, are denoted
by h(t) (I =1,2,...,L), andni(t) (I =1,2,...,L) designates the corresponding
AWGN. In spatial diversity combining, such as maximal rata@mbining (MRC)
and equal gain combining (EGC), the received sigrdly (I =1,2,...,L) in dif-
ferent diversity branches are combined in such a way thattses an increased
overall received SNR [70]. Hence, the system throughputsses and therefore
the performance of the mobile communication system imm@ovde channel ca-
pacity of systems with MRC is given by [70, 34]

C(t) =log, <1+ y i |hy (t)|2> (bits/s/Hz) 4)
=1

On the other hand, when EGC is employed, the channel capacdiypressed as
[70, 34]

L

2
C(t) = log, [1-;— y(Z hy (t)|> ] (bits/s/Hz) (5)
I=1

In (4) and (5),y denotes the average received SNR of each branch. Thistdisser
includes the analysis pertaining to the statistical progeof the channel capacity
of diversity combining systems, for both MRC and EGC. Therfolas in (4) and
(5) assume spatially uncorrelated diversity branches. é¥ew studies show that
the spatial correlation has a significant influence on thec#pof diversity com-
bining systems. Therefore, in this dissertation, the cdservdiversity branches are
spatially correlated is also considered. To keep the soitplin presentation, the
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expressions for the capacity of systems with spatiallyetated diversity branches
are not presented here. However, they can be found in PapeclXded in Ap-
pendix J.

1.1.4 Multiple-Input Multiple-Output Systems

Designing high-speed wireless links that offer good quaditservice (QoS), specif-
ically in NLOS environments constitutes a significant reslkeaand engineering
challenge. This task is particularly more complicated istegns with limited power
and bandwidth. The scarcity of available recourses hasiméad the wireless com-
munication system designers to explore new realms in thel@ss domain, in order
to satiate the ever growing consumers’ demands for highrdé¢a. One of the sig-
nificant breakthroughs in this regard was the emergencecdfiiviO technology,
which employs multiple antennas at the transmitter and ¢oeiver. MIMO sys-
tems provide remarkable gain in the spectral efficiency oél@ss communication
systems [34, 40]. This discovery resulted in a significaistuge of interest towards
MIMO systems, and since then, a large number of articles baea published in
the literature dealing with MIMO channel modeling and parfance analysis (see,
e.g., [76, 77, 78, 36], and the references therein).

A typical block diagram representation of MIMO systems iewh in Fig. 1.3.
Here, Tx represents the transmitter wiy antennas an&x denotes the receiver
with Nr antennas. A MIMO channel is usually described byNgx Ny MIMO
channel matrix (t) with complex random entriés j(t), which model the fading
behavior in the channel between fiitie receiver andth transmitter antenna. In the
literature,h; j(t) are also referred to as MIMO channel coefficients, channiesga
or MIMO sub-channels. In general, the capacity of MIMO cheleris given by

hy, (1)

Figure 1.3: The block diagram representation of MIMO system
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[34]

C(t) = log, [det(l Ne N—VTH(t)HH(t))] (bits/s/Hz) 6)
wherel n, is anNg x Nr identity matrix,y represents the average received SNR, and
()" denotes the Hermitian operator. The enormous spectralegiig attributed to
MIMO systems by the pioneering works of Foschini [34] andatat [40] is based
on the premise of a rich scattering environment, providimigpendent transmis-
sion paths between the transmitter and receiver antennascetl it results in a
full-ranked channel matrikd (t) with independent and identically distributed (i.i.d.)
entriesh; j(t). Under such ideal conditions, a linear increase in the oblacapac-
ity w.r.t. the increase in the minimum of the number of trangmnand receiver
antennas was observed [40, 34]. However, such idealizguhgation conditions
can rarely be found in practice. It is shown in [79] and mudtigeferences therein
that due to the spatial correlation between the MIMO chanaoefficients, realistic
MIMO channels show a reduced channel capacity as compatbd tesults found
under ideal conditions assumed in [40] and [34]. Itis themebf great practical and
theoretical interest to study the capacity of MIMO systerhemwthe elements of the
channel matrix are correlated. Hence, this dissertatias @special emphasis on
the statistical analysis of the capacity of spatially clated MIMO channels. In or-
der to address the problem of correlated fading in MIMO cledgyrone of the most
commonly used channel models known as the Kronecker mode8[i§ 82, 36, 42]
is employed. This model, though restrictive to some casesjiges an adequate
framework for the capacity analysis of MIMO channels.

Due to the exceptional spectral efficiency, employment efNHMO architec-
ture in the system design constitutes one of the major disbins between 3G and
4G wireless communication systems [83]. There are manyteftmderway to de-
sign high-speed wireless links in cellular networks and VMsAusing MIMO tech-
nology. To name a few standards, the IPED2.11n for WLANS [84, 7, 85] and
IEEE 802.16€ (also known as WiIMAX: worldwide interoperd#iifor microwave
access) for broadband cellular networks [86, 87, 83] areuimyestigation. In ad-
dition, the 3GPP EUTRAstandard LTE-Advanced (LTE-A) also aims to employ
the MIMO architecture in order to achieve higher data ratesr ¢arge distances
[88, 89]. For NLOS environments, the IEEE 802.16 based systeave already
been deployed, offering a peak spectral efficiency of 1242/§87, 8].

To increase the capacity in MIMO channels, space-time gpigichniques, such

8]EEE corresponds to Institute of Electrical and Electreringineers
’Evolved universal terrestrial radio access is abbreviassUTRA
8LTE stands for long term evolution
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as space-time trellis codes (STTC) [90] or space-time btades (STBC) [91, 92]
are considered to be an effective method. Among differeatsjtime coding tech-
niques, orthogonal-STBC (OSTBC) has gained much attemioecent years due
to its orthogonal structure, which allows to use maximunelitkood decoding at
the receiver [92]. Hence, it results in a decrease in the texiip of the receiver
structure. Another advantage of using OSTBC is that it fianss MIMO fading
channels into equivalent SISO channels, which signifigasithplifies the mathe-
matical formulation of MIMO channels [93]. When using OSTRBRe capacity of
MIMO channels in (6) reduces to [29]

C(t) =log, <1+ N_yThH (t)h(t)) (bits/s/Hz) (7
whereh(t) represents thBIirNt x 1 vector formed by stacking the columns of the
Nr x Nt matrixH(t) one below the other. Due to the aforementioned advantages of
using OSTBC in MIMO channels, it is of utmostimportance tofpen the capacity
analysis of OSTBC MIMO channels. The analysis in this disdiem covers the
capacity studies of both correlated and uncorrelated OSWMB@O channels.

1.2 Organization of the Dissertation

The exposition in this dissertation deals with the deravatind analysis of the first
order as well as the second order statistical propertiebefcapacity of mobile
fading channels. The topics studied in depth include thaagpof specific SISO
channels, amplify-and-forward channels in cooperativevaeks, fading channels
in spatial diversity combining systems, and MIMO channels.

The dissertation is organized as an assortment of fourtegimical papers.
These technical papers are included at the end of this thsiseras Appendices A—N.
Those papers which focus on similar topics are collectedttoy to form chapters.
The concordance between different papers is highlightédarchapters. The dis-
sertation is organized as follows:

e Chapter 2 presents a brief discussion regarding the statisticalaisabf the
capacity of some specific SISO channels. The considerechelgimclude
multipath fading channels, Rigachannels, and land mobile terrestrial chan-
nels. Therein, the peculiar characteristics as well asrgdgas of employing
the corresponding SISO channel models are also highligAtedverview of
the Papers I-1V (Appendices A-D) is presented in this chragaling with
the analysis of the influence of real-world phenomena, sathaseverity of
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fading, shadowing, number of multipath components, andathplitude of
LOS components on the statistical properties of the chacapcity.

e Chapter 3 sheds light on the major contributions of the Papers V-Vip{(A
pendices E-G). These papers deal with the capacity stulesmify-and-
forward relay-based multihop communication systems umndaous propa-
gation scenarios. Chapter 3 is an effort to highlight the feeyors (e.g., the
severity of fading, number of hops, and LOS components) eniting the
statistical properties of the capacity of multihop comneation systems.

e Chapter 4 is a compendium of the capacity analysis of fading chanmels i
spatial diversity combining systems. Spatial diversitynbining is widely ac-
cepted to be an effective method to mitigate the effectsaihfpand has been
explored thoroughly in the literature. The Papers VIlII-Xp@endices H-J)
deal with a comprehensive statistical analysis of the dgpatfading chan-
nels for two different diversity combining methods, nameliRC and EGC.

In addition, the influence of the LOS components as well asfiaial cor-
relation on the channel capacity is also studied. This @raptdedicated to
review the main findings of these papers.

e Chapter 5is devoted to summarize important results of the Papers XIN- X
(Appendices K—N), which deal with the derivation and analys the statis-
tical properties of the capacity of MIMO channels. This dieaputs a spe-
cial emphasis on the statistical analysis of the capacigpatially correlated
MIMO channels. In addition, it also presents a brief discusgertaining
to the capacity analysis of both correlated and uncore@l@&s8TBC MIMO
channels.

e Chapter 6 recapitulates the major contributions of this dissertatiti also
highlights various important but unaddressed issues ted further research
work.

Each chapter comprises various sections that discuss thtopics addressed
in the chapter. The layout for each chapter has the followtngcture.

¢ Introduction provides an overview and state of the art of the main topic of
the chapter.

e SectionN presents a joint discussion of those papers which addrasslars
sub-topic under the umbrella of the main topic of the chai@pecifically,
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— Each section begins with a short introduction of the sulietop

— It then presents the problem description followed by a kdis€ussion
on the motivation behind the problem(s) of interest. Adbulitlly, the
significance of the expected outcome(s) is elucidated.

— Afterwards, the main results of the paper(s) are reviewdwe discus-
sion includes advantages and disadvantages of the proposttbd.
Moreover, the connection between different papers adiigss sub-
topic is also elaborated.

e Chapter Summary and Conclusionhighlights the peculiar findings of the
chapter.
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Chapter 2

Capacity Studies of Specific SISO
Channels

2.1 Introduction

The statistical analysis of the capacity of mobile fadingratels has been a very ac-
tive area of research in recent years. Itis an establistoethfat for the development
of future mobile communication systems a thorough undedstg of underlying
multipath fading channel characteristics is essentialaddition, it is also gain-
ing recognition that a profound knowledge of channel capamid its statistics are
equally important to improve the system performance anadcense the spectral
efficiency. Keeping in view the importance of capacity sasdof mobile fading
channels, this chapter is dedicated to the statisticalaisabf the capacity of some
specific SISO channels. In the following, we will articulateme of the salient
features of specific SISO fading channels of interest and taspective channel
models. Thereafter, in the subsequent sections, an ex¢estsitistical analysis of
the capacity of the considered fading channels will be prtesk

2.1.1 Multipath Fading Channels

In wireless communications, typically in urban environtisethe transmitted sig-
nal propagates to the receiver through a multitude of pa&bsthe received signal
is in general a superposition of a large number of multipatmgonents. Mobile

fading channels which are statistically characterizedeims of these multipath
components are usually referred to as multipath fading mélan Multipath fading

channel models not only describe the propagation envirohaeeurately, but also
give a deep insight into the fundamental multipath propagatharacteristics. The

15
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development of accurate and efficient channel models foania¢ysis of multipath
fading channels has gained considerable attention in sty Different meth-
ods have been proposed in the literature over the last feaddscthat deal with
the design and analysis of channel models for differentoradivironments. One
of the very promising techniques employs the sum-of-siidss(S0OS) method to
model colored Gaussian processes [94, 95]. The SOS mettiguhatly proposed

by Rice [94, 95], has been widely used by researchers eves dure to its simplic-
ity in implementation, accuracy, and flexibility to modelanky all kinds of fading

channels [96]. The versatility of this model also derivasrirthe fact that many
well-known channels, namely the Nakagam[97], Rice [98], Rayleigh [70], log-
normal [99], and Suzuki [53] channels can be derived withitep of Gaussian
processes. Hence, the SOS method provides the basis foesigndf efficient

mobile fading channel models.

The SOS-based channel models are generally designed witsumption of
symmetrical Doppler power spectral density (DPSD), fotrgoic scattering en-
vironments. However, it has been shown in [100, 101, 102] 1@& the real-
world channels have asymmetrical DPSDs due to non-isatregattering condi-
tions. Therefore, in order to model such real-world chasireehew class of channel
models known as the SOC model has been introduced in thatiiter[49, 50, 51].
Such SOC-based multipath channel models provide the flgyibf having cor-
related in-phase and quadrature phase components of thiwagésignal, which
is a main requirement for the synthesis of channels charaeteby asymmetri-
cal DPSD. Apart from the accuracy in modeling non-isotrcgaattering environ-
ments, the SOC model also provides a clearer physical mgipon in terms of
wave propagation phenomena when viewed in line with theeplaave propaga-
tion model [104]. The SOC model has its basis in the centnait theorem [99, p.
278] and the Clarke’s scattering propagation model [49]ictviallows to express
the channel’s diffuse part in terms of a sum of scattered attiad plane waves
[105]. The performance of the SOC model heavily relies onrafaaselection of
model parameters. By choosing the model parameters apgiedpy it is shown in
[105] that the SOC model with a small number of multipath comgnts performs
equally well as its reference model, which employs an irdiniimber of multipath
components. The first and second order statistical pr@sesfithe SOC model are
thoroughly investigated in [51] and [106]. Moreover, a dethnote on the state of
the art regarding the design and analysis of the SOC moddiefound in [105].

As mentioned in Chapter 1, the statistical analysis of thenokl capacity is
very important for the improvement in the system perforneaneowever, to the
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best of the author’'s knowledge, the statistical analysihefcapacity of multipath
fading channels represented by an SOC model, under LOStmors]iis still an
open problem. Motivated by the work presented in [105], weeladopted the SOC
model as an appropriate stochastic model for multipatmfadhannels. Section 2.2
provides a brief account of our work pertaining to the analys the statistical
properties of the capacity of multipath fading channelse $tatistical properties of
interest include the PDF, CDF, LCR, and the ADF of the chanap#hcity.

2.1.2 RicemChannels

Even after decades of research, the researchers of futurdenro@mmmunication
systems are still aiming to provide solutions to attain treximum possible infor-
mation transfer rate in communication links. The goal is tove a better and
more general description of the wireless propagation enwnirent compared to the
existing channel models, e.g., the Rice and Rayleigh chanodels. The Rice
and Rayleigh distributions are widely accepted as suitabtpiency-nonselective
channel models for modeling the fading behavior in dispersrban environments.
However, it has been reported in the literature that it iy e@mmon to come across
scenarios where the fading is more (or less severe) as cethfzathe Rayleigh fad-
ing [107, 108]. Thus, in order to study more realistic fadgegnarios, a more gen-
eral channel model compared to the Rayleigh model is regjuifer this reason, the
Nakagamim process has gained much attention in recent years due texiisility
of modeling different fading conditions, mathematicalesaand good fitness with
experimental data [107, 108, 97]. The generality of this ed@éso derives from the
fact that it incorporates Rayleigh and one-sided Gaussiaaefs as special cases.
The second order statistical properties of Nakagamshannels are investigated in
[97]. Moreover, a large number of articles can be found iditeeature dealing with
the analysis of the capacity of Rice and Rayleigh chann&s33, 43, 109]. Fur-
thermore, the statistical analysis of the channel capatityakagamim channels
can be found in [110, 111]. Although there exist a large nunolbehannel models,
there is still a need for a better description of the mobitBo@nvironment.
Propelled by the advantages of using a general model foribasgthe channel
statistics, the work summarized in Section 2.3 proposesiarad model referred to
as the Rican channel model. In the literature, the presented Ria&odel is also
termed as the Rice model of orden2112] or the non-central chi model [113]. It
is worth mentioning here that for the integer values wi he Nakagamim pro-
cess can be represented as a square root of a sum sfj@ared zero-mean i.i.d.
Gaussian processes [97]. As the novelty of the Rmoghannel model comes from
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the assumption that the underlying random processes in dakadémim channel
model are i.i.d. Gaussian processes, each with non-zero.rhksce, the received
signal envelope in Ricai channels is modeled as the square root of a sumrof 2
squared non-zero mean i.i.d. Gaussian processes. Thespopbannel model
includes the Nakaganm, Rice, Rayleigh and one-sided Gaussian fading channel
models as special cases.

2.1.3 Land Mobile Terrestrial Channels

As mentioned earlier, the random amplitude fluctuationfefreceived signal can
be modeled using an appropriate stochastic process. Memdbis also an estab-
lished fact that for urban and suburban areas, where the ligh@lscomponent is
blocked by obstacles, the Rayleigh process is a suitalt@astic process to model
the channel [46, 47, 48]. Furthermore, in rural regions,U®& component is of-
ten a part of the received signal, so that the Rice process @ppropriate choice
for modeling such channels. However, the validity of Ricd &ayleigh channel
models is limited to small areas having dimensions in theioad a few tens of
wavelengths. It is also assumed that the local mean of tlevext signal envelope
remains approximately constant in these areas [70]. Onttiex band, in land mo-
bile terrestrial channels, the local mean fluctuates inelangas due to shadowing
effects. It has widely been reported in the literature thaidewing can adequately
be modeled by a lognormal process [114, 115, 116, 117]. Térexefor the case
of land mobile terrestrial channels, a Suzuki process isidaned to be a more
suitable statistical channel model [52].

The Suzuki process is generated by taking the product of &el&yand a log-
normal process [53]. Therefore, modeling the channel byzul€dprocess enables
us to study the combined effects of shadowing and fast fadimthe statistics of
the received signal envelope [52]. In the preceding sectiavas pointed out that
there exist scenarios where the fading is more (or lessysdkian Rayleigh fad-
ing. In addition, the previous section also convincinglgued on the generality
of the Nakagamim model, since it contains the Rayleigh and one-sided Gaussia
processes as special cases (i.e.nfier 1 andm= 0.5, respectively). Therefore, it
is more appropriate to use a Nakagamprocess instead of the Rayleigh process
to model fast fading [44, 107, 97, 118]. Hence, by employiridggikagamim pro-
cess instead of the Rayleigh process in a Suzuki processhtaa@ more general
channel model referred to as the NLN channel model [54, 5Bjchvcontains the
Suzuki process as a special case wimea 1. By using the NLN process as a chan-
nel model, the impact of shadowing and severity of fadingtenreceived signal
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envelope can be studied.

The analysis of the PDF, CDF, LCR, and ADF of the channel dapat fast
fading channels, like Rayleigh channels can easily be foarte literature, e.g.,
in [33, 36, 32, 35, 119]. However, there is a lack of inforroatregarding the
combined effects of shadowing and fast fading on the chazapacity. Section 2.4
aims to fill this gap by studying the statistical propertiésh@ capacity of Suzuki
channels. Moreover, to go a step further, the analysis enebed to the case of NLN
channels to study the influence of severity of fading on trenalel capacity in land
mobile terrestrial channels.

2.2 Statistical Analysis of the Capacity of Multipath
Fading Channels

In Section 2.1.1, the distinctive features of multipathiigdchannel models were
explicated. Therein, the advantages of using the SOC-l&sathel modeling ap-
proach were highlighted. Motivated by these advantaggsefa&mploys an SOC
model for the characterization of multipath fading chasneaider LOS conditions.
Thereatfter, the statistical properties of the channel dépare investigated. This
section aims to summarize the discussion presented in P#parcan be found in
full in Appendix A [120]. Therein, the scattered componehthe received signal
in a multipath fading channel is modeled as a weighted suid cbmplex expo-
nentials, also known as cisoids. As mentioned in Sectiori 2this model is based
on the Clarke’s scattering propagation model [49], whigbtresents the channel's
diffuse part in terms of a sum of scattered azimuthal planee®/§105]. So, each
cisoid in the SOC model characterizes a plane wave with theedieghe model pa-
rameters, namely the gains, phases and Doppler frequergased on the nature
(i.e., either deterministic or random) of these model patans, the SOC model
can be classified into different categories (consult [1@GHId 3.1] for details). In
Paper I, we have assumed constant gains, constant Dopgaleieficies, but random
phases uniformly distributed over the intery8l 2r1). Under LOS conditions with
N — oo, it follows from the central limit theorem that the receiv&@dnal envelope
described by an SOC model using specific values of gainsi¥sitbe classical Rice
PDF [51]. In our work, this constitutes the reference modetlie SOC model. The
reference model (which arises whiein— o in the SOC model) serves as a bench-
mark for the performance evaluation of the SOC model. Spatlifi the aim is to
choose the model parameters in such a way that the SOC matideast possible
number of cisoiddN produces similar results as the reference model.
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The values of the gains and Doppler frequencies can be foithdie help of
an appropriate parameter computation method. Dependitigegpropagation con-
ditions, there exist numerous methods in the literaturagtiercomputation of the
SOC model parameters (see, e.g., [105, Chapter 4] and [$1,1P0]). Although
the SOC model can efficiently be used to characterize chahaglng asymmetrical
DPSDs, we have restricted our analysis in Paper | to the dasetmopic scattering
conditions to keep the simplicity in presentation. Howeveis noteworthy that
the presented results in Paper | do not alter for non-isatregattering scenarios.
Instead, for such cases, it is only needed to use a suitabdengter computation
method to find the respective values of the underlying modehmpeters. To find
the gains and Doppler frequencies, the extended methodaat ®oppler spread
(EMEDS) [106, 105] is employed. It is due to the reason thatEMEDS, intro-
duced in [122], is considered to be a very efficient methoepoaduce the Doppler
spreads of isotropic scattering channels [105].

Paper | is aimed at the derivation and analysis of the stalgiroperties of the
capacity of multipath fading channels represented by an 8©@el, under LOS
conditions. The statistical properties studied in deptfude the PDF, CDF, LCR,
and ADF of the channel capacity. The mean channel capacttyspread of the
channel capacity can be studied with the help of the PDF anlé &fl2he channel
capacity. While, the LCR and ADF of the channel capacity amgdrtant statistical
guantities that give an insight into the temporal behaviothe channel capacity
[36, 33]. As stated in Chapter 1, the LCR is a measure of theageerate of the up-
crossings (or down-crossing) of the capacity through aaethreshold level in one
second. On the other hand, the ADF determines the averagéatuof time over
which the channel capacity is below a certain threshold [83. In Paper |, exact
analytical expressions for the PDF, CDF, LCR, and ADF of tharmel capacity
are derived. The mathematical developments can be fourttkipaper included
in Appendix A. In this section, only the major contributioofsthe paper are high-
lighted. The results are studied for different valgig of the number of multipath
components (cisoids) in the SOC model. The results for tfexerce model are
also presented, which can be obtained from the SOC model Wheneo. It has
been observed that as the value\bincreases, the results obtained using the SOC
model approach to those of the reference model. SpecifidaiyN > 10, a very
good fitting between the reference model and the SOC modbkisreed. It is also
observed that the paramet¢ihas more influence on the statistical properties of the
capacity of the channels with a lower value of the amplituddd® LOS component
p (e.g.,p = 0) than the channels with higher valuesmfie.g.,p = 2). All the
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results show that the presented SOC model with 10 cisoidbearry effectively
used for the statistical analysis of the capacity of muttigading channels.

2.3 Statistical Analysis of the Envelope and the
Capacity of Ricem Channels

In Section 2.1.2, the need for an efficient and general chanodel was empha-
sized that can be applied to a variety of propagation sceshas well as incorpo-
rates the well-known classical channel models, such as #ékadamim, Rice, and
Rayleigh models as special cases. In order to fulfil this ntelRicem model is
introduced in Paper Il as a more general and appropriatenethamodel than the
aforementioned classical channel models. This sectios soraum up the findings
of Paper Il included in Appendix B [123] of this dissertatioks stated previously,
the received signal envelope in Rioeehannels is modeled as the square root of
a sum of 2n squared non-zero mean i.i.d. Gaussian processes. It igtampdo
mention here that the Ria@-model has two important parameters, nanralgnd

p. From the model perspective, the parametesets the order of the Rice process
[112], while in terms of physical phenomenon it controls seeerity of fading in
Riceim channels. Specifically, as the valuerifincreases, the fading severity de-
creases and vice versa. On the other hand, the paragmein be termed as the
noncentrality parameter [112] and is dependent on the malales of the underly-
ing Gaussian processes. By increasing the mean values ohtiezlying Gaussian
processes, the value pfincreases and vice versa. Far= 1, it can be observed
that the Ricem channel reduces to the classical Rice channel. Moreoveanibe
proved that fopp — 0, the Ricem model tends to the Nakagamimodel presented
in [97, Egs. (7a,b)]. Furthermore, the Rioeehannel equals the Rayleigh channel
if m=1andp — 0.

Paper Il presents a thorough statistical analysis of thaagpof channels de-
scribed using the Ricex model. Exact analytical closed-form expressions are de-
rived for the statistical properties of the envelope andctiygacity of Ricem chan-
nels. The validity of the analytical results is verified witte help of simulations,
whereby a very good fitting is observed. Mostly in this disstgon, for simulation
purposes, the underlying uncorrelated Gaussian distibuwiaveforms are simu-
lated by employing the SOS model [94, 95, 96], which was dised briefly in
Section 2.1.1. The motivation behind choosing an SOS-belsadnel simulator is
that it is widely acknowledged for its simplicity in implemi@tion, accuracy, and
flexibility to simulate nearly all kinds of fading channelsder isotropic scattering
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conditions [96]. The SOS model is based on the superpogtiociple stating that
a superposition of infinitely large number of weighted hanmowvave forms re-
sults in a stochastic Gaussian process. The harmonic wavefare describe with
the help of model parameters, namely the gains, frequemtidsphases. Alike
the SOC model considered in Section 2.1.1, the performahtieeoSOS model
is strongly dependent on the parameters computation metvechave employed
an SOS model with constant gains, constant frequenciesartbm phases uni-
formly distributed over the interval0,2m]. To calculate the suitable values for
the gains and frequencies we have used the generalized dneftlexact Doppler
spread (GMED9 [121]. The GMEDS is considered to be an extremely efficient
method for the generation of an unlimited number of uncateel Gaussian wave-
forms [121]. In addition, it also includes the EMEDS (intumed in the previous
section) as a special case.

To present a complete picture, Paper Il also illustratesehbalts of the afore-
mentioned special cases of Rigeehannels, namely Nakagammichannelgp —
0), Rice channelsm= 1), and Rayleigh channe{p — 0, m=1). The study shows
that the mean values of the underlying Gaussian processahaiseverity of fad-
ing have a significant influence on the statistical propgwiethe channel capacity.
Specifically, it is observed that an increase in the meanegab@i the underlying
Gaussian processes or a decrease in the severity of fadiregses the mean chan-
nel capacity. While, the spread of the channel capacityeds&s. Moreover, at
higher levels, the LCR of the capacity of Nakagamchannels is lower as com-
pared to that of Ricea channels. The importance of the analysis in Paper Il lies
in merging the Nakagammn and classical Rice channel characteristics into a new
channel model, which has thus a higher flexibility than the tarmer ones.

2.4 Statistical Analysis of the Capacity of Land
Mobile Terrestrial Channels

The works summarized in the preceding two sections onlyidengast fading in
mobile fading channels due to multipath propagation in elispe urban environ-
ments. For fast fading channels, the Rice and Rayleighilligtons are widely
accepted as suitable frequency-nonselective channellmfmtenodeling the fad-
ing behavior. Moreover, for such channels, the previoui@econvincingly ar-
ticulated the advantages of employing more general chamoelels such as the
Nakagamim or Ricem models. However, the validity of the aforementioned chan-
nel models, specifically the Rice and Rayleigh channel ngdelimited to small
areas where the local mean of the received signal envelop&ime approximately
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constant [70]. As highlighted in Section 2.1.3, in land nelbérrestrial channels,
the local mean fluctuates in large areas due to shadowingteffe24]. It is re-
ported in the literature that shadowing can adequately b#eted by a lognormal
process and can be incorporated in the channel model as glnative process
[124, 52, 54, 55]. Therefore, for land mobile terrestriaachels, the Suzuki pro-
cess is considered to be a more appropriate channel modelf=uzuki process
can be expressed as a product of a Rayleigh process and artgmvocess. Due
to the assumption of isotropic scattering, the underlyiggis&ian processes in the
Suzuki process possess a symmetric power spectral deRSIB)([49, 70]. For this
reason, the widely used Jakes PSD is employed for the umgigBaussian process
in the Rayleigh process. Whereas, for the spectral shapedaussian process in
the lognormal process, various models have been propodéd iiterature [125].
One of these models employs a Gaussian PSD, which is alsamused study in
Paper lll.

Paper lll included in Appendix C [126] investigates the ieflge of shadowing
on the statistical properties of the channel capacity. Thblpm is addressed by us-
ing a Suzuki process as an appropriate statistical chanoaéhfor land mobile ter-
restrial channels. Using this model, exact expressiong#®PDF, CDF, LCR, and
ADF of the channel capacity are derived. In a Suzuki prodessshadowing effect
is controlled by the parametex , known as the shadow standard deviation. Previ-
ous studies show that the shadow standard deviation caralveide range of values
depending on the terrestrial environment [114]. Speclficélhas been shown in
[114] thatop = 4.3 dB can be chosen as a suitable value for urban environments,
whereass. = 7.5 dB is an appropriate value for suburban areas. Therefasam-
portant to study the statistical properties of the chanapécity for different values
of the shadow standard deviation. Paper Il takes into atatitferent values oéy ,
ranging from 1 dB to 10 dB. Moreover, the results obtainedsior= 4.3 dB (urban
environment [114]) and = 7.5 dB (suburban environment [114]) are also shown.
In addition, some special cases, e.g., Rayleigh fadmg— 0 dB) and lognormal
fading(og = 0) are also included, for comparison purposes. Here, the pﬂimag
denotes the variance of the underlying Gaussian processies Rayleigh process.

The theoretical results have been verified by simulatiomere the simulation
results match the theoretical expectations very closelgrder to obtain simulation
results, a high-performance stochastic channel simuktsteed on the SOS princi-
ple [94, 95, 96] was employed. The resulting structure ofsihaulation model for
the analysis of the capacity of Suzuki channels is showngn@il in Appendix C.
For the underlying Gaussian processes in the Rayleigh gsotee model param-
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eters (i.e., the gains and the frequencies) are calculaied the GMEDS [121].
Whereas, for the case of lognormal processes, the SOS mogdbyes the mod-
ified method of equal areas (MMEA) [127] to simulate the uhdeg Gaussian
process. One of the reasons behind choosing the MMEA insteiee GMEDS
for simulating Gaussian processes with a Gaussian PSD tishbaGMEDS was
developed especially for the commonly used Jakes PSD [96]th® other hand,
the developments in the MMEA do not assume any specific PSB@stang point.
However, it is worth mentioning that by doing slight moditioam in the GMEDS,
similar results obtained using the MMEA can be found from@MEDS. In other
words, the GMEDS includes the MMEA as a special case.

The study in Paper Il revealed that the variance as well asrthximum value
of the PDF and LCR of the channel capacity, respectivelyhagkly influenced by
the shadow standard deviation. Results show that as the vhlihe shadow stan-
dard deviation increases the variance of the channel dggacreases. However,
this parameter has only a minor effect on the mean channatigplt is also ob-
served that as the shadow standard deviation approachestBed&atistics of the
channel capacity of Suzuki channels approaches to thatyléigh channels. Al-
though the findings of Paper Il are very helpful for analgzihe dynamic behavior
of the channel capacity for land mobile terrestrial chasmeldifferent terrestrial
environments, they do not provide an insight into the infaeeof severity of fading
on the channel capacity. This shortcoming of the Suzuki cebmodel can be re-
moved by employing a more general channel model, which isogbie of Paper IV
included in Appendix D [128].

Paper IV employs a Nakagami-process instead of the Rayleigh process in
a Suzuki process to obtain a more general channel modetedfer as the NLN
channel model [54, 55]. The NLN channel model contains theulsiuprocess as
a special case, i.e., when= 1. It was already emphasized in the previous sec-
tion that it is more appropriate to use a Nakagamprocess instead of a Rayleigh
process to model fast fading. In addition, the Nakaganprocess contains the
Rayleigh process as special case. Hence, by using the NL&¢ssas a channel
model, the impact of shadowing on the channel capacity castuzbed under dif-
ferent fading conditions. Moreover, the effects of seyesitfading on the channel
capacity can also be studied. Motivated by the advantagesiag the NLN channel
model, the work presented in Paper Il is extended to the cbsEN channels in
Paper IV. Specifically, analytical expressions for the POBF, LCR, and ADF of
the capacity of NLN channels are derived, to investigatarifieence of the shad-
owing effect and the severity of fading on the statisticalpgarties of the channel
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capacity. It has been observed that if the fading is lessreeagcompared to the
Rayleigh fading, the spread of the PDF and the maximum vditieed_CR of the
channel capacity decrease, while the mean channel capamigases. On the other
hand, increasing the shadowing standard deviation ines¢he spread of the PDF,
while it decreases the maximum value of the LCR of the chaoagtcity. How-
ever, the shadowing standard deviation has no effect on gz ohannel capacity
for any fading condition. The results presented in Paperriide a flexibility to
the communication system designers to choose betweenatiffiading conditions,
corresponding to different terrestrial environments, arelhence quite useful for
the design and analysis of land mobile terrestrial channglsanalytical results
obtained in Paper IV are verified by simulations where a vexgydfitting between
theoretical and simulation results is found. Here, the fatmn results are gener-
ated with the help of an SOS-based channel simulator [98&5while the model
parameters are calculated by using the GMEQR1].

2.5 Chapter Summary and Conclusion

Future wireless communication systems demand a compriebersswvell as generic
description of real-world propagation environments, npooating the most distinc-
tive propagation characteristics. To achieve this goaihenous statistical models
have been published in the literature for the characteoizaf mobile fading chan-
nels. In addition, it is also gaining recognition that theds¢s pertaining to the
statistical analysis of the channel capacity not only piewthe information regard-
ing the potential and limitations of the fading channelsdlsb help to improve the
system performance. For this reason, the current chaptededicated to the statis-
tical analysis of the capacity of specific SISO channelsdnaif great theoretical
and practical interest.

This chapter started by stressing the motivation behinéhtrestigation of some
specific SISO channels. Therein, the peculiar charadt=ists well as advan-
tages of employing the corresponding SISO channel models also highlighted.
Thereatfter, the need for the analysis of multipath fadirgneciels was emphasized.
It was mentioned that multipath channel models, such as@@ i8odel, provide a
deep insight into the fundamental multipath propagaticaratteristics. However,
to know the potential limits in terms of the spectral effi@gmof such fading chan-
nels, a solid understanding of the statistical propertfeth® channel capacity is
cardinal. Hence, a thorough statistical analysis of thebbcapacity of multipath
fading channels described using an SOC model under LOS gatipa conditions
was carried out. This work illustrated the influence of thenber of multipath com-
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ponents and the amplitude of the LOS components on the cheapacity. It was

observed that the number of multipath components has mitwemnte on the statis-
tical properties of the capacity of the channels with a lowaue of the amplitude
of the LOS componemn (e.g.,p = 0) than on the channels with higher valuegpof
(e.g.,0 = 2). This study also revealed that the presented SOC modell@itisoids

can be very effectively used for the statistical analysithefcapacity of multipath
fading channels. This chapter merely summarized the iraporesults of the work
related to the capacity analysis of multipath fading chésyrteowever, the details
can be found in Paper | included in Appendix A.

The chapter then articulated the reasons behind using a gemeral channel
model than the Rice and Rayleigh models. Propelled by themsons, this chapter
introduced the Ricea model as a more general and appropriate channel model than
the aforementioned classical channel models. Afterwdhdsstatistical properties
of the capacity of Ricen channels were briefly discussed. This chapter highlighted
the important finding of Paper Il (Appendix B), which dealgiwihe derivation
and analysis of the statistical properties of the enveloykthe capacity of Ricea
channels. The statistical properties studied in depthutdelthe PDF, CDF, LCR,
and ADF of the channel capacity. The importance of the wodsented in Paper Il
lies in merging the Nakagamnmtand classical Rice channel characteristics into the
Riceim channel model, thus providing a higher flexibility than tive former ones.

The chapter ended by summing up the main findings of PapeasidlilVV (Ap-
pendices C and D), which deal with the capacity studies af laobile terrestrial
channels. It was pointed out that in land mobile terrestti@nnels, the local mean
of the received signal envelope fluctuates due to the shadgefiect. However, the
well-known channel models, namely the NakagamRice, and Rayleigh models,
only consider fast fading. Hence, to study the influence aflskving on the statis-
tical properties of the channel capacity, Paper Il emplbyesSuzuki process as an
appropriate channel model for land mobile terrestrial cledgr Our study revealed
that the variance and the maximum value of the PDF and LCReafhlannel capac-
ity, respectively, are highly influenced by the shadow séaddieviation. However,
the flexibility of the results presented in Paper Il is lidtdue to the fact that
these results do not provide an insight into the influencewésty of fading on the
channel capacity. This limitation of the Suzuki channel eladas removed by em-
ploying a more general channel model referred to as the NLNakhavhich is the
topic of Paper IV included in Appendix D. By using the NLN pess as a channel
model, the impact of shadowing and severity of fading on théstical properties
of the channel capacity was investigated.



Chapter 3

Capacity Studies of
Amplify-and-Forward Channels
In Cooperative Networks

3.1 Introduction

Increased network coverage, improved link quality, andsigiron of new applica-
tions with increased mobility support are the basic demangssed on future mo-
bile communication systems. One promising solution tolftiiése requirements
by utilizing the existing resources of the wireless netvedskthe use of cooperative
diversity techniques [56, 57, 58]. Single-antenna molid&a@ns in cooperative net-
works assist each other to relay the transmitted signal treeSMS to the DMS.
Such a cooperation between mobile stations results in @aedased network cover-
age with enhanced mobility support.

In relay-based cooperative networks, the transmittedasiffom the SMS is
received at the DMS via MRs. Based on the amount of signalgsing used for
relaying the received signal, the relays can generally assdied into two types,
namely amplify-and-forward (or non-regenerative) rel@t 66] and decode-and-
forward (or regenerative) relays [67]. The relay nodes thstooperative networks
can further be categorized into CSI assisted relays [68i¢clwlbmploy the CSI to
calculate the relay gains and blind relays with fixed relapg§69]. This chapter is
devoted to the capacity studies of cooperative commuwicaystems employing
amplify-and-forward-based blind relays under variougjagation scenarios.

For the development and analysis of wireless communicatystems that ex-
ploit cooperative diversity, a profound knowledge of theltipath fading channel
characteristics is required. Recent studies illustraae tiobile-to-mobile (M2M)

27
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fading channels associated with relay-based cooperagtwonks under NLOS

propagation conditions in different propagation scersadan be modeled either
as a double Rayleigh process [129, 130, 131, 132] or an NLO&seorder scat-

tering (NLSS) process [133]. On the other hand, differeinacios under LOS
propagation conditions lead to modeling the overall M2Mirigdchannel either

by a double Rice process [134], a single-LOS double-stati¢SLDS) process

[135], a single-LOS second-order scattering (SLSS) pso€E33], or a multiple-

LOS second-order scattering (MLSS) process [136, 137].s@tstudies provide
results for the statistical characterization of M2M fadicttannels in cooperative
networks under different propagation conditions.

The previously mentioned channel models (e.g., the doulde Bhd double
Rayleigh models) belong to the class of cascaded fadingnethanodels. For the
case of amplify-and-forward-based cooperative networkpleying single relay,
cascaded channel models represent the overall channetdretive SMS and the
DMS via an MR as a concatenation of the SMS-MR and MR-DMS chbnrfor
such dualhop communication systems, the overall SMS-DM#hiodl under LOS
(or NLOS) propagation conditions can be described usingublédRice (or double
Rayleigh) process. The impact of double Rayleigh fadinghengerformance of
a communication system is investigated in [138]. Moreosgrdies pertaining to
the analysis of the outage capacity of double Rayleigh oblantan be found in
[139, 140]. Even with all this research going on, the impairtguestion regard-
ing the maximum possible information transfer rate in swahrfg channels is still
unanswered. Specifically, to the best of the author’s kndgéethe statistical prop-
erties of the capacity of double Rice channels have never ibsestigated. Thus,
the purpose of the work summarized in Section 3.2 is to filhis gap in informa-
tion regarding the capacity of amplify-and-forward chdsme dualhop cooperative
networks. Therein, we have briefly discussed the influentiesodmplitude of LOS
components, corresponding to the two transmission linkdoafble Rice fading
channels, on the channel capacity.

As mentioned at multiple occasions in this dissertatior, Nlmkagamim pro-
cess is considered to be a more general channel model as @htpahe Rayleigh
process. Due to this reason, the double Rayleigh model hexs déodended to the
double Nakagamim channel model in [141]. Moreover, second order statistics f
the double Nakagamm process can be found in [142]. To generalize the discus-
sion regarding the capacity of amplify-and-forward chdsimedualhop cooperative
networks, the statistical analysis of the capacity of delhkagamm channels is
performed. Section 3.3 presents an overview of this workapgng to the analy-
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sis of the statistical properties of the capacity of doubdé&bamim channels. It is
worth mentioning that cascaded channel models not only fiptication in dualhop
communication systems [129, 143, 144, 134], but are alselywacknowledged for
their use in keyhole channels [138, 142]. It is shown in [1B45] that in the pres-
ence of a keyhole, the fading between each transmit andveeaatenna pair in a
MIMO system can be characterized using a double Rayleigbegso In [138], the
authors have listed a few real-world scenarios which gse to the keyhole effect.
Two such scenarios include diffraction through the strelgies in urban microcel-
lular environments [131] and traversal of the propagatiathg through a narrow
space for the case when the distance between the rings ¢érecataround the
transmitter and receiver is large [140]. Hence, our workaeing to the analysis
of the capacity of double Nakagamm-channels can be adapted accordingly to the
case of keyhole channels.

The dualhop scenario described above constitutes the esinpbnfiguration
of cooperative networks, comprising a transmitting temthia receiving terminal,
and a relaying node. However, in practice, there can exisertitan one relay
in amplify-and-forward channels in cooperative networgsich systems are com-
monly referred to as multihop communication systems. Mol communication
promises an increased network coverage and enhanced tydblias applications
in WLANS [60], cellular networks [61], ad-hoc networks [623], and hybrid net-
works [64]. To characterize the fading in the end-to-en#t etween the SMS
and the DMS in a multihop communication system, the authof$43] have pro-
posed theNxNakagamim channel model, assuming that the fading in each link
between the wireless nodes can be modeled by a Nakaggrocess. The second
order statistical properties of multihop Rayleigh fadiftnguenels have been studied
in [144]. Moreover, the performance analysis of multihomoounication systems
for different kinds of relaying can be found in [146, 69, 65),6and multiple ref-
erences therein. Hence, to extend our work dealing with #paacty analysis of
double Nakagamin channels to the case of multihop communication systems, the
statistical properties of the capacity MkNakagamim channels are studied. This
work is reviewed briefly in Section 3.4. In addition to prowid broader perspec-
tive of amplify-and-forward channels in cooperative netivg) theN«Nakagamim
channel model includes the double Nakagamiodel as a special case.

The remainder of this chapter is organized as follows. Bec3i2 articulates
important results related to the capacity studies of doRide channels. Thereafter,
statistical properties of the capacity of double Nakaganshannels are studied in
Section 3.3. An extension of this work is presented in Sa@id, which deals with
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the capacity analysis di«xNakagamim channels. Finally, the chapter summary is
given in Section 3.5.

3.2 Statistical Analysis of the Capacity of Double Rice
Channels

Amplify-and-forward channels in cooperative networksypde a promising im-
provement in the network coverage and system throughpgur&i3.1 depicts an
example of the transmission link from the SMS to the DMS viaMRR in such
amplify-and-forward relay-based cooperative networksis inoteworthy that the
considered scenario assumes the absence of a direct tesi@mmiink between the
SMS and the DMS. As mentioned in the preceding section, shahrels can be
described using cascaded channel models, where the ovkeaalhel between the
SMS and the DMS via an MR is represented as a concatenatidgre 8MS-MR
and MR-DMS channels [134, 132]. Under LOS propagation damas, the fading
in the SMS-MR and MR-DMS links is characterized using statidly independent
non-zero-mean complex Gaussian procegé@sét) anduﬁ(,z) (t), respectively. Thus,
the overall fading channel describing the SMS-DMS link ideled as a product of
two non-zero-mean complex Gaussian proceaéiéa) (i=1,2). The envelope of
the product-process, describing the SMS-DMS fading cHanesults in a double
Rice process [134, 132].

This section presents an overview of the work dealing wighd&pacity analysis

SMS-MR link

Source mobile
station
(SMS)

()

Mobile relay
(MR)

Destination mobile
station
(DMS)

Figure 3.1: The propagation scenario describing dualhdipgachannels.
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of double Rice channels. The detailed discussion on this tam be found in Pa-
per V included in Appendix E [147]. Paper V presents the ddion of analytical
expressions for the PDF, CDF, LCR, and ADF of the channelagpd he obtained
results are studied for different values of the amplitudegb® LOS components in
the two transmission links of double Rice fading channelbe $tatistical prop-
erties of the capacity of double Rice channels reduce teetbbslouble Rayleigh
channels by setting the amplitude of the LOS component®i$MS-MR and MR-
DMS links equal to zero. In this study, the results for douRég/leigh channels are
included as a special case. Additionally, Paper V also ptesbke statistical proper-
ties of the capacity of classical Rice and classical Raklelgannels for comparison
purposes.

It has been observed that the statistics of the capacity obldoRice fading
channels are quite different from those of double Rayleitgssical Rice, and clas-
sical Rayleigh fading channels. Specifically, the presafcan LOS component
in one or both of the links (i.e., the SMS-MR and MR-DMS linksgreases the
mean channel capacity. Hence, double Rayleigh channe¢sehiwer mean chan-
nel capacity compared to double Rice channels. It is alserebd that the capacity
of classical Rice channels has a lower mean value and a lapacity variance
as compared to that of double Rice channels. This is becaaser ¥/ assumes
that the MR operates in a full-duplex mode, which allows ité¢ceive and trans-
mit at the same time. On the other hand, when the MR operatasaif-duplex
mode, the mean capacity of double Rice channels is expeztes lbwer than that
of classical Rice channels. In practical systems, thedufifex assumption is very
difficult to fulfil. Therefore, to study realistic scenarjdmlf-duplex relaying should
be considered. This drawback of Paper V is removed in PapexMth considers
a half-duplex MR. The important findings of Paper VI will bezieved in the next
section.

Results in Paper V also reveal that for medium and high lewkés presence
of LOS components in the two cascaded transmission linkeases the LCR of
the channel capacity. However, it results in a decreaseeADF of the channel
capacity. Itis also observed that the LCR of the capacityagsical Rice channels
is much lower compared to that of double Rice channels. Stuégaper V also re-
vealed that the LCR and ADF of the capacity of double Rice nb&nare strongly
dependent on the Doppler frequencies of the MR and the DM8& cblrectness of
the derived results is checked by simulations, whereby ygeod fitting between
the analytical and simulation results is found. A high-parfance channel simula-
tor is employed to obtain the simulation results. The chhsineulator operates on
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the SOS principle [94, 95, 96] to simulate the underlying €an processes that
make up the overall double Rice process. The parametere ahidnnel simulator
are computed using the GMEDR§L.21].

3.3 Statistical Analysis of the Capacity of Double
Nakagami-m Channels

The previous section dealt with the capacity analysis obteRice channels. The
double Rice channel model allows to study the statisticaperties of the chan-
nel capacity of amplify-and-forward channels under LOSppigation conditions.
In addition, the results can easily be reduced to doubled®glylchannels in the
absence of LOS components in both the transmission linkooblé Rice chan-
nels. Despite of having profound theoretical and praciioglortance, the results
presented in the preceding section only consider simildingaconditions (e.qg.,
Rayleigh fading) in both the links of the dualhop commurimatsystem. How-
ever, there exist studies in the literature reporting thespmlity to come across
scenarios where the fading is more (or less severe) as cethparthe Rayleigh
fading [107, 108]. For this reason, it is proposed in therditere to employ the
Nakagamim process as a more appropriate channel model. In a similaiofas
the possibility of having different fading conditions (g.due to dissimilar propa-
gation environments) in the two transmission links of dogaliommunication sys-
tems can be argued. Due to this reason, the double Nakagamannel model has
been adopted as a more suitable model for amplify-and-fahelannels than the
one studied in the previous section. By employing the doialkagamim chan-
nel model, we can study the influence of severity fading, ettho transmission
links of dualhop communication systems, on the channelagpaMoreover, as
mentioned earlier, double Nakagamiehannel model is also useful for modeling
real-world scenarios such as keyhole channels [141, 142pudh a lot of papers
have been published in the literature employing the cascting channel model,
the statistical properties of the capacity of double Nakaga channels have not
been investigated so far, which finds applications both yhkée channels and du-
alhop communication systems [142]. To address this profdethorough statistical
analysis of the capacity of double Nakagamchannels is performed in Paper VI,
which can be found in Appendix F [148] of this dissertation.

This section aims to present a brief overview of Paper VI (@qgix F). Therein,
we have considered a similar dualhop communication sysgeshawn in Fig. 3.1.
However, in this case the fading in thi# (i = 1,2) transmission link is modeled
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by Nakagamim processegi(t) (i = 1,2), instead of the non-zero-mean complex
Gaussian process;eéi)(t) (i=1,2). Hence, the overall fading channel describing
the SMS-DMS link is characterized by a double Nakagamprocess. Moreover,
in contrast to Paper V, Paper VI considers a more realiseoa&io by assuming
that the MR operates in a half-duplex mode. Paper VI deals thé derivation and
analysis of the PDF, CDF, LCR, and ADF of the capacity of deudakagamm
channels. Moreover, the influence of the severity of fadinghe statistical proper-
ties of the channel capacity has been investigated. It ifhwoentioning that in the
Nakagamimmodel, the parameten controls the severity of fading. Specifically, as
the value oimincreases, the fading severity decreases and vice versabserved
that an increase in the severity of fading in one or both trassion links of double
Nakagamim channels decreases the mean channel capacity, while itsr@san
increase in the ADF of the channel capacity. Moreover, atldevels, this effect
increases the LCR of the channel capacity. Results also #teivthe mobility of
the MR and DMS has a significant influence on the LCR and ADF efcthannel
capacity. Specifically, an increase in the maximum Doppkxjdencies of the MR
and DMS increases the LCR, while it has an opposite influendh® ADF of the
channel capacity. The theoretical results are validatéd tive help of simulations.
The underlying uncorrelated Gaussian processes that npaMakagamim proces-
ses are simulated by exploiting the SOS concept [94, 95,9&].parameters of the
SOS-based simulator are calculated using the GMEDEL]. A very good fitting
between the simulation and theoretical results confirm tveectness of derived
expressions.

3.4 Statistical Analysis of the Capacity of
N:xNakagami-sn Channels

The dualhop scenario considered in the previous sectiolystakes into account
one relaying node, however there can exist more than ong elamplify-and-
forward channels in cooperative networks. To address thisiem, multihop com-
munication in cooperative networks was introduced in $ecii 1, where several re-
lays assist each other by relaying the transmitted sigoat the SMS to the DMS
in amplify-and-forward channels. This kind of communioatischeme promises
an increased network coverage, enhanced mobility, andowegrsystem perfor-
mance. It has applications in WLANS [60], cellular netwoj&s], ad-hoc networks
[62, 63], and hybrid networks [64].

In order to characterize the fading in the end-to-end linkndeen the SMS and
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the DMS in a multihop communication system wikhhops, the authors in [143]
have proposed théxNakagamim channel model, assuming that the fading in each
link between the wireless nodes can be modeled by a Nakagegonocess. The
propagation scenario describifgxNakagamim channels is illustrated in Fig. 3.2.
The considered multihop communication system consiste &MS, a DMS, and

N — 1 blind mobile relays MR (n=1,2,...,N—1), as shown in Fig. 3.2. Here, the
fading in the transmission links between the intermediateless nodes is charac-
terized by independent but not necessarily identical Nakagn processey(t)
(n=1,2,...,N). Moreover, we have assumed an absence of the direct transmis
sion link between the SMS and the DMS. TReNakagamim model considers a
general amplify-and-forward relay-based multihop scenand can be reduced to
the special case of double Nakagamchannels. Thus, to extend our work related
to the capacity analysis of double Nakagaméhannels, the statistical properties
of the capacity ofNxNakagamim channels are investigated. The derivation and
analysis of the statistical properties of the capacity @hschannels are presented
in detail in Paper VII, which is included in Appendix G [149].

This section aims to summarize the findings of Paper VII. &émgrexact ana-
lytical expressions are derived for the PDF, CDF, LCR, and~AiDthe capacity of
NxNakagamimchannels. The first order statistics, namely the PDF and Bfe&@
the capacity olNxNakagamim channels can be expressed in terms of the Meijer’'s
G-function [150, Eq. (9.301)]. Despite being in closed-forime obtained results
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Figure 3.2: The propagation scenario describirgNakagamim fading channels.
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are mathematically intractable. In order to simplify theuis, the central limit the-
orem of products [99] is applied, to obtain an accurate appration for the PDF
of NxNakagamim processes. The results revealed that the PD¥r«dfakagamim
processes gets very closely fitted to the lognormal didiobwas the number of hops
(N) increases. Thereafter, assuming that the fading amplibpfidxNakagamim
channels can be modeled as a lognormal process, the first statestics of the
channel capacity are studied for a large number of hops. eAlist order statis-
tics, the exact solution for the LCR of the channel capaatglso mathematically
very complex, since it contains multifold integrals. Hentwereduce the analytical
complexity, an accurate closed-form approximation has loegived for the LCR
of the channel capacity. The results are studied for diffevalues of the number
of hops as well as for different values of the Nakagami pataragcontrolling the
severity of fading in different transmission links of the ltiftop communication
system. The results show that an increase in the number afdroghe severity of
fading decreases the mean channel capacity, while the ABteathannel capacity
increases. Moreover, an increase in the severity of fadinfpenumber of hops
decreases the LCR of the capacity of Nakagamahannels at higher levels. The
converse statement is true for lower levels. The preseetadts provide an insight
into the influence of the number of hops and the severity ahtadn the channel
capacity, and hence they are very useful for the design arfidrpgence analysis of
the multihop communication systems.

3.5 Chapter Summary and Conclusion

By utilizing the existing resources of wireless networkapdify-and-forward chan-
nels in cooperative networks promise an increased netvamérage with enhanced
mobility support. Single-antenna mobile stations in afgpdind-forward relay-
based cooperative networks assist each other to relayahsntitted signal from
the SMS to the DMS. This chapter dealt with the capacity aislgf such coop-
erative networks. The chapter began with the analysis ahdpacommunication
systems, comprising an SMS, a DMS, and an MR. Such channelsecdescribed
using cascaded channel models, where the overall chanmeddethe SMS and the
DMS via an MR was represented as a concatenation of the SM&RIR-DMS
channels. Therefore, under LOS propagation conditioesptierall fading channel
describing the SMS-DMS link was modeled by a double RicegsecThis chapter
presented an insightful review regarding the influence eflt®S components, in
the two transmission links of double Rice fading channetsthee channel capac-
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ity. In addition, the results pertaining to the statistipabperties of the capacity
of double Rayleigh, classical Rice and classical Raylelgginoels were also dis-
cussed for comparison purposes. The obtained resultg@taghat the statistics of
the capacity of double Rice fading channels are quite d@iffefrom those of dou-
ble Rayleigh fading channels. Specifically, the presena@ndfOS component in
one or both of the links (i.e., the SMS-MR and MR-DMS links}ri@ases the mean
channel capacity, while the ADF of the channel capacity e@ses. However, this
effect increases the LCR of the channel capacity at only namedind high levels.
The detailed analysis of these results can be found in Papappendix E).

Afterwards, the chapter highlighted the motivation andaadsages behind ex-
tending the previously mentioned work to the case of doulalkealgamim channels.
It was reported that by employing the double Nakagam@hannel model, we can
study the influence of severity fading, in the two transnoissinks of dualhop com-
munication systems, on the channel capacity. In additlmagdbuble Nakagamm
channel model is also useful for modeling real-world scesasuch as keyhole
channels. Paper VI (Appendix F) presents the derivationaaradysis of the sta-
tistical properties of the capacity of double Nakagame¢hannels. Whereas, this
chapter merely articulated the important findings of Pader V

The chapter ended with a discussion regarding the capatcityutiihop com-
munication systems, which constitutes a more general sceimaamplify-and-
forward-based cooperative networks. The considered haydttommunication sys-
tem consists of an SMS, a DMS, ahid- 1 blind mobile relays. In order to char-
acterize the fading in the end-to-end link between the SMbtha DMS in such
channels, théNxNakagamim model was employed. Thereafter, exact analytical
expressions for the PDF, CDF, LCR, and ADF of the capaciti{efakagamim
channels were derived. In addition, accurate approximatfor the PDF, CDF,
and LCR of the channel capacity were also derived to redueedmplexity of the
exact results. The statistical properties of the channacdy were studied for dif-
ferent values of the number of hops as well as for differehtesof the Nakagami
parameters controlling the severity of fading in differinks of the multihop com-
munication system. This chapter presents a summary of ttaénelol results, while
this work can be found in full in Paper VII (Appendix G).



Chapter 4

Capacity Studies of Fading Channels
In Spatial Diversity Combining
Systems

4.1 Introduction

The performance of wireless communication systems is lgrafi¢cted by the mul-
tipath fading phenomenon. In order to mitigate the effettfading, spatial diver-
sity combining is widely accepted to be an effective methid@l [71]. In diversity
combining schemes, the received signals of all diversignbines are combined
in an intelligent way which results in an increase in the agerreceived SNR
[151, 70, 71, 72] and hence the system throughput increaBes.of such com-
bining techniques include MRC and EGC [70, 71]. In MRC, araly proposed
by Kahn [152], the co-phased received signals in the diselsianches are first
weighted in accordance with the SNRs of the individual br@sand then summed.
Such a scheme results in an SNR at the combiner output wheduigl to the sum
of individual SNRs of the diversity branches. MRC consg&githe most optimal
method of diversity combining [70] and has been thorougestigated in the lit-
erature (see, e.g., [153, 154, 155, 75, 72]). Other advestafthis method include
the analytical tractability and the realizable impleméntain practical receivers,
such as the RAKE receiver [156]. On the other hand, EGC offsimpler solution
by summing the co-phased received signals in the diverségdines with a unit
weighting factor, which significantly simplifies the prawi implementation. In ad-
dition, the performance of EGC is also found to be quite ctogbe optimal MRC.
However, the associated price for such ease in the systeigndesthe intricacy
of the analytical treatment. This complexity stems fromdiféculty in finding the

37
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PDF of a sum of received signal envelopes in the diversitgdiras. The exact solu-
tion to this problem is still unknown, since it contains nifold integrals due to the
convolution of PDFs of the received signal envelopes. Nbedgss, there exist nu-
merous papers that propose approximate solutions to thidgim [157, 158, 159].

Spatial diversity combining techniques, specifically MR@ &GC, have gained
considerable attention in the past few decades due to th&inpal to improve the
overall system performance. The authors in [160] have daaé&d the significance
of such studies in Rice channels. Therein, some practicglgyation scenarios are
listed where the specular components cannot be neglectteifor such cases,
received signal envelopes in diversity branches are agsstmrfellow the Rice dis-
tribution [45, 160]. For Rice channels, the performancdyaisof MRC and EGC
is presented in [74, 161]. On the other hand, the performaneaéysis of EGC in
Rayleigh channels can be found in [73, 162, 163]. MoreoWercapacity of Rice
and Rayleigh channels with MRC is studied in [72, 75, 155]wigeer, no study has
been conducted so far to investigate the statistical pti@sesf the capacity of Rice
(or Rayleigh) channels in systems employing MRC or EGC. Tagkwummarized
in Section 4.2 addresses this problem by presenting theadiem and analysis of
the PDF, CDF, LCR, and ADF of the capacity Rice channels fah dRC and
EGC schemes.

The widely acknowledged features of the Nakagammodel, such as versatil-
ity, analytical tractability, and experimental validityave inspired the researchers
to employ the Nakagamm process as an appropriate channel model for a variety
of propagation scenarios. For such reasons, a large numipapers have been
published in the past decade, highlighting the importarficgialies pertaining to
the analysis of Nakaganmchannels in systems with spatial diversity combining
[164, 151, 165, 161, 166]. In addition, as a special casesehdts obtained using
the Nakagamim model reduce to those of Rayleigh channels in an exact manner
Hence, to extend the work related to the capacity analysRicé and Rayleigh
channels, statistical properties of the capacity of Nakaga channels with MRC
and EGC are studied. The peculiar findings of this work areudised in Sec-
tion 4.3. The importance of this study lies in the fact thagrdvides the flexibility
to analyze the channel capacity in different fading condsi In the literature, it is
usually assumed that the received signals in diversitydiras are spatially uncor-
related. Analogously, the analyses presented in Secti@amntl 4.2 also consider
spatially uncorrelated diversity branches. This assupnpt acceptable if the re-
ceiver antennas separation is far more than the carrierlerayth of the received
signal [167]. However, due to the scarcity of space on smalbife devices, this
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requirement cannot always be fulfilled. Thus, due to theiaglpgeometry of the
receiver antenna array, the receiver antennas are spatalielated. Moreover,
it is an established fact that the spatial correlation hag@ifecant influence on
the performance of mobile communication systems emplogivngysity combining
techniques [168, 169, 73]. Therefore, in order to study aemealistic scenario,
it is necessary to consider spatially correlated diverdsignches. To address this
problem, the statistical analysis of the capacity of sfigt@rrelated Nakagamnin
channels is performed for both MRC and EGC. This is the toptb@work briefly
discussed in Subsection 4.3.1.

The rest of the chapter is structured as follows. Sectios#i@ies the statistical
properties of the capacity of Rice channels with MRC and E®CSection 4.3,
an insightful review regarding the influence of severityadihg on the capacity of
Nakagamim channels is presented for both MRC and EGC schemes. Theneaft
Subsection 4.3.1 highlights the important findings of thekndealing with the ca-
pacity analysis of spatially correlated Nakagam¢hannels with MRC and EGC.
The chapter summary is given in Section 4.4.

4.2 Statistical Analysis of the Capacity of Rice
Channels with MRC and EGC

The previous section highlighted the significance of theacdp analysis of Rice
channels in systems with MRC and EGC. This section aims tovsanze the work
in Paper VIII, which is included in Appendix H [170] of thisstiertation. Paper VIII
deals with the analysis of the statistical properties ofdéyeacity of Rice channels
with MRC and EGC. Therein, ao-branch diversity system is considered, in which
it is assumed that the received signals at the combiner expdrience flat fading
in all fading branches. Due to the assumption of LOS propagaionditions, the
received signal envelopes in the fading branches are dieairsd by statistically
independent Rice processes. Exact analytical expresarerderived for the PDF,
CDF, LCR and ADF of the capacity of Rice channels for the casenMRC is em-
ployed. Whereas, when EGC is used, the analytical expres$io the PDF, CDF,
LCR, and ADF of the channel capacity are derived using ancomation for the
PDF of a sum of Rice processes. This is due to the reason thaixtct solution
for the PDF of a sum of Rice processes is still unknown. Howdgevercome this
problem, different approximations have been proposederitérature [157, 158].
We have employed the approximation suggested in [157] ®®PDF of a sum of
Rice processes. This approximation makes use of nonlimeat squares fitting
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with the exact PDF, based on the interior-reflective Newtethod [171]. By using
this method, appropriate values of three constant terntseimpproximate expres-
sion for the PDF are calculated. The values of these corsstamgiven in Table H.1
(Appendix H) for different values of the number of diverdiisanchegL) and the
amplitude of the LOS componentp) in different Rice branches. The accuracy
of the approximate analytical expressions is tested bytestawlation results. In
addition, the correctness of exact analytical expresgmako confirmed via sim-
ulations. To obtain the simulation results, a high-perfance SOS-based channel
simulator is employed. Meaning thereby, the SOS princi@fe 95, 96] is exploited
to simulate the underlying Gaussian processes making upeteived signal en-
velopes in the fading branches. The model parameters otidrenel simulator are
calculated by utilizing the GMEDS121].

The results are studied for different valueslodnd p. For comparison pur-
poses, the results for Rayleigh channgéss— 0) are shown for both MRC and
EGC. Moreover, the results for the classical Rayleigh armkRhannels are also
presented, which arise whén= 1. It is observed that the amplitude of the LOS
components and the number of diversity branches have disati effect on the
statistics of the channel capacity. Specifically, an ineeea the value ot. or p
increases the mean channel capacity for both MRC and EGCetdmwit results in
a decrease in the variance of the channel capacity. It iscddserved that for any
of the two aforementioned combining methods, the capadiBice channels with
a lower value ol or p has a higher LCR at low and medium levels. The ADF of
the channel capacity, on the other hand, decreases wittcezase in the value of
the parameters or p. The findings of Paper VIII also show that the MRC diversity
scheme outperforms the EGC diversity scheme w.r.t. the roleamnel capacity.

4.3 Statistical Analysis of the Capacity of Nakagamm
Channels with MRC and EGC

In order to study a variety of fading conditions, a more gahelnannel model com-
pared to the Rice or the Rayleigh model is required. Thisirement is acknowl-
edged in numerous studies [107, 108]. For this reason, ttkaddanim process
has gained much attention in recent years due to its fleyilmfi modeling differ-
ent fading conditions, mathematical ease, and good fithébsewperimental data
[107, 108, 97]. Such distinctive characteristics have pilepg numerous researchers
to study Nakagamim channels with MRC and EGC [164, 151, 165, 161, 166].
However, the information regarding the statistical prdipsrof the capacity of
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Nakagamim channels with MRC and EGC is not available in the literaturieich
calls for further research. Therefore, the aim of the workRaper IX (Appendix |
[172]) is to fill in this gap of information. This section pesgs an overview of
Paper IX included in Appendix | of this dissertation.

Analogously to the procedure followed in the previous settihe statistical
properties of the capacity of Nakagamichannels with EGC are derived in Pa-
per I1X with the help of the PDF of a sum of fading envelopes ia thversity
branches. Alike the sum of Rice (or Rayleigh) processesiniinthe exact solu-
tion for the PDF of a sum of Nakagamm-{rocesses is an open problem. However,
for overcoming this problem, there exist highly-accurdtesed-form approximate
solutions in the literature (e.g., [44, 173, 159]). In adbtto produce accurate
results, these methods refrain from using the cumbersomve-ditting techniques
used in the previous section for Rice processes. In Paper $¥m of Nakagamin
processes is approximated by another Nakagamrecess, as suggested in [159].
Thereafter, based on this accurate approximation, refritéhe statistical prop-
erties of the capacity of Nakagami-channels with EGC are obtained. On the
other hand, when MRC is employed, exact analytical expvessare derived for
the PDF, CDF, LCR and ADF of the channel capacity. An excefiting between
theoretical and simulation results verifies the correcioéslerived expressions. An
SOS-based channel simulator has been employed to simdatmterlying Gaus-
sian processes in Nakagamiprocesses [94, 95, 96]. In this work, the GMEDS
used to compute the simulation model parameters [121].

The statistical properties of the channel capacity areatifdr different values
of the number of diversity branchésand for different values of the Nakagami pa-
rametemn, controlling the severity of fading in Nakagammchannels. In this study,
the results for Rayleigh channels (which arise for the casermn = 1) are also
included for comparison purposes. It is observed that foh MRC and EGC, an
increase in the number of diversity branchaacreases the mean channel capacity,
while the variance and the ADF of the channel capacity deeredloreover, an
increase in the severity of fading results in a decreasecimtban channel capacity,
however the variance and ADF of the channel capacity inetdass also observed
that at lower levels, the LCR is higher for channels with deralalues ofL or
higher severity levels of fading than for channels with leghalues ofL or lower
severity levels of fading. This work constitutes a genemraifework, providing the
flexibility to study the statistical properties of the cappof fading channels in
systems with diversity combining under a variety of fadimpditions. However,
it lacks information regarding the impact of spatial caatedn, between diversity
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branches, on the channel capacity. The next subsection atina® the work that
attempts to overcome this drawback.

4.3.1 The Influence of Spatial Correlation on the Statistich
Properties of the Capacity of Nakagamim Channels
with MRC and EGC

The final remarks of Section 4.3 highlighted a limitationloé tvork summarized in
the previous section. This limitation stems from the assionpf spatially uncor-
related fading branches. Alike the analyses presenteddtioBs 4.3 and 4.2, most
of the published works also assume that the fading envelopatigersity branches
are spatially uncorrelated. However, due to the scarcitypaice on the small mo-
bile devices, the receiver antennas are generally spatiattelated. Therefore, in
order to study a more realistic scenario, it is necessa@k®into account spatially
correlated fading branches. For this reason, the statigtioperties of the capacity
of spatially correlated Nakagamichannels with MRC and EGC are studied in Pa-
per X included in Appendix J. By considering spatially ctated fading branches,
this work eliminates the previously mentioned drawbackagiét 1X (Appendix I).
Paper X (Appendix J) presents a profound statistical arsatfthe channel ca-
pacity for different values of the number of diversity braas as well as for different
values of the receiver antennas separation. The receitenrzas separation controls
the spatial correlation in diversity branches. Specificalb the receiver antennas
separation increases, the spatial correlation decreagesce versa. The statistical
properties of interest include the PDF, CDF, LCR, and ADMeftchannel capacity.
In order to study spatially correlated Nakagamehannels, the problem formula-
tion in Paper X makes use of the well-known Kronecker mode] f&., 82, 36, 42],
which is more comprehensively discussed in Section 5.2@htxt chapter. It is
worth mentioning that the presented results are also usefolestigate the effect
of severity of fading on the statistics of the channel cagadvioreover, for com-
parison purposes, Paper X also presents the results for ¢la@ and variance of
the capacity of spatially correlated Rayleigh channel$iWMRC and EGC (which
arise whemrm= 1). The results show that an increase in the spatial coivalat the
diversity branches of an MRC system increases the variaseeeh as the LCR of
the channel capacity, while the ADF of the channel capa@tyehses. On the other
hand, for the case of EGC, increasing the receiver antempasation increases the
mean channel capacity, whereas the ADF of the channel ¢guksdreases. More-
over, an increase in the spatial correlation increases@iaf the channel capacity



Fading Channels in Spatial Diversity Combining Systems 43

only at lower levels.

An excellent fitting between theoretical and simulatiorutessproves the cor-
rectness of analytical expressions. The simulation resuiét obtained by utilizing
an SOS-based channel simulator [94, 95, 96]. The model geasof the channel
simulator are obtained using the GMED@21]. The importance of the presented
results is reflected from the fact that they provide a dedpglmto the influence of
spatial correlation and the severity of fading on the caygaafiNakagamim chan-
nels in systems with diversity combining. Moreover, in Spkecases, the results
can be reduced to those obtained for spatially uncorreldtcigamim channels
in Section 4.3 as well as for Rayleigh channels.

4.4 Chapter Summary and Conclusion

Diversity combining is an effective method to mitigate tlieets of fading in wire-
less propagation environments. If, for example, spatiaémdity techniques are
used, the received signals of all diversity branches arebawed in an intelligent
way which results in an increase in the average received $R@nce the system
throughput increases. Spatial diversity combining teghes, such as MRC and
EGC, have been thoroughly investigated by researcherssirf@a decades due to
their potential to improve the overall system performance.get a deep insight
into the potential and capacity limits of wireless commatien systems employ-
ing spatial diversity combining, a solid knowledge of thatistical properties of
channel capacity is of vital importance. In addition, catyastudies of such sys-
tems are very helpful to optimize the overall system peréomoe. Therefore, this
chapter was devoted to analyze the statistical propertidtgeachannel capacity of
wireless communication systems for both cases, hamely MRKE&C.

The chapter began with an overview regarding the capaciéyysais of Rice
channels with MRC and EGC. It was elucidated that in many @gation scenarios
specular components cannot be neglected. Hence, for saeh,dhe Rice process
is considered to be an appropriate model to describe thaddekhavior. There-
after, important observations regarding the influence oSL€@mponents on the
PDF, CDF, LCR, and ADF of the channel capacity are articdlaéhe discussion
included a brief analysis of obtained results, for both MR@ &GC. It was illus-
trated that the LOS components significantly influence thgissics of the channel
capacity. The detailed discussion on this topic can be foaihper VIII, which is
included in Appendix H.

Afterwards, the chapter presented the statistical arsabfshe capacity of Naka-
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gamiim channels with MRC and EGC. By offering the flexibility to syudifferent
fading conditions, this work provides a general framewankifie capacity analysis
of wireless communication systems with MRC and EGC. Thessieal properties
of the channel capacity are studied for different valueshefriumber of diversity
branched. and for different values of the Nakagami parameteicontrolling the
severity of fading in Nakagamiichannels. The important findings are highlighted
in this chapter, while a comprehensive analysis of thesdtees reported in Pa-
per IX (Appendix I). Papers VIl and IX only consider spalyalncorrelated fading
branches. However, this not an acceptable assumption iy practical systems.
This problem is addressed in Paper X (Appendix J), whichnsmearized in the last
section of this chapter. Paper X eliminates the limitatiohBapers VIII and IX by
considering spatially correlated fading branches.



Chapter 5

Capacity Studies of MIMO channels

5.1 Introduction

Future mobile communication systems are expected to peavigher data rates
with higher spectral efficiency. However, designing wissléinks that offer good
QoS as well as high data rates, especially in NLOS enviromsneanstitutes a sig-
nificant research and engineering challenge. This taskrisgpkarly more compli-
cated for power and bandwidth limited systems. The congaaticommunication
means, employing single-antenna terminals at the tratesmaibd the receiver, do
not provide the desired spectral efficiency envisioned lierriext generation mo-
bile communication systems. Due to the scarcity of avaglabsources, researchers
came up with an innovative idea of exploiting the spatiakdsity by employing
multiple antennas at both the transmitter and the receB4r40]. Such a tech-
nological breakthrough showed great improvement in thler@hiability, increased
the overall system capacity, and provided remarkable geiinag spectral efficiency
[34, 40]. Utilization of multiple antennas at the transmitand receiver facilitated
the design of MIMO systems in order to increase the spectfiaie?ncy and to ac-
quire a diversity gain [174]. This discovery resulted in gngiicant upsurge of
interest towards MIMO systems, and since then, a large nuwibearticles have
been published in the literature dealing with MIMO channeld@ling and perfor-
mance analysis (see, e.g., [76, 77, 78, 36], and the refeseherein). Due to the
provision of exceptional gain in the capacity, the emplogtad the MIMO archi-
tecture in the system design constitutes one of the majtindi®ns between 3G
and 4G wireless communication systems [83].

The enormous spectral efficiency ascribed to MIMO systemthénseminal
works of Foschini [34] and Telatar [40] is based on the prenaisa rich scatter-
ing environment, providing independent transmission pha#tween the transmitter

45
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and receiver antennas. Hence, it results in a full-rankeahicbl matrix with i.i.d.
entries. Under such ideal conditions, a linear increaskarchannel capacity w.r.t.
the increase in the minimum of the number of transmitter acdiver antennas was
observed [40, 34]. However, such idealized propagationlitimms are rarely met
in real practice. It is shown in [175, 176, 79] and multipléerences therein that
due to the spatial correlation between MIMO channel coeifits, realistic MIMO
channels show a reduced channel capacity. It is therefayeeat practical and the-
oretical interest to study MIMO systems when the elementh®fchannel matrix
are spatially correlated.

In recent years, it is increasingly gaining recognitiort th& studies pertaining
to unveil the dynamics of the capacity of MIMO channels canvery helpful to
achieve higher data rates while keeping the probabilityrafre as low as possible.
Statistical properties, such as mean, variance, PDF, aridl@equately character-
ize the channel capacity. However, these statistical gigstio not provide an in-
sight into the temporal behavior of the channel capacityciwts imperative for the
efficient design of future mobile communication systems.e&idence supporting
this fact can be found in [28], where the authors have utllitee LCR of the chan-
nel capacity for the cross-layer optimization of the ovaratwork performance. In
addition to the LCR, the ADF of the channel capacity is anoiimportant statisti-
cal quantity that gives an insight into the temporal behaefdhe channel capacity
[32, 33]. Therefore, a major portion of this chapter dealghwie analysis of the
PDF, CDF, LCR, and ADF of the capacity of spatially correteb#IMO channels.
In order to address the problem of correlated fading in MIM@mnels, we have
employed one of the most commonly used channel models knswredronecker
model [80, 81, 82, 36, 42]. The underlying principle behinid modeling approach
is elaborated in Section 5.2. This model, though restediivsome cases, provides
an adequate framework for the capacity analysis of MIMO oleén

One promising method to increase the capacity in MIMO chbniseto use
space-time coding techniques, such as STTC [90] or STBCY2[L, Among dif-
ferent space-time coding techniques, OSTBC has gained mthtion in recent
years. One of the advantages of using OSTBC is that it tramsfd1IMO chan-
nels into equivalent SISO channels, which significantlyifies the mathematical
formulation of MIMO systems [93]. Moreover, being orthogbm structure, max-
imum likelihood decoding can be applied at the receiverithstlts in a significant
decrease in the complexity of the receiver structure, coethéo the prevailing
coding techniques (e.g., STTC) [92]. Due to the aforemeetibadvantages of
using OSTBC in MIMO channels, it is of utmost importance tofpen the capac-
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ity analysis of OSTBC MIMO channels. Studies pertaininghte analysis of the
capacity of OSTBC MIMO channels can be found in [177, 178]. rdbwer, the
outage performance and the error probability analysis of BXS MIMO systems
have been studied in [179, 180, 181]. However, the absenteatises dealing
with the statistical properties of the capacity of OSTBC MINNakagamim chan-
nels demands further research work in this domain. Thisdagdpic of our work
summarized in Section 5.4. Therein, the capacity studidsoti correlated and
uncorrelated OSTBC MIMO channels are included.

The remaining part of this chapter is organized as follovexti®n 5.2 presents
a brief discussion on the influence of spatial correlatiortr@ncapacity of MIMO
Rice channels. In Section 5.3, the statistical propertigbecapacity of spatially
correlated MIMO Nakagamin channels are studied. Section 5.4 deals with the
statistical analysis of the capacity of OSTBC MIMO chann#&isSection 5.4, both
spatially correlated as well as uncorrelated channelsraalyzed. In addition, the
impact of shadowing on the statistical properties of theacép of OSTBC MIMO
Nakagamimchannels is investigated. In Section 5.5, the chapter sugnisgiven.

5.2 Statistical Analysis of the Capacity of Spatially
Correlated MIMO Rice Channels

Since the pioneering works in [40, 34], there has been a mdowes amount of re-
search activity dealing with modeling and capacity analydi MIMO channels.

However, most of the research work shares a common grousdmasg i.i.d.

Rayleigh MIMO channel coefficients. As mentioned in the paing section, mea-
surements have shown that the i.i.d. assumption is not wrahdany realistic situ-
ations, e.g., when the separation between the antennasilis[8& 182, 167]. For

such cases, spatially correlated MIMO Rayleigh channels baen thoroughly in-
vestigated [183, 184, 37]. In addition to the spatial catieh, another factor influ-
encing the capacity of MIMO channels is the presence of th8 t@mponent. Such
scenarios are usually studied with the help of the Rice ablanndel [45, 160]. The
Rice channel model not only provides a better descriptiotheffading environ-

ment, it also includes the Rayleigh model as special caspashfew years, many
researchers have devoted their efforts to study the cgpafdilIMO Rice channels

[43, 185, 186]. However, these results are very intricatethey do not provide in-
sight into the statistical properties of the channel cagagithough various bounds
and approximations of the channel capacity have also begoped in the literature
to reduce the mathematical complexity (see e.g., [187, 188]), there exists no
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study in the literature that deals with the analysis of thé&RCDF, LCR, and ADF
of the capacity of spatially correlated MIMO Rice channéaper XI, included in
the Appendix K [190] of this dissertation, addresses thabfam by studying the
statistical properties of the capacity of spatially catetl MIMO Rice channels.
This section presents a summary of the work in Paper XI.

In Paper XI, an exact closed-form expression for the PDF anekact expres-
sion for the CDF of the channel capacity is derived for sisigfgut multiple-output
(SIMO?) and multiple-input single-output (MISYPsystems. Furthermore, an accu-
rate closed-form expression has been derived for the LCRaaratcurate expres-
sion has been obtained for the ADF of the SIMO and MISO chareq@cities. For
the MIMO case, the PDF, CDF, LCR, and ADF are investigate@thas a lower
bound on the channel capacity. This is due the mathematitaacy involved in
finding the exact solution for the statistical propertiedhsd capacity of spatially
correlated MIMO Rice channels. This lower bound was orijynaroposed in Pa-
per Xl [110] and therefore will be discussed in detail in thext section. The
results are studied for different number of transmit ane@ikecantennas. However,
the proposed method can also be used to investigate theno#ued some key pa-
rameters on the channel capacity, such as the antenna gpadithe transmitter
and the receiver antenna arrays, as well as the amplitudeedf®S component.
It is noteworthy that as the antennas separation incredsespatial correlation
decreases and vice versa.

In the literature, different MIMO channel models have beemppsed, which
take the correlations between the subchannels into acccdmtoverview of the
most commonly used MIMO channel models can be found in [A6Pdper XI, a
popular separable correlation model known as the Kroneuokelel [191, 82, 80] is
employed. The Kronecker model assumes that the transrhéteno influence on
the spatial properties of the received signal. Therefoeldws to express the fdl
channel correlation matrix as a Kronecker product of thesmatter and receiver
correlation matrices [80]. Hence, the resulting MIMO chalnmodel incorporates
the correlation properties at the transmitter and receiickr separately, which sig-
nificantly simplifies the mathematical formulation of spdi{i correlated MIMO
channels. Although it has been observed that the Kroneckdehunderestimates
the channel capacity in some environments [192], it rematw@nerstone of a large
number of analyses [42]. The obtained results reveal thatd@ase the channel

1SIMO systems employ single transmitter antenna and meltggdeiver antennas.

2|n MISO systems, multiple transmitter antennas and sirggeiver antenna are used.

3The full channel correlation matrix describes the coriefabetween all the possible pairs of
MIMO channel coefficients [79, 80].
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capacity, it is more important to have a high number of rexantennas rather than
a high number of transmit antennas. It is also observed thatcease in the spa-
tial correlation increases the spread of the channel cgpddie correctness of the
derived expressions is confirmed by simulation resultgiabt by utilizing a high-
performance channel simulator. The channel simulatoroigphe SOS principle
[94, 95, 96] to simulate the underlying Gaussian processéisel Rice processes.
The model parameters of the resulting SOS-based channaletonare calculated
by using the GMEDg[121].

5.3 Statistical Analysis of the Capacity of Spatially
Correlated MIMO Nakagami- mChannels

Despite the popularity of the Rayleigh and Rice models fer ¢haracterization
of the fading behavior in MIMO systems, a more general chamuglel, namely
the Nakagamim model has drawn much attention in recent years. AlthoughaNak
gamiim model was originally proposed long ago in [44], it has reedimuch ac-
knowledgement relatively recently due to its applicatiors variety of propagation
environments, tractable analytical form, and having goe§is with experimental
results [107, 108, 97, 118, 53, 193]. Additionally, the Ngé&ani-n model reduces
to the Rayleigh and one-sided Gaussian models in species c&sopelled by the
advantages of using the Nakagammodel, in the past few years, various articles
have been published in the literature aiming to explore #pacity limits of MIMO
Nakagamim channels [78, 194, 177, 38, 195]. However, the statisticap@rties
of the capacity of spatially correlated MIMO Nakagamiehannels, such as the
PDF, CDF, LCR, and ADF have not been reported so far in theatitee. To fill this
gap of information, a profound statistical analysis of thpacity of spatially cor-
related MIMO Nakagamim channels is performed in Paper Xll. This section aims
to summarize the discussion presented in Paper Xll, whiohbeafound in full in
Appendix L [110].

In Paper XII, the impact of the spatial correlation on theamy of MIMO
Nakagamim channels is studied. The exact solution for the PDF, CDF, | &
ADF of the capacity of spatially correlated MIMO Nakagamichannels is math-
ematically very complex to obtain. Hence, for overcoming firoblem, Paper XIlI
proposes a tight lower bound on the capacity of MIMO Nakagamuhannels.
Recently, the authors in [78] have also suggested a lowendoam the MIMO
Nakagamim channel capacity, obtained by utilizing various tools witthe ma-
jorization theory framework [196]. A comparative study @tlates that our pro-
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posed lower bound is in exact accordance with the one presgénf78]. Moreover,
the authors in [78] have shown that this lower bound is veghttin the low SNR
regime. Based on this lower bound, closed-form analytixpt@ssions for the PDF,
CDF, LCR, and ADF of the capacity of spatially correlated MDMNakagamim
channels are derived. The Kronecker model is used to adtireggoblem of cor-
related fading in MIMO channels [80]. In order to study th#uance of the spatial
correlation on the channel capacity, the analysis of thigsstal properties of the
channel capacity is carried out for different receiver antespacings. It is observed
that the antenna spacing has a significant influence on tlead@and maximum
value of the PDF and LCR. Specifically, an increase in thersgipa between re-
ceiver antennas results in a decrease in the capacity cariarhile the maximum
value of the LCR increases. Moreover, increasing the recaatenna spacing in-
creases the ADF of the channel capacity only at higher lefAgper Xll also studies
the channel capacity for different number of transmittet eteiver antennas. The
obtained results reveal that as the number of antennasasesethe capacity of the
system increases, whereas the spread of the PDF of the tyagpacieases. On the
other hand, with an increase in the number of antennas, aawgem the maximum
value of the LCR was observed. Analogously, the conversgeratnt is true for the
ADF of the channel capacity. The proposed method can alsaipéoged to study
the statistical properties of the capacity of MIMO channeldifferent fading en-
vironments. A good correspondence between the simulatidraaalytical results
proves the correctness of derived expressions. To obtaisithulation results a
high-performance channel simulator is employed. The cblasimulator operates
on the SOS-principle [94, 95, 96] to generate the underlagissian processes,
which make up the Nakagamiprocesses. To ensure the desired characteristics of
the simulated Gaussian processes, the model parametdrs ofidnnel simulator
are computed using the GMER§.21].

5.4 Statistical Analysis of the Capacity of OSTBC
MIMO Channels

Section 5.1 highlighted that the performance of mobile camication systems can
be improved by exploiting the spatial diversity offered by tMIMO technology.
Without the expense of additional bandwidth, an OSTBC MIMGtem fulfils this
task [91, 92]. Moreover, a lower implementation complexéttained by, e.g., using
maximum likelihood decoding at the receiver) makes it mdteaetive compared
to other potential MIMO solutions. It is due to this reaso®TBC MIMO systems
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have been thoroughly investigated in the literature. A feaent studies exploring
the capacity limits of OSTBC MIMO systems can be found in [1898, 177, 199,
200, 201]. Despite a widely explored topic, the statistpralperties of the capacity
of OSTBC MIMO Nakagamim channels have not been investigated so far. This
section highlights the main contributions of the papersgmeing to the statistical
analysis of the capacity of OSTBC MIMO Nakagamiehannels.

5.4.1 The Impact of Spatial Correlation on the Statistical
Properties of the Capacity of OSTBC MIMO
Nakagami-m Channels

This section articulates important findings of the work prasd in Paper XIllI,
which can be found in Appendix M [111]. Paper Xl extends #ralysis of the
statistical properties of the capacity of uncorrelated BSMIMO Rayleigh chan-
nels, presented in [197], to uncorrelated OSTBC MIMO Nakaigan channels. A
widely documented reason behind this extension is thetylfithe Nakagamim
model to describe a wide range of fading conditions. Moreawe Rayleigh and
one-sided Gaussian processes are inherently includee iNdkagamim process
as special cases. In Paper Xlll, analytical expressionshierPDF, CDF, LCR,
and ADF of the capacity of uncorrelated OSTBC MIMO Nakagamdhannels are
derived. Additionally, in Paper XIll, the capacity of sgaly correlated OSTBC
MIMO Nakagamim channels is also investigated. For correlated channedflyfir
an approximate expression for the channel capacity is elriThereafter, the ex-
pressions for the PDF, CDF, LCR, and ADF of the channel capace found. This
approximation was originally proposed in [29, Eq. (4.40)fias valid for spatially
correlated MIMO channels at high SNR. However, in Paper Xilils adapted ac-
cordingly for spatially correlated OSTBC MIMO channels.

The mean value and variance of the channel capacity has hagrzad with the
help of the PDF of the channel capacity. The aforementiotetscal quantities
are studied for different MIMO dimensiohsis well as for different values of the
Nakagami parameten, controlling the severity of fading in Nakagammchannels.
In addition, the influence of spatial correlation on theistatal properties of the
channel capacity is investigated. It is worth mentioniraf the results for the PDF,
CDF, LCR, and ADF of the capacity of OSTBC MIMO Rayleigh chalmreported
in [197], can be readily obtained as special cases from thdtsein Paper XllII by

4In this dissertation, the MIMO dimension correspondslio< Ny, whereNrg is the number of
receive antennas amt denotes the number of transmit antennas.
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settingm= 1. It is observed that an increase in the MIMO dimension oraese
in the severity of fading results in an increase in the meamohl capacity. The
obtained results show that the spatial correlation sigamtiy reduces the mean
channel capacity, while it increases the ADF of the chanaphcity. Moreover,
at lower levels, the LCR of the capacity of spatially cortetahMIMO channels
is higher compared to uncorrelated channels. Theoretesallts are verified by
simulations, whereby a very good fitting is observed. Theufation results were
generated with the help of an SOS-based channel simulatp©® 96], whereas
the model parameters of the channel simulator were obtaised) the GMED$
[121].

5.4.2 The Influence of Shadowing on the Statistical Propemis
of the Capacity of OSTBC MIMO Nakagami-m Channels

The analysis presented in the previous section only corssfdst fading in MIMO
channels, where the local mean of the received signal epgetassumed to be
constant [70]. While for land mobile terrestrial channéhtg local mean fluctuates
due to shadowing effects [124]. To study such channels, €h&pconvincingly
introduced the Suzuki as well as the NLN channel models iti@e2.1.3, by high-
lighting the need and significance of using such channel lsoétowever, the ca-
pacity analysis of the Suzuki and NLN channels presentedhapr 2 was limited
to only SISO channels. In order to eliminate this limitatiatMIMO channel model
is utilized in Paper X1V [202], which takes into account the effects of shadow-
ing and fast fading in MIMO channels. The employed channaliehcs based on
the one proposed in [203], which was also used later in [204fudy the outage
performance in OSTBC MIMO channels. However, the analys§13] and [204]
is restricted to only MIMO Rayleigh channels. While in Paj#v, a more general
channel model referred to as MIMO NLN channel model is com®d, where the
fast fading in MIMO channels is modeled by Nakagamprocesses in contrast to
Rayleigh processes used in [203]. To the best of the autknowledge, the sta-
tistical properties of the capacity of OSTBC MIMO NLN chalsmbave not been
investigated so far. Therefore, in Paper XIV, the statifcoperties of the capacity
of MIMO NLN channels are analyzed for the case when OSTBC igleyed. The
MIMO NLN channel model provides the flexibility to study thmpact of shadow-
ing on the channel capacity under different fading condgidMoreover, the effects
of severity of fading on the channel capacity can also beatlud he details of this
work can be found in Paper X1V included in Appendix N [202] bist dissertation.
This section aims to highlight the important findings of thagper.
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Paper XIV analyzes the statistical properties of the capa¢iOSTBC MIMO
NLN channels for various levels of shadowing and for diffeéfelIMO dimensions.
Exact analytical expressions are derived for the PDF, CIOR Land ADF of the
capacity of MIMO NLN channels. The mean value and variancéhefchannel
capacity has been analyzed with the help of the PDF of thengharapacity. On
the other hand, the analysis of the LCR and ADF of the charaehaity is very
helpful to study the temporal behavior of the channel capathe obtained results
illustrate that an increase in the MIMO dimension or a desgaa the severity of
fading results in an increase in the mean channel capadiilg ¥he variance of the
channel capacity decreases. Moreover, the shadowing BHsao influence on the
mean channel capacity, whereas an increase in the shadstaindard deviation
increases the spread of the channel capacity. It is also@aséhat an increase in
either the shadow standard deviation or the MIMO dimensigreases the maxi-
mum value of the LCR of the channel capacity. However, tHiscedecreases the
ADF of the channel capacity at only higher levels. Paper XIB6gresents approx-
imation results for the statistical properties of the clemapacity obtained using
the Gauss-Hermite integration method [205]. It is obsethad the approximation
results not only reduce the intricacy, but also have a veogdditting with the exact
results. Here simulation results are considered as the¢rudts. This allows us to
check the correctness of the derived expressions as weallstiady the accuracy of
the approximation results. The simulation results areinbthusing an SOS-based
channel simulator [94, 95, 96], which generates the untdylésaussian processes
making up the Nakagarmmiand lognormal processes. The model parameters of the
simulator are computed using the GMED$21]. All the presented results show a
very good fitting with the simulation results.

5.5 Chapter Summary and Conclusion

MIMO systems exploit spatial diversity by utilizing multgpantennas at the trans-
mitter and receiver in order to increase the spectral efftyieand to acquire a di-
versity gain. To transmit close to the capacity limit of MIMstems, a profound
knowledge of the channel capacity and its statistics is natpe. Studies pertain-
ing to unveil the dynamics of the capacity of MIMO channels b& very helpful
to achieve higher data rates while keeping the probabifityriors as low as pos-
sible. Under ideal propagation conditions, i.e., when th@ncel matrix has i.i.d.
entries, the MIMO channel capacity increases linearly Wl minimum of the
number of transmitter and receiver antennas. However,alsis well known that
the gains in the MIMO channel capacity are sensitive to tesgmce of spatial cor-
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relation between MIMO sub-channels. Therefore, it is oBgimportance to study
the MIMO channel capacity under non-idealized propagatmnditions, i.e., when
the elements of the channel matrix are correlated. Hencegjarmortion of this

chapter was dedicated to study the capacity of spatialietated MIMO channels.
One promising method to increase the capacity of MIMO systeno use space
time coding techniques, such as OSTBC. In this chapter,ctigpanalysis of both
correlated and uncorrelated OSTBC MIMO channels is present

The chapter began by highlighting the need for the capaniyyais of spatially
correlated MIMO Rice channels. Thereafter, the importamdifigs of the work
related to the analysis of the statistical properties ofddyeacity of spatially cor-
related MIMO Rice channels were briefly reviewed. The dethdnalysis on this
topic is presented in Paper Xl (Appendix K). Therein, theultssare studied for
different numbers of transmit and receive antennas. Hokytewe proposed method
can also be used to investigate the influence of some key péeesron the channel
capacity, such as the antenna spacings of the transmitietharreceiver antenna
arrays, and the amplitude of the LOS component.

The chapter then summarized the work presented in PaperAdpendix L),
which deals with the statistical analysis of the capacitypatially correlated MIMO
Nakagamim channels. The results are based on a lower bound on the dltane
pacity, which is very tight in the low SNR regime. In order tady the effect of the
spatial correlation on the channel capacity, the analyfsiseostatistical properties
of the channel capacity was carried out for different reeantenna spacings. Re-
sults showed that the antenna spacing has a significantnc#uen the statistics of
the channel capacity.

The chapter ended with a discussion on the statistical ptiepef the capacity
of OSTBC MIMO channels. Firstly, the main findings of Papel XAppendix M)
were summarized. Paper Xlll is aimed at the derivation aralyais of the PDF,
CDF, LCR, and ADF of the capacity of spatially uncorrelate8T®C MIMO
Nakagamim channels. In addition, the capacity of spatially correla@STBC
MIMO Nakagamim channels was also investigated, by making use of an approxi-
mate expression for the channel capacity. Thereafter, itaptresults of Paper XIV
(Appendix N) were discussed, which gave an insight into thygact of shadowing
on the statistical properties of the capacity of spatiatigarrelated OSTBC MIMO
Nakagamim channels. The findings of Paper XlIl and Paper XIV elucidated
real-world phenomena, such as the severity of fading, @pairrelation, and shad-
owing substantially influence the statistical propertieshe capacity of OSTBC
MIMO Nakagamim channels.



Chapter 6

Summary of Contributions and
Outlook

6.1 Major Contributions

This dissertation dealt with the capacity analysis of mefating channels. Specif-
ically, the first order as well as the second order statilgbiczperties of the channel
capacity were derived and thoroughly investigated. Theécsoptudied in depth
include the capacity analysis of specific SISO channels]ifrand-forward chan-
nels in cooperative networks, fading channels in spatirdity combining sys-
tems, and MIMO channels. In this regard, the most peculiaeldpments made in
this dissertation are summarized as follows:

¢ Itis well known that frequency-nonselective multipathifegichannels can be
modeled using an SOC-based channel model, which not ongrysaccurate
in modeling the non-isotropic scattering environments dlgb provides a
clearer physical interpretation in terms of the wave prepiag phenomena
when viewed in line with the plane wave propagation models @issertation
presented a thorough statistical analysis of the capatitgultipath fading
channels represented by an SOC model, under LOS conditions.

e Statistical properties of the capacity of Rigeechannels were extensively
studied. The importance of this study lies in merging the ad¢mnim and
classical Rice channel characteristics into a new chanwoelein which has
thus a higher flexibility than the two former ones. In addifithe Ricem
model includes the Nakagam: classical Rice, and classical Rayleigh mod-
els as special cases.
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In order to study the capacity of land mobile terrestrialrofels, statistical
anlysis of the capacity of Suzuki channels was performee. Kdy objective
of this study was to investigate the influence of shadowinghenstatistical
properties of the channel capacity.

The results obtained for Suzuki channels were extended tora general
case of NLN channels. The NLN channel model allows to studgtmbined
effects of severity of fading and shadowing on the capaditiaiod mobile
terrestrial channels. Moreover, it includes the Suzuki eh@d a special case.

To optimize the performance of amplify-and-forward chdaiecooperative
networks under LOS propagation conditions, an extensipaaty analysis
of double Rice channels is required. To fill this gap of knalge, the deriva-
tion and analysis of the first and second order statisticapgnties of the
capacity of double Rice channels was presented.

As an extension to the capacity analysis of double Rice maoldelstatistical
properties of the capacity of double Nakagamchannels were analyzed.
Here, the main emphasis was on the investigation of the itngfageverity
of fading on the statistics of the channel capacity. The tolakagamim
channel model has applications in amplify-and-forwardydbased dualhop
cooperative networks. Moreover, it is also useful for modgreal-world
scenarios, such as keyhole channels.

In practice, there can exist more than one relay in amplifg-orward chan-
nels in cooperative networks. Such systems are commordgreefto as mul-
tihop communication systems. To generalize the aforemeati works in
amplify-and-forward relay-based cooperative networkboaough statistical
analysis of the capacity d«Nakagamim channels was performed.

Diversity combining is a well known method to mitigate théets of fading
in wireless propagation environments. Due to its imporaaid extensive
use in wireless communications, the statistical propewiethe capacity of
Rice channels with MRC and EGC were analyzed. This work was #x-
tended to the case of Nakagamiehannels for both MRC and EGC. It is
widely reported in the literature that the spatial corielathas a significant
influence on the performance of mobile communication systemploying
diversity combining techniques. Hence, a further extamgias made to study
the statistical properties of the capacity of Nakagamghannels with MRC
and EGC when diversity branches were spatially correlated.
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e For MIMO systems, a tight lower bound on the capacity of gilgtcorrelated
MIMO Rice as well as Nakaganm channels was presented. Based on this
lower bound, the derivation and analysis of the statisficaperties of the
channel capacity was carried out.

e OSTBC is considered to be an effective method to increaseapacity in
MIMO channels. Due to numerous advantages of using OSTBCIM
channels, it is of great theoretical and practical intei@study the statistical
properties of the capacity of OSTBC MIMO channels. In thissértation,
a detailed statistical analysis of the capacity of OSTBC MIMakagamim
channels was presented. Moreover, the influence of spatialation on the
statistical properties of the channel capacity was alstoea@. As mentioned
previously, the NLN process is a suitable channel modeldndImobile ter-
restrial channels. In order to study the capacity of MIMCOtegss in land mo-
bile terrestrial channels, the statistical propertieshef ¢tapacity of OSTBC
NLN MIMO channels were analyzed. It allowed to investigdte influence
of shadowing, severity of fading, and MIMO dimension on tkegtistics of
the channel capacity.

6.2 Outlook

This dissertation was primarily aimed at the statisticallgsis of the capacity of
various mobile fading channels under a variety of propagatcenarios. Although
the discussion covered various peculiar aspects of mobifentunication systems,
there are still numerous problems that remain unaddresseke following, some

of these problems are highlighted.

e This dissertation only considers narrowband wide-senstosary (WSS)
mobile fading channels. However, in practice, it iS commwmiedme across
scenarios where either the stationary property is not walaghannels can only
be assumed stationary for very short time intervals. Mogeokeal-world
channels also exhibit frequency selectivity. Therefofres are required
to extend the analysis in this dissertation for the caseesfuency selective
non-stationary mobile fading channels.

e For the case of cooperative networks, only amplify-andvérd-based blind
relays were considered. However, to achieve better pedioce advanced
relaying mechanisms such as CSl-assisted relays shoulthpeyed. In
addition, this dissertation assumes an arbitrary noiseep@avthe DMS in
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such cooperative networks. Whereas, by employing an exqatefifor the
noise power at the DMS, the influence of the number of relagstha relay
gains on the channel capacity can be studied in an accurateana

The entire dissertation was devoted for the analysis of téiéstcal proper-

ties of the channel capacity in a variety of propagation aden. Various

studies in the literature suggest that the statistics otti@mnel capacity can
be used for the performance analysis and cross-layer gtiion of wireless

communication systems. However, this problem was out ostope of this

dissertation, therefore it was not addressed in this work.

Multihop communication systems addressed in this dissentassume that
relays are connected in a cascade. This topology givesaiae exceptional
increase in the network coverage with the mobility suppdtiowever, in
practical cooperative communication systems, multipleysecan transmit in
parallel and the receiver can make use of diversity comygitechniques by
employing multiple antennas to obtain a diversity gain.tgkiad of relaying
mechanism was not studied in this dissertation, hencedhis heeds further
investigation.

In the literature, numerous real-world scenarios are tepawhich give rise
to the keyhole effect. For MIMO channels, the key hole effectuces the
rank of the MIMO channel matrix, that degrades the systenfopaance.
Therefore, studies pertaining to the analysis of the capatiMIMO key-
hole channels are of great importance. In addition to thdifyvgnd-forward
channels, the double Nakagamiehannel model explored in this dissertation
is also useful for modeling SISO keyhole channels. Howevezquires fur-
ther research to study the capacity of MIMO keyhole channels

The results for the statistical properties of the capaditgpatially correlated
MIMO channels were based on a tight lower bound on the charaec-
ity. More efforts are required to find the exact results fa statistics of the
channel capacity for such MIMO channels.
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Abstract — It is well known that a frequency-nonselective multipath fading
channel can be modeled by a sum of complex sinusoids, also ledl sum-of-
cisoids (SOC). By using the SOC, we can efficiently model theattered com-
ponent of the received signal in non-isotropic scattering mvironments. Such
SOC-based multipath channel models provide the flexibilityof having corre-
lated in-phase and quadrature phase components of the rea&d signal. This
paper presents the derivation and analysis of the statistal properties of the ca-
pacity of multipath fading channels under LOS conditions. As an appropriate
stochastic model for the multipath fading channel, we have @opted the SOC
model. We have derived the exact analytical expressions fdahe probability
density function (PDF), cumulative distribution function (CDF), level-crossing
rate (LCR), and average duration of fades (ADF) of the channkcapacity. The
statistical behavior of the channel capacity is studied fodifferent values of the
number of multipaths (cisoids) in the SOC model and the resus are compared
with the reference model which can be obtained by using an infite number of
cisoids. It is shown that the SOC model with ten cisoids prodces results very
close to the reference model. The validity of all the theorétal expressions is
tested with the help of simulations.

[. INTRODUCTION

Development of accurate and efficient channel models foratiaysis of mobile

fading channels has gained considerable attention in tgeams. Different meth-
ods have been proposed in the literature over the last feadgsahat deal with the
design and analysis of channel models for different radiirenments. One of the
very promising techniques employs the sum-of-sinusoi@®S)Smethod to model
colored Gaussian processes. The SOS method, originajpypped by Rice [16, 17],
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has been widely used by researchers ever since due to itiatynim implemen-
tation, accuracy, and flexibility to model nearly all kindsfading channels [10].
The versatility of this model also derives from the fact thmainy well-known chan-
nels, namely Rayleigh [7], Rice [18], lognormal [9], Suz{®0®], and Nakagami-m
[21] channels can be derived with the help of Gaussian psesesHence, SOS
method provides the basis for the design of efficient mokbitlfg channel models.
However, SOS-based channel models are generally desigitiedhe assumption
of symmetrical Doppler power spectral density (DPSD), $mtiopic scattering en-
vironments. While, it has been shown in [8, 1, 22, 2] that #ed-world channels
have asymmetrical DPSDs due to non-isotropic scatterimglitons. Therefore,
in order to model such real-world channels a new class ofreélanodels known
as sum-of-cisoids (SOC) has been introduced in the litexd® 12, 13]. Apart
from the accuracy in modeling the non-isotropic scatteangronments, the SOC
model also provides a clearer physical interpretationrims$eof the wave propaga-
tion phenomena when viewed in line with the plane wave prapag model [19].
The first and second order statistical properties of the S@@etare thoroughly
investigated in [13] and [11].

In this article, we have studied the statistical propeniethe capacity of mul-
tipath fading channels represented by an SOC model, unaefisight (LOS)
conditions. We have derived the exact analytical expressior the PDF, CDF,
LCR, and ADF of the channel capacity. The mean channel cgpand spread
of the channel capacity can be studied with the help of the BBdCDF of the
channel capacity. While, the LCR and ADF of the channel ciéypace important
statistical quantities that give an insight into the tengbdwehavior of the channel
capacity [4, 6]. The LCR is a measure of the average rate ofipherossings (or
down-crossing) of the capacity through a certain threstedel in one second. The
ADF on the other hand determines the average duration of owee which the
channel capacity is below a certain threshold level [6]. \Afeehstudied the results
for different values(N) of the number of multipath components (cisoids) in the
SOC model. We have also presented the results for the referandel, which can
be obtained from the SOC model whiihn— . It has been observed that as the
value ofN increases, the results obtained using the SOC model apptodbose
of the reference model. Specifically fr> 10, a very good fitting between the ref-
erence model and SOC model is observed. The correctness pfdbented results
is verified using simulations.

The remainder of this paper is organized as follows. In $ach, we will
briefly describe the SOC model. We will present some of thiessitzal properties
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of the SOC model which are used thereafter in Section Ill iavdethe statisti-
cal properties of the capacity of multipath fading chanmejgesented by an SOC
model. Section IV presents the reference model for the ¢gpafanultipath fading
channels. In Section V, we will discuss and compare the &éinalyand simulation
results. Finally, the conclusions are drawn in Section VI.

[I. THE SOCBASED MULTIPATH FADING CHANNEL MODEL

Consider a procegs(t) for modeling the scattered component of the received signal
in @ mobile fading channel in the complex baseband. The pejeé) can be
expressed as [13, 11]

N .
I:l(t) _ z Cne](ZTTfnt+9n) (1)
n=1

wherec,, f,, and 6, represent the gains, Doppler frequencies, and phases of the
nth propagation path, respectively. Heog,and f, are assumed to be constants.
However, 6, are considered to be independent and identically dis&tbyii.d.)
random variables, uniformly distributed over the inter(@I2r7). By applying the
central limit theorem, the procegst) = [1(t) + ji2(t) tends to a zero-mean com-
plex Gaussian process with varianae&?asN — o0, The autocorrelation function

of the procesgi(t) is given by [13]

2

rap(t) = c2el?™nT, (2)
n=1

Moreover, the autocorrelation function and cross-coti@tgunction of the inphase
and quadrature components of the progegs is given by [13]

1 AN
Mg (T) = éRe{rm(r)} =5 Ecos(2nfnr) (3)
=1
fori=1,2,and
1 N 2
My (T) = éIm {rap(n)} = > E”sm(annr) (4)
=1

respectively. Under LOS conditions, the envelépée) of the received signal can be
expressed as

E(t)=Rp(®)| = () +m (5)

wherem = pel®% represents the line-of-sight (LOS) component. Herand B
denote the amplitude and phase of the LOS component, résggctin order to
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derive the statistical properties of the capacity of maltipchannels, provided that
the received signal envelo;fe(t) is given by (5), we need to find the joint PDF
pézéz(z z) of the proces§ (t) and its time derivativefz(t) as well as the PDF
péz( z) of the process 2 (t). In this article, we represent the time derivative of a
process by a raised dot. The joint PID%: (z,2) can be obtained by employing the
concept of transformation of random varlables [9] and bygs$he expression for

the joint PDFpsg(z, z) presented in [11, Eq. (20)] as follows

4
277

7-[ oo 0o N 22 . .
B 2ﬁ//wln[|130(4"2|0nfn|W)] Jo <2nw 4Z+922) dédw
0 — —

xps(2), 2204 <. (6)

. 1
Peape(22) = 2 P::(VZ

Moreover, the PDE)gz(z) can be found using the PDFS(Z) givenin[13, Eq. (26)]
as

1
55;75133(\/2)

= (2n) /[ﬂ Jo 27T|Cn|X)] Jo (211y/2X) Jo (2mpx)xdx z>0  (7)
0

péz(Z)

where Jy(+) represents the Bessel function of the first kind of order #8}o In
the next section, we will first define the capacity of multlp&ding channels de-
scribed using the SOC model given in (5). Thereafter, thissitzl properties of
the channel capacity will be derived.

[1l. STATISTICAL PROPERTIES OF THECAPACITY OF MULTIPATH FADING
CHANNELS

The instantaneous capacifift) of the multipath fading channels with the re-
ceived signal envelopg&(t) can be expressed as

C(t) = log, (1+ Ve E4(t )) (bits/s/Hz) (8)

whereys denotes the signal-to-noise ratio (SNR). In order to detfieePDFpgs(r)
of the channel capaci'@(t), we will make use of the expression (7) and will apply
the concept of transformation of random variables [9] aditwy to the mapping of
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random variables in (8) as follows

pe(r) = %%2(2)21)

- Zner [ﬁ Jo(27T|Cn|X)] Jo(210) Jo (2" % X) -
5 1

Ys n=

forr > 0. The CDFFg(r) of the channel capaci§l(t) can be obtained using the
PDF pa(r) as [9]

Fa(r) :/pA(z)dz (10)

0

After substituting (9) in (10), the resulting simplified e®gsion for the CDFFz(r)
of the channel capacity is given by

r_ TN r_
Fe(r) = 2m/ (2 " ) 0/ LUlJO(Zn|cn|x)] Jo (211pX) J1 <2T[ (2 " Y x) dx

r>0 (11)

whereJ; (-) represents the Bessel function of the first kind of order &je The
LCR Ng(r) of the channel capacit(t) is defined as [6]

[ee]

N (r) =/'Z P(r,2)dz, r >0 (12)

0

wherepg:(z 2) is the joint PDF of the channel capaciyt) and its time derivative
C(t). The joint PDFpéé(z, ) can be obtained by employing (6) and by applying
the concept of transformation of random variables as

=N PP

«Jo (2nw\/(22'”(2)z>2 ) G 1)) dodw  (13)

4ys(22—1) Ys

for z> 0 and|Z < «. By inserting (13) in (12) and by employing the relationship
presented in (A.3), the LCR(r) can be expressed as
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z ® 2N
Ne(r) = 2mpg (,/(2 - ”) /] [|‘|1Jo<2mcnfn\w>] Jo (2ry) wyPdycw
00 L™=

r>0. (14)

The ADFTg(r) of the channel capacify(t) is finally obtained using

Te(r) = (15)

whereFs(r) andNa(r) represent the CDF and LCR of the channel capacity given
in (11) and (14), respectively.

IV. REFERENCEMODEL FOR THESOC MODEL

In this section, we will present the reference model for tlECSnodel described
in Section Il. We will present the expressions for the stiatié properties of the
channel capacity of the reference model. These resultdwifitudied in the next
section along with the results obtained using the SOC maetdmparison pur-
poses. Itis shownin [13] that the P[pjg(z) of the envelop& (t) of the SOC model

approaches to that of the classical Rice PDFcfoe gp, /2/N andN — oo, which

is considered as a reference model for (5). Hence, by settirgop, /2/N and
N — o the PDF, CDF, and LCR of the channel capaé(y) of multipath fading
channels can be expressed as

r 2
2'In(2) ~EEE (2r —1)p2
A(1) [Nsoo = e %% | P ) r>0 16
Re(r) - = 5, o[ o (16)
p[(2-1)
FA r o — 1_ — ) r Z O 17
C( >|N—> Ql <O'0 O-gys ( )
and
2N 1402

)  Jr-1e s (2 —1)
Na(r) [N=o —\/ e \/M IO(\/Gng/p2> , 1>0 (18)

respectively. In (17)Q1(,-) represents the Marcum Q-function [15, Eq. (2-1-122)].
In (18), B = —Fy;y (0), wherer,, (T) denotes the autocorrelation function of the
inphase componerit = 1) or the quadrature componefit= 2) of the underlying
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complex Gaussian procegst) = pi(t) + ju(t). For isotropic scattering condi-
tions, one obtaing = 2(7Tfmaxao)2, where fhax denotes the maximum Doppler
frequency. It can be proved that the expressions (16)—€8¥sent the PDF, CDF,
and LCR of the channel capacity of the reference model (lassical Rice chan-
nels). Moreover, it can also easily be proved that the resaitthe PDF, CDF, and
LCR of the channel capacity of the SOC model as well as referemodel approach
to that of the Rayleigh process for the case wpen 0.

V. NUMERICAL RESULTS

This section aims at the verification and analysis of the figgliof the previous
sections with the help of an SOC-based channel simulatsepted in [11, Fig. 1].
The model parametery and f, in (1) are calculated using the extended method of
exact Doppler spread (EMEDS) [14] according to

Ch= O'o\/g (19)

21 1
fn= fmaxcoslﬁ <n— Z)] (20)

respectively, fom = 1,2,....N. The results are studied for different values of the
amplitude of the LOS componept especially the Rayleigh channel (i.e.= 0)

and the Rice channel (far= 1 and 2. In order to generate the procgsd), three
different values i.e.N = 3,5, and 10, were chosen as the number of cisoids in the
SOC model for comparison purposes. The maximum Doppleu&ecy fnax was

91 Hz, the SNRs = 15 dB, and the parametep was chosen to be equal to unity.
Finally, using the SOC-based channel simulator [11, Fign £pnjunction with (8)

the simulation results for the statistical properties @& tihannel capacit@(t) of
multipath fading channels were obtained.

The PDFsp; (t) of the envelopé (t) of the SOC model and the reference model
are shown in Fig. A.1 for different values of the number obas N and the am-
plitude of the LOS componeri. We have also presented the simulation results
obtained from the SOC-based channel simulator. It can berebg that the results
from the reference model and the SOC model match quite gi@sethe value of
the parameteN increases. Specifically fod = 10, a very good fitting between the
PDF curves obtained from the reference model and SOC modeserved. Hence,
the SOC model withN = 10 can be used quite effectively to model Rice channels.

Figures A.2 and A.3 present the PDF and CDF respectivelyhefcapacity
of multipath fading channels for different valu@s) of the number of multipaths
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Figure A.1: The PDFpg(z) of the envelop& (t) of the SOC model for different
values of the number of cisoidé
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Figure A.2: The PDRpc(r) of the capacity of multipath fading channels.

(cisoids). Itis observed that the number of cisditisas a more significant effect on
the capacity of channels with no LOS component ('t?ét) for p = 0) as compared
to those with the LOS component (e.g.= 1 and 2). It can also be seen that the
PDF of the channel capacity is more sensitive to the parametean the CDF of
the channel capacity. Moreover, the curves in both the fggsupport the fact that
N = 10 is a suitable value for the SOC model for the analysis ofctygacity of
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Figure A.3: The CDH=(r) of the capacity of multipath fading channels.
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Figure A.4: The LCR\:(r) of the capacity of multipath fading channels.

multipath fading channels.

Figures A.4 and A.5 show the LCR and ADF respectively, of thenmel ca-
pacity of the reference model and the SOC model. It can beleded from these
figures that the LCR and ADF of the channel capacity of the SQdehis quite
close to that of the reference model tdr> 10. However, it can be seen that the
change in the value of the paramediehas more influence on the LCR than the ADF
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Figure A.5: The ADFIc(r) of the capacity of multipath fading channels.

of the channel capacity for low and medium signal level$he correctness of the
theoretical results is verified using the simulations, wbgra very good fitting is
observed.

V1. CONCLUSION

In this article, we have presented the statistical propertif the capacity of the
multipath fading channels represented by an SOC model. We derived the
exact analytical expressions for the PDF, CDF, LCR, and tbé& Af the capacity
of multipath fading channels. We have also presented tloedtieal expressions for
the reference model for comparison purposes. All the theateesults obtained
for the statistical properties of the channel capacity ardgiomed with the help of
simulations. We have studied the results for different @alof the LOS component
as well as for the SOC model parameterWe have shown that the results for the
statistical properties of the channel capacity obtainedguthe SOC model match
quite closely to those of the reference modéllif> 10. It is also observed that the
parameteN has more influence on the statistical properties of the dpaicthe
channels with a lower value of the amplitude of the LOS congmbp (e.g.,p = 0)
than the channels with higher valuesmfe.g.,p = 2). All the results show that the
presented SOC model with 10 cisoids can be very effectivedgdor the statistical
analysis of the capacity of multipath fading channels.
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A. A Proofof (14)

_°°°° 2In(2)22 . (22-1) \ .- ..
_0/42 ( \/ e 1)+92 . )d@dz. (A1)

By substitutingz2%In(2) / ys = X and (22— 1/ ) 26 =Y, we can write

Let

(22In(2) / ) 20T 21w/ X2+ Y2
2(2-1/y) //x (m

Transforming the Cartesian coordinaf¥sX) to polar coordinateg, 6) usingY =
xsin@ andX = xcos@ allows us to express the equation (A.2) as

) dY dX. (A.2)

_ (22In(2)/ys)*2 i 2 27TWX q A3
2(22-1/y) O/x b 7\/22_71/)/5 X. (A.3)
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Abstract — In this paper, we have introduced a new channel model refeed
to as the Ricem channel model for frequency non-selective fading channels
The Rice-m channel model is defined as the Euclidean norm of a vector press
consisting of2m real-valued non-zero mean Gaussian processes. The general
ity of this model comes from the fact that it inherently incorporates the classi-
cal Rice channel and the Nakagamm channel as special cases. The proposed
channel model is employed for the statistical analysis of th received signal
envelope and the channel capacity. We present exact clostam analytical
expressions for the probability density function (PDF), cunulative distribu-
tion function (CDF), level-crossing rate (LCR), and avera@ duration of fades
(ADF) of both the signal envelope as well as the channel capacof Rice-m
channels. The results are analyzed for different values ofhie fading param-
eter m and the mean values of the underlying Gaussian processes. Wil
show that the statistical properties of the envelope and theapacity of Ricem
channels are quite different from those of Nakagamim channels. Specifically,
Rice-m channels have a higher mean channel capacity and a lower saé of
the channel capacity. The correctness of the theoretical gailts is verified by
simulations. The importance of this study lies in merging tle classical Rice
and Nakagamiin channel characteristics into a new channel model, which has
thus a higher flexibility than the two former ones.

I. INTRODUCTION

The statistical analysis of the channel capacity of molaiterfg channels has been
a very active area of research in the past decade. Espesialte the pioneering
works of Foschini and Gans [5] as well as Telatar [22], nurasmxticles have been
published dealing with the analysis of the channel capadiiayleigh and Ricean
channels [6, 8, 10, 11]. The Rayleigh and Rice distributemeswidely accepted as
suitable frequency-nonselective channel models for miogliéhe fading behavior in
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dispersive urban environments. However, it has been regartthe literature that it
is very common to come across scenarios where the fadingrs opless severe)
as compared to the Rayleigh fading [3, 4]. Thus, in order solysimore realistic
fading scenarios, a more general channel model comparéxt tRdyleigh model
is required. For this reason, the Nakagamprocess has gained much attention
in recent years due to its flexibility of modeling differemtding conditions, math-
ematical ease, and good fitness with experimental data [33}4, The statistical
analysis of the channel capacity of Nakagam¢hannels can be found in [16, 19].
Moreover, in land mobile terrestrial channels, the comthiefects of severity of
fading and shadowing on the channel capacity has been dtudig7] by employ-
ing the Nakagami-lognormal channel model. Even with aB tieisearch going on,
the communication engineers are still striving to provideetter description of the
wireless fading channel to provide the basis for a realstidy of the performance
of wireless communication systems.

In this article, we have proposed a channel model referrad the Ricanchan-
nel model. The novelty in this channel model comes from tisei@ption that the
underlying random processes in the Nakagamihannel model are independent
and identically distributed (i.i.d.) Gaussian processagh with non-zero mean.
Hence, the received signal envelope of the Ritehannel is modeled as the square
root of a sum of Bh squared non-zero mean i.i.d. Gaussian processes. The pro-
posed channel model includes the NakagamRice, and Rayleigh fading channel
models as special cases. We have derived closed-form eahlgkpressions for
the statistical properties of both the envelope and thedaigpaf Riceim channels.
The analysis of the received signal envelope and the chaapelity for different
levels of the severity of fading as well as for different meatues of the underly-
ing Gaussian processes is presented in this paper. It isvalosthat the statistics of
the envelope and the channel capacity of Ritehannels are quite different from
those of the Nakagammchannels. The obtained results show that the spread of the
received signal envelope decreases with a decrease inwhigtgef fading. More-
over, the received signal envelope corresponding to Riaftannels has a higher
mean value as compared to that of Nakagamuhannels. It is also observed that
the channel capacity of the Nakagamiehannels has a lower mean and broader
spread as compared to that of Rimechannels. Moreover, at medium and high
signal levels, the ADF of the channel capacity of Nakagemuhannels is higher
than the ADF corresponding to Rieechannels. In order to check the correctness
of the derived theoretical expressions, we have used a laghbhrmance channel
simulator.
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The rest of the paper is organized as follows. In Section & will briefly de-
scribe the Ricen channel model. Here, we will also present the PDF and the CDF
of the Ricem process along with the LCR and the ADF. The statistical progee
of the channel capacity of Riaachannels are derived in Section Ill. In Section IV,
some special cases of the Riceprocess are discussed. Section V deals with the
analysis of the theoretical and simulation results. Fnafe conclusions are pre-
sented in Section VI.

1. THE RICE-m CHANNEL MODEL

Let us consider a vector proceXst) = [x1(t)Xo(t) - - - Xom(t)]", wherex;(t)
(i=1,2,...,2m) are i.i.d. real-valued Gaussian processes with zero-mehnaxi-
ancedz/m and a vectomy = [my, m, - - - my,.]| with real constant entriesy,
(i=1,2,...,2m). Here, 2n > 1 is a positive integer and)" represents the matrix
transposition. The underlying Gaussian procesgéshave the same autocorrela-
tion function (ACF) denoted bgx (7) fori = 1,2, ...,2m. From [23] we know that
the Euclidean norn{X(t)|| of the proces(t) follows the Nakagamin distribu-
tion. The Ricem process is defined as

X = (X +mx]|
= /X2 X3+ -+ X3 (0) (1)

wherex;i(t) = x(t) +my (i =1,2,...,2m). The procesg(t) can be interpreted as

a Rice process of orden®[21]. Here, the parameten controls the severity of the
fading. As the value o increases, the fading severity decreases and vice versa.
The PDFpy(z) of the Ricem processx (t) is given by [21, Eq. (2.21)]

_2+p?
o mZ Sz (me),zzo

20,
= e 0 I —1
2 Am—1 m 2
asp o

(2)

Px (2)

wherep = ||mx|| andl(+) is the modified Bessel function of the first kind of order
n[7]. By usingm=1in (2), it can be observed that the PPE(z) reduces to the
classical Rice distribution given by [12, Eq. (6-74)]. Mover, by using the small
argument representation of the modified Bessel functioieffl,(9.6.7)], it can be
proved that forp — 0 the PDFpy(z) is equal to the Nakaganmdistribution pre-
sented in [12, EqQ. (4-45)]. Similarly, fan=1 andp — 0 in (2), the Rayleigh
distribution is obtained. It can be seen here that the mehresaf the underly-
ing Gaussian processgst) (i = 1,2,...,2m) control the parametew. Hence, by
increasing the mean values of the underlying Gaussian ggesethe value @f in-
creases and vice versa. The CBHr) of the Ricem processx (t) can be obtained
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usingFy (2) = J5 py(X)dx The expression for the CDIF (z) can be found in [21,
Eq. (2.22)].

One of the most important characteristic statistical qgtiastof fading channels
is the LCR, which provides an insight into the fading ratel&f thannel. The LCR
is defined as the average number of up-crossings (or dowsiogss of the received
signal envelope through a certain threshold in a time domadf one second [13].
In order to find the LCR of the Ricetchannel, we need the joint POy 5 (z, 2) of
X (t) and its time derivativey (t) at the same point in time. Throughout this paper,
we will represent the time derivative of a process by a ratad The joint PDF
Pyx(z 2) can be found using a similar procedure found in [2] as

2
= pX(z)w /%e‘ﬁ, 2>0,]2 <o (3)

where 8 = —fyxx (0). Under the assumption of isotropic scattering, the quantit
B is given by 2 1oy fmax)zlm [13]. Here, fax represents the maximum Doppler
frequency. The LCRNy(r) of the Ricem processy(t) can be obtained by using

[20]

00

N(r) = [ 2pex(r. 20z @

0

Ny (r) = \/gpx(z), r>0. (5)

The ADF of the received signal envelope in a fading chanmebsents the average
duration of time over which the signal is below a certain shiid level. It can be
expressed as [9, Eq. (1.3-41)]

as follows

Tx(r) = (6)

whereF, (r) andNy (r) are given by [21, Eq. (2.22)] and (5). In the next section, we
will study the statistical properties of the capacity of & channels.
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[1l. STATISTICAL PROPERTIES OF THECAPACITY OF RICE-m CHANNELS

The instantaneous capaciiyt) of Riceim channels can be expressed as [5]

C(t) =log, (1+ yex(t)) (bits/s/Hz) @)

whereys denotes the signal-to-noise ratio (SNR). The above exjpresan be con-
sidered as a mapping of a random procgés to another random proce€Xt).
Hence, the statistical properties of the channel capaaitybe found with the help
of the statistical properties of the proceg&). In order to find the PDF of the
channel capacity, we first need to find the PRE(z) of the procesg(t), which
can be achieved by using the relatipg(z) = px(1/2) /2./Z. Thereafter, the PDF
pc(r) of the channel capacif(t) is obtained using the concept of transformation
of random variables [12] as

2'In(2) <2f—1)
ry =
Pe(r) Ys Px? Ys
m-1 r 2
r r_ 1)z r_ 2\ _Z-1typ”
2In(2)(2 ~1) |m1< @ -1p? )e Ao 150, @)
(P?Ys) 2 2ys04/m 0¥ /P

The CDFFR(r) of the channel capacit§(t) can now be obtained by solving the
following integral [12]

Fe(r) = [ pe(@)dz ©
0

By inserting the expression of the PQc(r) from (8) in (9) allows us to express
the CDFFR:(r) as

0o Ug Ys/M

Fc(r)zl—Qm<\/mp, (Zr_l>>, >0 (10)

whereQm(-, -) represents the Marcum Q-function [15, Eq. (2-1-122)]. Agalsly
to (4), the LCRNc(r) of the channel capacity(t) is defined as

[ee]

Nc(r):/'z e(r,2)dz, 1> 0 (11)

0

where p:(z,2) denotes the joint PDF of the channel capa€ify) and its time
derivativeC(t). Using (3) and by applying the concept of transformatioraoidom
variables, we can express the joint PPk (z 2) as
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_ 22In(2))2 (22—1 22'zln(2))
: Z7Z - - X )
pCC( ) ( v pX2X2 Ve Ve

2 F-1 22 aypp? 2.
- (@) mE Y i 22
Ys 402p™1\/2mP alys /m?
(12)

for z> 0 and|z] < «. By substituting (12) in (11), the resulting expressiont t
LCR Nc(r) can be presented in closed form as

Bm(z -1 fa ([
No(r) =\ g 7ot € O Imo (o
2m oggp™ agys /mP

), r>0. (13)

Finally, the ADFTc(r) of the channel capacit(t) can be obtained using

Fe(r)
Ne(r)

Te(r) = (14)

whereFc(r) andNc(r) are given by (10) and (13), respectively.
IV. SPECIAL CASES OF THERICE-m CHANNEL MODEL

In this section, we will discuss some of the special casef®fRicem channel
model. We will present the conditions in which the statetigroperties of the ca-
pacity of Ricem channels are equal to that of the NakagamRice, and Rayleigh
channels. To the best of our knowledge the analytical espyes for the PDF, CDF,
and LCR of the channel capacity of classical Rice and Nakagaamannels are not
published in the literature.
A. The Rice Channel

The Ricem channel model reduces to the classical Rice channel mod#ido
special case whem = 1. Hence, by settinghto 1 in (8), (10), and (13), the PDF,
CDF, and LCR of the capacity of the Ricechannel can be expressed as

o n(2) - Ztpwe® o _1)p2
Pe(r) -2 Do e 1o ([E00

— e
2 7
2ys04 a5 Vs

>, r>0 (15)

Fe(r) |me1 =1-Q1 (B, (2r2_1)>, r>0 (16)

0o ogys
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and

No(r) 1= L‘”%T%?.( -y

, >0 17
203 s os‘ys/ﬁﬂ) 4

respectively. The expressions presented in (15)—(17espand to the statistical
properties of the capacity of Rice channels.
B. The Nakagami-m Channel

Let p — 0, then the Ricen channel reduces to the Nakagamehannel. In this
case, the PDF, CDF, and LCR of the capacity of the Rioghannel can be written
as

~ 2In@mm 28— 1\™ ! me
pc(r)|p—0 = ysr(m)Qm< v ) e % ,r>0 (18)
r <m m(g_1)>
1 ? Ys
Fe(r)[p—0 =1 rm "2 0 (19)

and

m—3 ;

_2VB(2 -1y gy (20)

vanr (m) (@/m)
respectively. Starting from the Nakagamichannel, it can be proved that (18),
(19), and (20) indeed correspond to the PDF, CDF, and LCRemwsely, of the
channel capacity of Nakagam-channels. Hence, the statistical properties of the
capacity of Ricem channels approach to that of Nakagamchannels ap — 0.
C. The Rayleigh Channel

The Ricemchannel equals the Rayleigh channehif= 1 andp — 0. Hence, the
expressions for the PDF, CDF, and LCR of the capacity of Rglylehannels can
be obtained as a special case of the previously derived €sipres in (8), (10), and
(13), respectively, by settingp= 1 andp — 0. The expressions for the PDF, CDF,
and LCR of the capacity of Rayleigh channels can be found8nEps. (23-25)],
respectively.

Ne(r) |p—0

V. NUMERICAL RESULTS

In this section, we will discuss the analytical results od in the previous sec-
tions. The validity of the analytical results will be verdievith the help of simu-
lations. For comparison purposes, we have also shown théses some special
cases, such as Nakagamiehannelgp — 0), Rice channel$m= 1), and Rayleigh
channelgp — 0, m=1). In order to generate the Gaussian distributed waveforms
xi(t) (i=1,2,...,2m), we have employed the sum-of-sinusoids model [13]. The
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model parameters were calculated using the generalizeldoohetf exact Doppler
spread (GMEDY [14]. The number of sinusoids for the generation of Gaumssia
distributed waveforms;(t) was chosen to bl = 29+i fori =1,2,....,2m. The
maximum Doppler frequencimax was 91 Hz, the SNRs was equal to 15 dB, and
the parameteoy was set to unity. Finally, using (1) and (7) the simulatiosulés
for the statistical properties of the channel capa€ity) of Riceim channelsy(t)
were obtained.

The PDFpy (x) of the Ricem processeg (t) is shown in Fig. B.1 for different
values of the fading parametarand the parametgy. It can be seen that for any
value ofm, increasing the value gb increases the spread of the PDF of Rige-
processeg (t). However, for any value gb, an increase in the severity of fading
(i.e., decreasing the value of the parametgmcreases the spread of the PDF. The
PDF pc(r) of the capacityC(t) of Riceimn channelsy(t) is presented in Fig. B.2.
It is observed that for any value pf, a decrease in the severity of fading (i.e., in-
creasing the value of the parametgy results in an increase in the mean channel
capacity for small values ah, saym < 4. However, for large values aof, the
severity of fading has no influence on the mean channel dgp&egure B.3 illus-
trates the same effect, where the mean channel capacitgtiegin terms of the
fading parametem for two different values op. It is also clear from Fig. B.3 that
Nakagamim channels have a lower mean channel capacity as compareddonRi
channels. Figure B.2 is also helpful for understanding éhationship between the
spread of the channel capacity and the severity of fadingiftarent values of the

1 : ‘
—Theory
m = 2.5,2,1.5,1 ° Simulation
0.8 p=0; m =1 (Rayleigh channels)
= m = 25,2151 |
< O
o p =2; m =1 (Rice channels)
A
0.4t p — 0 (Nakagami-m channels) i
0.2r p = 2 (Rice-m channels) |
/
C 1 1 \ 5
0 1 2 3 4 5 6 7 8
Level, x

Figure B.1: The PDFpy(z) of Ricem processeg (t).
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Figure B.2: The PDRp¢(r) of the capacity of Ricen channels.
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Figure B.3: The mean capacity{€(t)} of Riceim channels.

parametep. It can be noticed that increasing the valueradecreases the spread of
the channel capacity. It is also observed that the capatfakagamim channels
has a broader spread as compared to the Rickannel§p =2). The LCR of
the channel capacity is studied in Fig. B.4. It is observed fbr any value op, a
decrease in the severity of fading decreases the LCR of #wenet capacity. More-
over, at higher signal levels, we can observe that Ricghannels have a higher
LCR of the channel capacity as compared to that of Nakagawriannels. Fur-
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Figure B.4: The LCRNc(r) of the capacity of Ricen channels.
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Figure B.5: The ADFI¢(r) of the capacity of Ricean channels.

thermore, the maximum value of the LCR of the capacity of Njalkai-n channels
is higher as compared to that of Rioeehannels.

Finally, the ADF of the channel capacity is shown in Fig. Blbcan be seen
that for any value op, the channels with high values of have a higher ADF of
the channel capacity and vice versa. It is also observeddhatedium and higher
signal levelsr, channels with low values @b have a higher ADF of the channel
capacity. However, at low signal levels, the value of theapsaterp does not have
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a significant influence on the ADF of the channel capacity. il@mobservations
have been made for the ADF of Rice and Rayleigh channels irp.145].

VI. CONCLUSION

In this article, we have proposed a general channel modairesf to as the Ricex
channel model. The proposed channel model assumes thatdbdying Gaussian
processes in the Nakagamichannel model have non-zero mean values. The re-
ceived signal envelope in the Rioechannel model is obtained as the square root
of a sum of 2n squared non-zero mean i.i.d. Gaussian processes. Theafener
ity of the channel model comes from the fact that it contaireeRRayleigh, and
Nakagamim channels as special cases. We have derived exact anabjbsald-
form expressions for the statistical properties of the Epaand the channel ca-
pacity of Ricem channels. Our study shows that the mean value of the undgrlyi
Gaussian processes and the severity of fading have a sagiifitfluence on the
statistical properties of the channel capacity. Specificale have observed that
increasing the mean values of the underlying Gaussian ggese(or decreasing
the severity of fading) increases the mean channel capagityle, the spread of
the channel capacity decreases. Moreover at higher signels| the LCR of the
channel capacity of Nakagam-channels is lower as compared to that of Rice-
channels. The ADF of the channel capacity of Nakaganshannels on the other
hand, is higher for medium and high signal levels as comptredat of Ricem
channels. However, the mean values of the underlying Gaugsocesses have no
influence on the ADF of the channel capacity at low signallkevEhe correctness
of the theoretical results is confirmed by simulations.
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A Study of the Influence of Shadowing on the
Statistical Properties of the Capacity of Mobile Radio
Channels
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Abstract — This paper? studies the influence of shadowing on the statistical
properties of the channel capacity. The problem is addresskby using a Suzuki
process as an appropriate statistical channel model for lashmobile terrestrial
channels. Using this model, exact solutions for the probalify density function
(PDF), cumulative distribution function (CDF), level-crossing rate (LCR), and
average duration of fades (ADF) of the channel capacity are efived. The re-
sults are studied for different levels of shadowing, corrgsonding to different
terrestrial environments. It is observed that the shadowingy effect has a signifi
cant influence on the variance and the maximum value of the PDBnd LCR of
the channel capacity, but it has almost no impact on the meanapacity of the
channel. The correctness of the theoretical results is confhed by simulation
using a stochastic channel simulator based on the sum-ofmsisoids principle.

Keywords—Land mobile terrestrial channels, channel capacity, eaty ef-
fects, lognormal process, Suzuki process, level-crossitey average duration of
fades.

I. INTRODUCTION

The channel capacity can be considered as a measure of hdwmnfioignation can
be transmitted over a channel with a negligible probabditerror [8]. The pre-
cise knowledge of the statistical properties of the chanapécity is indispensable
for the development of future mobile communication systeWkile studying the

1The material in this paper is based on “The Impact of Shadgwimthe Capacity of Mobile
Fading Channels”, by Gulzaib Rafiq and Matthias Patzoldctvlappeared in the proceedings of 4th
IEEE International Symposium on Wireless Communicatiost&ys, ISWCS 2007, Trondheim,
Norway, October 2007.
(© 2007 IEEE.
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capacity of mobile fading channels, the dynamic behaviathefchannel is gen-
erally ignored. However, for the development of future optied heterogeneous
multiuser communication networks, it is important to knoamhfast the channel
capacity changes with time. Therefore, studies pertaitangveil the dynamics of
the channel capacity can be very helpful to achieve hightx ddes while keep-
ing the probability of error as low as possible. In mobile coumication systems,
the LCR and ADF of the channel capacity are important charetic quantities
which provide insight into the dynamic behavior of the chelnrapacity [7], [4].
The LCR of the channel capacity describes the average nuohib@rcrossings (or
down-crossings) of the capacity through a fixed level withitime interval of one
second. Analogously, the ADF of the channel capacity is ¥peeted value of the
length of the time intervals in which the capacity is below\eeqg level [7, 4, 6].

The random amplitude fluctuations of the received signabsamodeled using
an appropriate stochastic process. It has widely been sxtdpat for urban and
suburban areas, where the line-of-sight (LOS) signal cerapbis blocked by ob-
stacles, the Rayleigh process is a suitable stochastiegsdo model the channel
[21, 11, 12]. In rural regions, however, the LOS componemifien a part of the
received signal, so that the Rice process is an approphaieefor modeling such
channels. The validity of Rayleigh and Rice channel modelsrited to small ar-
eas having dimensions in the order of a few tens of wavelangfhe local mean
of the received signal envelope remains approximatelytaohf these areas [10].
The local mean, however, fluctuates in large areas due tmsliagl effects. It has
widely been reported in the literature that shadowing cagadtely be modeled by
a lognormal process [5, 1, 18, 9]. Therefore, for the casamd mobile terrestrial
channels, a Suzuki process is considered to be a more sugtdistical channel
model [15]. The Suzuki process is generated by taking thdymtoof a Rayleigh
and a lognormal process [20]. The analysis of the PDF, CDR,l&bd ADF of the
channel capacity of fast fading channels, like Rayleighhaleds can be found, e.g.,
in [7, 4, 6], [19], [3]. However, there is a lack of informatioegarding the com-
bined effects of shadowing and fast fading on the channelagp The purpose of
this paper is to close this gap by using a Suzuki process ap@om@iate channel
model.

The paper studies the influence of shadowing on the chanpatitg. In par-
ticular, we have derived analytical expressions for the RTIBF, LCR, and ADF
of the capacity of Suzuki channels. Previous studies shaitlie shadow standard
deviation can have a wide range of values depending on trestaal environment
[5]. Therefore, itis important to study the statistical pedties of the channel capac-
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ity for different values of the shadow standard deviationr @nalysis has revealed
that the variance and the maximum value of the PDF and LCReaglthnnel capac-
ity, respectively, are highly influenced by the shadow séaddieviation. However,
this parameter has nearly no effect on the mean channelitapac

The rest of the paper is organized as follows. In Section 2reveew briefly
the Suzuki process. The statistical properties of the oblazapacity for this model
are analyzed in Section 3. Section 4 introduces some sprsat of the presented
channel model. The simulation model used to verify the tical results is intro-
duced in Section 5. In Section 6, the theoretical and sinanaésults are discussed.
Finally, the conclusions are given in Section 7.

1. THE SuzUKI CHANNEL MODEL

In this section, we will describe the Suzuki procesgs), which is considered as a
proper statistical channel model for our problem. The Suptdcess is defined by
[20]
n(t)=4(t)-A(t) (1)
where( (t) represents a Rayleigh process artl) denotes a lognormal process.
The Rayleigh procesg(t) can be described as

¢(t) = |u()] (2)

wherep(t) is a complex Gaussian process, i.e.,

p(t) = pa(t) + jua(t). 3)

In (3), p1(t) andup(t) are uncorrelated zero-mean real-valued Gaussian pracesse
with identical variancesrg. Under the assumption of isotropic scattering, the au-
tocorrelation function (ACFj,,(T) of the complex Gaussian procgsg) is given
by [14]
Fpp(T) = Ty (T) 41 g (T) (4)
where
M (T) = 0830 (2Mfmaxt), i=1,2. (5)

In (5), Jo(-) denotes the Oth-order Bessel function of the first king, (1) is the
ACF of the procesgi;(t), and fmax represents the maximum Doppler frequency.
The lognormal procesk(t) in (1) can be expressed as

Alt) = 100 Vvs(t)+mc]/20 (6)
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wherevs(t) is a zero-mean real-valued Gaussian process with unitn@iaThe
third Gaussian procesg(t) is statistically independent of the other two Gaussian
processesg! (t) ando(t). The parameters;. andm are called the shadow stan-
dard deviation and the area mean, respectively. It has Hdesaneed that the shadow
standard deviation depends on the terrestrial environfagniSpecifically, it has
been shown in [5] thaty = 4.3 dB can be chosen as a suitable value for urban
environments, whereag = 7.5 dB is an appropriate value for suburban areas. The
PDF p, (z) of the lognormal procesk(t) is given by

20 (20log(2)—my )2
ot z>0. (7)

PA(2) = \/21tIn(10) aLze

For the spectral shape of the procegét) in (6), we have assumed a Gaussian
power spectral density (PSD) given by [15], [17]

1 —
S/3V3<f):\/g_[o_e Eg (8)

whereg; is related to the 3 dB cutoff frequendyby f. = gc1/2In(2). Itis assumed
that fc is much smaller tharfmay, i.€., Kc = fmax/fc > 1. The inverse Fourier
transform ofS,_v_(f) in (8) results in the ACF,_y_(7) of the procesws(t) as

Fopuy (1) = & 270, (©)

The time derivative of the Suzuki procegé) is represented by (). In order to
analyze the statistical properties of the Suzuki channghcity (see Section 3), it
is necessary to find the joint POf2;,2(z,2) of n?(t) andn?(t). This problem can
be solved by first finding the joint PDp; (2, 2) of n(t) andn(t) at the same time
t. Thereafter, using the obtained expressiondgs (z, 2), the joint PDFpp2,2(2,2)
can be found by applying the concept of transformation oflcam variables [13].
After some algebraic manipulations on the results found &j,[the PDFp, (z) of
n(t) can be written as

207 /°°
Pni2) = In(10)v/2nog o, /

y_]é.e<ﬁf’oy) g(zo%y;fw) dy, z> 0. (10)

2Throughout this paper, we will represent the time deriatifa process by an overdot.
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Similarly, the joint PDFp,54(z 2) can be expressed as [15]

e () o (22) :
. 200y 20, (o
Pnn(22) = 29-2 /e € "~ e (\/ﬁw«zﬁy)) dy,
2min(10)\/Bogor yK(zy)

2>0,|Z <o (11a)

where

y za|_ln(10))2
K(zy) = 1+—<7 11b
(Zy) \/ 3 20y (11b)
and

B = _r.HiHi(()):z(nfmaXO-O)Za =12 (11c)
y = —'r'vsvs(o):(Znac)z. (11d)

Here, 3 represents the negative curvature of the AGln (7) of i (t) at the origin

[14], ie., )
B= —grrun(n)| = —fun(0). i-12 12)

In accordance with (12), the parameyas defined.

In order to find the joint PDFp,,2;2(2 2), the concept of transform-ation of
random variables [13] is applied. Hence, by using the m@tetnip pnz,-,z(z, 2) =
(1/4z) % ppy(v/Z.2/2,/Z), we can write by using (11a)

. (ﬁ)z (WM.)z
5/\/B>Z /e V2ogy ) @ V2o

) 2
e ( \/@zyszy)) dy
2nin(10)0éo. YK (v/2Y)

Pp242(2,2) =
0
2> 0,2 < . (13)

The expression fop,2;2(z,2) in (13) will be used in the next section for the calcu-
lation of the LCR of the channel capacity. From (13), it carobserved that?(t)
andn?(t) are not statistically independent processes, since thigir PDF cannot
be written as a product of the marginal PD§;s(z) and p;2(2). By using (13) in
Pr2(2) = 7% Pn2q2(2 2)dz, the PDFp,2(2) of n?(t) can be written as

o (2 \®(2000y-m )
e \/Eooy e \/EGL

(2) = 10 /
Pr22) = V2min(10)cgai ) Y

dy, z>0. (14)
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The formula presented above will be used in the next seati@alculate the PDF
of the channel capacity.

[1l. STATISTICAL PROPERTIES OF THECAPACITY OF SUZUKI CHANNELS

In this section, we will first introduce the capacity of theaohel described by
Suzuki processes. Thereafter, the expressions for thetgtalt properties of the
channel capacity will be derived using the results obtaingde previous section.

The expression for the channel capa€ity) of an additive white Gaussian noise
(AWGN) channel can be written using the Shannon capacityfita [2] as

C(t) = log, (1+ Vs |H (t)|2) (bits/sec/Hz) (15)

where the quantitys is the signal-to-noise ratio (SNR). In (13)(t) represents
the random complex channel gain described using any seitbthastic channel
model. In this article, we have represented the random ehah(t) by a Suzuki
processn(t). From the fact that the Suzuki procegé) is a real-valued random
process, the instantaneous capacity of the Suzuki chamii&b) can be expressed
as

C(t) = log, (1+ ysn?(1)) (16)

The expression presented in (16) can be considered as amgapipihe random
process) (t) to another random proceSst). Therefore, by applying the concept of
transformation of random variables [13], the PP&, (r) of the channel capacity
C(t) can be written by substituting (14) in the expresspen, (r) = (2"In(2)/ys) x
P2 (2" —1/y) as

dy, r>0. (17)

N =R 7(20I09(y)
2'In(2)10 /e =) e \ VA

r) =
Pe.n (1) \/ﬁln(m)ysagm_o

The CDFFc 5(r) of the channel capacit¢(t) can now be expressed by using
Fen(r) = Jo pc.p(X)dxas

o Zolog(y

/ 25) [ ) gy 10 (18)
= —e 90 o r > 0.
v nln 10) GLO y Y

|_\

Feq(r) =

The LCRNc j(r) of the channel capaci(t) is defined as [7]
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[oe]

Ne.n (1) = /2pbc-7n(r,'z)d'z, r>0. (19)
0
Thus, in order to find the LCR\c ,(r), the joint PDFpg¢ (2 2) of C(t) and
C(t) is required. Applying the concept of transformation of ramdvariables [13],
Pce p(2,2) can be expressed after substituting (13pig ,(z,2) = (2°In(2)/ Ve)% x
Pn242 (22— 1/Ys,2°2IN(2) / vs) as

0 21 2 2
. 5x (2%In(2 \/Z_VSUOV) (20%)—@)
pCCJ] (27 Z) = / o,
0

2my/22—1In(10)y2 f Bogai

y*K
( an )
xe \WVHRE dy, z>0,|2] < o (20)

whereK (-, ) is the function introduced in (11b).
After substituting (20) in (19) and carrying out some algebralculations, we
obtain

<2owa

)2
e r_
K ( 2 1,y> dy,

¥s
r>0. (21)

Neq(r) = 29 / Faoy

27tin( 10 ysao oL

Due to the quantity3, appearing in the numerator of (21), it is observed that the
LCR Nc 5 (r) of the channel capacit@(t) is proportional to the maximum Doppler
frequencyfmax. This can be seen by replacifgn (21) by the expression presented
in (11c). Thus, by normalizinlc ,(r) on fmax, the influence of the mobile speed
on the LCR can be removed.

Finally, from (18) and (21), the ADHc (r) of the channel capacit@(t) can

be obtained using [7]
Fen(r) ‘
Ne,n (1)

IV. SPECIAL CASES OF THESUZUKI CHANNEL MODEL

TC,r](r> = (22)

In this section, we will derive the statistical propertidstee channel capacity of
Rayleigh and lognormal processes. It will be shown that tireesponding statis-
tical quantities like the PDF, CDF, LCR, and ADF of the chdroepacity can be
obtained as special cases of the respective results ddav&lizuki processes in
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the previous section. The detailed discussion on the oglshiips between the sta-
tistical properties of channel capacity of Suzuki, Rayheignd lognormal processes
can be found in Section 6.
A. The Channel Capacity of Rayleigh Processes

Let o — 0 andm_ = 1 (unit area mean), then the PDF, CDF, and LCR of the
channel capacity of Suzuki channels can be written as

r [ 21
2 In(2) (2)/5_05), r>0 (23)

lMN|o -0 = e
m7r’< ) ml-ng 2y50_02
,(L—lz)
FCJ](r) o.—0 = 1—e \25% , > 0 (24)

m =1
and
2’1

o0 = iz Me(@%) r>0 (25)
m=1 0§ 2TTys
respectively. It can be observed that the expressionsmexsabove correspond to
those known for the channel capacity of Rayleigh channéld{&nce, the Rayleigh
process is a special case of the Suzuki process when 0 andm, = 1.
B. The Channel Capacity of Lognormal Processes

In order to derive the expressions for the statistical priogee of the capacity
of lognormal channels, a similar procedure can be appliedeasloped here for
Suzuki channels. By using the result for the joint PPF, (z,2) of A(t) andA (t)
in [15] and following similar steps from (13) to (21), the egpsions for the PDF,
CDF, and LCR of the capacity of lognormal channels can beesgad as

N, (r)

2

{27 L

B 2'In(2)10 Vao,
Pea) = Uin10) @ — 1oL ’ (20)
In(2)10 P - (LIOQ( fz—;%w)z
FC,)\(r) = \/Z_[ln(lo)o_l_ O/ (2)(_ 1) ‘€ dX, r 2 O (27)

and

B (20I09<\/;%>m|_)
Nea(r) = Ve “ ) rzo0 (28)
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respectively. Furthermore, the ADF of the capacity of lagmal channels can be
found using (22), (27), and (28). Alternatively, one canwltbat the expressions
(26)—(28) can be obtained by settigg = 0 in (17)—(21).

V. THE SIMULATION MODEL

In this section, the analytical results derived in the prasisection will be verified
by simulation. We have employed a stochastic channel storut@ased on the sum-
of-sinusoids principle [14]. The resulting structure oé teimulation model for
the analysis of the capacity of Suzuki channels is shown gn €Eil. Here, the
hat(") symbolizes the fact that the underlying stochastic prazsease modeled by

cos2z f,,t +6,,) %é%—

cos(2r fi,t+06,,) %

(1)
- L 10
cos2z f, t+6,,) %(%%—

cos(2r f,,t+6,,) %

CoS(27 fipt + 6y, )%M

: i, (1) A
2 9 2V ko C t
COS(27 fy 5,1 + 2»Nz)ﬁ%}%_ Q@glogz(lﬂﬁ(')z)L

NGy p—
Cos(27 fy t + 0 )) —>R—>

cos(2m f3,2t+493$2)ﬁ%>i O 51 A

. + 1020
. C3N 3 t
cos(27rf3’N3t+€3,N3)%§>%3 il )%iﬁ

Figure C.1: The stochastic simulation model for the capaaitalysis of Suzuki
channels.

applying the sum-of-sinusoids method with constant gaipsconstant frequencies
fin, and random phase$ n, respectively. The phasds, are independent and
identically distributed (i.i.d.) random variables, ea@vimg a uniform distribution
over the interval (). For the stochastic processgg(t) and [i»(t) in Fig. C.1,

the parameterd; , andc; , are calculated using the generalized method of exact
Doppler spread (GMEDS [16]. Whereas, for the stochastic procesét), these
parameters are calculated by applying the modified methedwdl areas (MMEA)
[17]. In Fig. C.1, the mapping of the Suzuki procesg) to the capacityC(t) is
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also shown. Finally, by using this model, all simulationuléspresented in the next
section are obtained by averaging over 15 sample functibthﬁeccapacit)é(t).

VI. NUMERICAL RESULTS

In this section, we will discuss the analytical and simwalatiesults for the statistical
properties of the channel capacity. In order to illustrhteibfluence of the shadow-
ing effect on the statistics of the channel capacity, we laken into account differ-
ent values o, ranging from 1 dB to 10 dB. We have also included some special
cases, e.g., Rayleigh fadirfgi — 0 dB) and lognormal fadingo? = 0), in our
study for comparison purposes. Moreover, the results oétioro; = 4.3 dB (ur-
ban environment [5]) and;. = 7.5 dB (suburban environment [5]) are also shown.
For the simulation model presented in Fig. C.1, we have hed 30, N, = 31,
andNs = 32. The maximum Doppler frequendyax was chosen to be 91 Hz. The
value for the parameteq; was taken as 5 and the value iqf and area meam_
was set to unity. Unless otherwise stated, the value of tHe BM/as set to 25 dB.
Firstly, the PDFs of the lognormal and Suzuki processeshaeis in Figs. C.2
and C.3, respectively. These figures demonstrate that #tmshstandard deviation
oL has a dominant effect on the spread and the peak value of the BDthese
processes. The PDF and CDF of the capacity of the Suzuki gsce presented
in Figs. C.4 and C.5, respectively. Results for the specis¢s, i.e., foop — 0 dB
andgg = 0, are also shown in these figures. From these results it cabderved
that, as the value afi approaches 0 dB, the statistics of the capacity of the Suzuki

3.5 \
—Theory
3l - Simulation| |
2.57 O‘L — 1 dB *
= op, =2 dB
< 2" E
Q: g, = 3dB
E 15 or, = 4.3 dB (Urban area) i
A o =6 dB
1 o = 7.5 dB (Suburban area) |
0.5/ |
1 2 4 5 6 7

Figure C.2: The PDF of lognormal processes.
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Figure C.3: The PDF of Suzuki processes.

0.3 ‘
—Theory o7 — 0 dB (Rayleigh process)
- Simulation o, =1dB
0.25- op =2 dB 1

Lognormal process o, =3dB

or, = 4.3 dB (Urban area)
o, =6dB h

(o = 4.3dB)

0.2r

§ Lognormal process |
.- 015- (0 =7.5dB)
A
~

A
| or=9dB

o =10 dB

o
=

0 5 10 15 20
Level, r (bits/sec/Hz)

Figure C.4: The PDF of the capacity of Suzuki and lognormahciels.

process approaches the statistics of the capacity of thizighyprocess.

The mean capacitl [C(t)] of the Suzuki process is shown in Fig. C.6 for dif-
ferent values of the SNR;. From Figs. C.4 and C.6, it can easily be seen that the
shadow standard deviatian has nearly no influence on the mean capacity of the
Suzuki process. The variance of the channel capacity iepted in Fig. C.7. It
is quite evident that an increase in the shadow standaraititavio, increases the
variance of the channel capacity. This observation is imetance with the results
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Figure C.5: The CDF of the capacity of Suzuki and lognormalctels.
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Figure C.6: The mean capacity of Suzuki channels.

presented in Fig. C.4. Similarly, the same effect can berobddyy increasing the
value of the SNRk. In Figs. C.8 and C.9, the normalized LCR and ADF of the
channel capacity are shown, respectively. It can be obdehat the Rayleigh and
lognormal processes set an upper and a lower bound, resggctin the LCR of
the capacity of the Suzuki process. For low and medium sigwalsr, the LCR

of the capacity of the lognormal process is lower than the ld€Bhe capacity of
the Suzuki and Rayleigh processes. However, for high sigrealsr, the LCR of
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Figure C.7: The variance of the capacity of Suzuki channels.
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Figure C.8: The normalized LCR of the capacity of Suzuki aghbrmal channels.

the capacity of the lognormal process is higher than thdt@8uzuki and Rayleigh
processes. Analogously, the converse statement is trueddkDF of the channel
capacity. It is also observed from Figs. C.4 and C.8 thaeasing the value of the
shadow standard deviatian results in an increase of the spread of the PDF and
LCR of the channel capacity, where the peak value of thesatiiigs decreases.
From the results presented in Figs. C.4—C.9, we gain anhhsigp how the statis-
tics of the Suzuki channel capacity approaches those ofdlyeeRgh and lognormal
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Figure C.9: The normalized ADF of the capacity of Suzuki asghlormal channels.

channels.

VIlI. CONCLUSION

In all results presented here, the simulation results aneddo be in a very good
correspondence with the analytical results. In this papehave studied the statis-
tical properties of the capacity of Suzuki channels. We liereved exact analytical
expressions for the PDF, CDF, LCR, and ADF of the channel@dgpavioreover,
the influence of shadowing on the statistics of the chann@aty has been inves-
tigated. It has been observed that the variance and the maxwalue of the PDF
and LCR of the channel capacity, respectively, are highfly@mced by the shadow
standard deviation. It has been shown that as the value dbshstandard deviation
increases the variance of the channel capacity increaseseVr, this parameter
has only a minor effect on the mean channel capacity. It hss laéen observed
that as the shadow standard deviation approaches 0 dBatistiss of the channel
capacity of Suzuki channels approaches to that of Rayldigineels. Findings of
this paper are helpful for analyzing the dynamic behaviothefchannel capacity
for land mobile terrestrial channels in different terredtenvironments. The the-
oretical results obtained have been verified by simulatiorigere the simulation
results match the theoretical expectations very closely.
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Abstract — This paper deals with the study of the statistical propertes of
the capacity of Nakagami-lognormal (NLN) channels for varous fading envi-
ronments. Specifically, the impact of shadowing and the serity of fading on
the channel capacity is investigated. We have derived andlgal expressions
for the probability density function (PDF), cumulative distribution function
(CDF), level-crossing rate (LCR), and average duration ofddes (ADF) of the
channel capacity. These results are analyzed for differenlevels of shadow-
ing and for various fading conditions, corresponding to diferent terrestrial
environments. It is observed that the severity of fading andshadowing has a
significant influence on the spread and the maximum value of # PDF and
LCR of the channel capacity. Moreover, it is also observed téat if the fading
gets less severe as compared to the Rayleigh fading, the medrannel capacity
increases. However, the shadowing effect has no impact onghmean channel
capacity. The validity of all analytical results is confirmed by simulations.

[. INTRODUCTION

Even after decades of research, the researchers of futusdenm@mmunication
systems are still aiming to provide solutions to attain theeximum possible in-
formation transfer rate in communication links. Keeping firobability of error
negligible, the maximum attainable information transtterover a channel is re-
ferred to as the channel capacity [9]. Due to the time-varyiature of mobile
communication channels, the channel capacity is a randooeps. Thus, to cope
with the high data rate requirements of new mobile commuiticasystems, the
analysis of the dynamic behavior of the channel capacityeasitable. The statisti-
cal characterization of the channel capacity can be dortetiv help of the mean,
variance, PDF, and CDF of the channel capacity [10]. Howeliese statistics do
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not provide any insight into the temporal behavior of theroted capacity. In order
to get the information pertaining to the fading behaviort@f thannel capacity, the
LCR and the ADF of the channel capacity can be studied [8, #p OCR of the
channel capacity is a quantity that describes the averagweuof times the ran-
dom capacity crosses a certain threshold level from up tandowvice versa) per
second. Whereas the ADF is defined as the expected value tift@eriod over
which the channel capacity is below a certain threshold [gy&].

For land mobile terrestrial channels, the Suzuki proces®isidered to be a
more appropriate channel model as the Rayleigh or Rice psddel]. A Suzuki
process can be expressed as a product of a Rayleigh proakad@mormal pro-
cess. Therefore, modeling the channel by a Suzuki processemus to study
the combined effects of shadowing and fast fading on the redlacepacity. It is
however, very common to find scenarios where the fading irtmrless) severe
as Rayleigh fading. For such cases, it is more appropriates¢éoa Nakagamn
process instead of the Rayleigh process to model fast fddihg2, 19, 1]. The
Nakagamim process is considered to be a more general channel model isinc
contains the Rayleigh and Gaussian process as special (caseform= 1 and
m = 0.5, respectively). Moreover, the Nakagamiprocess can be used for cases
when the fading is less severe as Rayleigh fading (e.gmforl) [19]. Therefore,
by employing a Nakagamm process instead of the Rayleigh process in a Suzuki
process, we obtain a more general channel model referresl tteeaNLN channel
model [18, 17], which contains the Suzuki process as a Jpeasa wherm = 1.
Hence, by using the NLN process as a channel model, the imspabtdowing on
the channel capacity can be studied under different fadomglitions. Moreover,
the effects of severity of fading on the channel capacityaiaa be studied.

This paper is aimed at analyzing the statistical propexiethe channel ca-
pacity for various levels of shadowing under different fagiconditions. We have
employed the NLN channel model, which allows us to pose metaf conditions
on the channel capacity as compared to the amount of fadatgémn be achieved
by using the classical Suzuki channel model. We have deawedijtical expres-
sions for the PDF, CDF, LCR, and ADF of the capacity of NLN amals. All these
results are investigated for different levels of shadowi@gr results show that the
severity of fading and the shadowing effect dominantly iexfice the spread and the
maximum value of the PDF and LCR. It is also observed thathasséverity of
fading increases, the mean channel capacity decreasds,tiwnishadowing effect
has no influence on the mean channel capacity.
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The rest of the paper is organized as follows. In Section #, pesent the
NLN process and some of its statistical properties. Thessitzl properties of
the capacity of the NLN channels are studied in Section lUm¥rical results are
discussed in Section IV. Finally, the concluding remarksgiven in Section V.

1. THE NLN CHANNEL MODEL

In this section, we will review the NLN process, which is agwot process of a
Nakagamim and a lognormal process [18, 17]. This process, in contiiadi¢o
the classical Suzuki process, represents a more general nadgere the fading can
be more (or less) severe as Rayleigh fading. The NLN progégsis defined as
[18, 17]

X(t)=X(t)-A(t) (1)

whereX(t) denotes a Nakagamiprocess and (t) represents alognormal process.
The PDFpx (z) of the Nakagamim processX(t) is given by

2mm22m_1 mZ2
—— Yl >
px (2) r(m)Qme ,z>0 (2)
whereQ = E {2}, m=Q? /Var{Z?}, andr (-) represents the gamma function [5].
The normalized autocorrelation function (ACF) of the sguieakagamimprocess
X?(t) under isotropic scattering conditions is given by [18]

(1) = 1+ I (2fmaxT) 3)

whereJp(-) is the Bessel function of the first kind of order zero [5] ardyx denotes
the maximum Doppler frequency. The joint PDF of the NakaganprocessX (t)
and its time derivativX (t) is given by [20]

Pxx(2.2) = Px(D) - [ e @
wherefy is given by [18]
_ 1 d? _ 2
Bn = —5 FW(T) o 2(1tfman)”. (5)

In order to generate the lognormal proc2gs) in (1), we have used the following
expression
A (t) _ 10[G|_V(t)+m_]/20 (6)

Throughout this paper, we will represent the time derivati¥a process by an overdot.
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whereg; represents the shadow standard deviatigngenotes the area mean, and
V(t) is a zero-mean real-valued Gaussian process with uniinegial he PDfp, (2)
of the lognormal procesk(t) can be written as

20 B (20Iog(z)£mL )2
Z) = e 2t z>0. 7
P2 zo v/ 2mIn(10) - (7)

In the literature, different models have been proposedierspectral shape of the
Gaussian procesg(t) in (6). In this article, we have assumed a Gaussian power
spectral density (PSD) for the Gaussian proegsggiven by [14], [16]

2

Swv(f) e ¢ (8)

- v/ 2T0:

where the parameter. controls the spread of the PS), (f) and can be expressed
in terms of the 3 dB cutoff frequendy aso; = fc/1/2In(2). We have assumed that
the value off; is much smaller thaffimax, i.€., fmax/ fc > 1. By taking the inverse
Fourier transform o8, (f), the ACFr,, (1) of the process(t) can be expressed
as

Fow(T) = e 2MeD)?, (9)

The PDFpy(z) of the NLN procesg (t) is given by [17]

oo 2
40- mMz2m-1 1 _ mZ _( 20logy)-m

Py (2) = UL\/ETIn(lo)F(m)QmO/yzm“.e o2 e ( V2o, ) dy, z>0. (10)
In order to derive the expressions for the statistical prioge of the NLN channel
capacity, we require the expressions for the joint RQE;2(z, 2) of x?(t) andx?(t)
and the PDR,2(2) of X2(t). The joint PDFp,2,2(z,2) can be obtained from the
joint PDF py4(z 2), presented in [11, Eq. (6)], and by applying the concept of
transformation of random variables [12] as

peie?) = L P(v22/2/2

B 5.7 3/2mm /00 eiﬂlyé ef (ZOIti;;(E)ngL)Z
B noL/BuIn(LO)T (m)Qm ) Y2 2K (y/2)

) 2
xe (Vo) dy. >0, |7 <o (11)
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where

d? 2
y= —erv(ﬂ o = (2mnoc) (12a)
and
2
K(zy) = \/ 141 (%&1")) . (12b)

From (11) it can clearly be seen that the joint PR;2(z z) cannot be written as
a product of the marginal PDRs,2(2) andp,2(2). Hence, the processg$(t) and
X?(t) are not statistically independent processes. Now, the BR) of X2(t) can
be found as follows

p2(2) = / Dy242(2,2)d2

) dy, z>0. (13)

20. 2™ I /me_f?;é e—(”"&% =
V2min(10)r (m)QMo J y2m+l

The expressions presented in (11) and (13) will be used ingkesection to calcu-
late the PDF and LCR of the channel capacity.

IIl. STATISTICAL PROPERTIES OF THECAPACITY OF NLN CHANNELS

The instantaneous channel capa€ity) of the NLN channek (t) can be expressed
as [3]
C(t) =log, (1+ ysx?(t)) (bits/sec/Hz) (14)

whereys denotes the signal-to-noise ratio (SNR). The above exijore$$4) repre-
sents the mapping of a random procggs to another random proce&st). Hence,
using the concept of transformation of random variable§ b2 PDFpc(r) of the
channel capacit¢(t) can be found as

2'In(2) <2f—1>
I =
Pe(r) Ys Px? Ys
00 m2r

L 20-27 (2 —1)™ 1mmln & o 20"’}”
- 20,
oLV nln( Qm / y2er1

) dy, r>0. (15
0

The CDFFR(r) of the channel capaci@(t) can be derived using (15) as follows

/rpc(x)dx
0
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m-2'—1
rm-—-r{m-———||dy, r>0. (16
m-r (mTr o) oy (16)

o — Zolog(y )
~20/In(10) /e Ve [
O'|_\/ Tlr

0

The LCRN:(r) of the channel capaci(t) is defined as [8]

[oe]

Ne(r) = / 2Ree(r,2)dz, 1> 0. 17)

0

The joint PDFpg¢(z 2) of C(t) andC(t) in (17) can be obtained using (11) and by
applying the concept of transformation of random variafl2$, as follows

. 22|n(2))2 <22_1 ZZZIn(Z))
(22) = (——= . 7
Pce(z,2) ( Ve Py22 v "
00 7m~2r—1 2
5(2In(2))*m" (22— 1)™ ¥ J— W ()
12 Z__
1o /B IN(10) (m)QmyI™* /0y2m+2K< 2y51’y>

2
B ( (2%In(2)) )
= 21
o \vamEE () FeLy) dy, z> 0,7 < (18)

whereK (-,-) is defined in (12b). After substituting (18) in (17), the rigisig sim-
plified expression of the LCR:(r) of the channel capacit¢(t) can be written
as

5 /B (2 )™ 42 T aw? (ZO'%LW)ZK 2-1 1\,

B naLIn(lo)I'(m)yén_llemo/ ym < 5 ,y) 4
(19)

for r > 0. ReplacingBy in (19) by (5), it can be observed that the LOR(r) of

the channel capaci®(t) is proportional tofymax. However, the effect of the mobile

speed on the LCR can be removed by normaliggr) by fnax.

Finally, the ADFTc(r) of the channel capaci@(t) can be obtained as follows

° Fe(r)
0= Rem

whereFc(r) andNc(r) are given by (16) and (19), respectively.

(20)

IV. NUMERICAL RESULTS

In this section, we will present the analytical and the setioh results for the statis-
tical properties of the capacity of NLN channels. In ordeinteestigate the impact
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of shadowing on the capacity of NLN channels, we have stuthiedresults ob-
tained in the previous section for different values of thedsgiw standard deviation
gL, ranging from 1 dB to 10 dB. Specifically, the results épr= 4.3 dB (urban en-
vironment [6]) andop. = 7.5 dB (suburban environment [6]) are also shown. More-
over for comparison purposes, we have also included sonogaspases, such as the
Nakagamim channelg op. — 0 dB) and the lognormal channel® = 0). Further-
more, the statistical behavior of the channel capacityvestigated under different
fading conditions by using different values for the paranetin the Nakagamm
distribution.

In order to generate different Nakagamifading waveformsx(t), we have
applied the following model [19]

Xt)=,| 3 170 (21)

whereri(t) (i = 1,2,...,2m) are the Gaussian distributed random processesasd
the parameter of the Nakagamielistribution. In order to generate these Gaussian
distributed waveforms;(t), we have employed the sum-of-sinusoids model [13].
For the computation of model parameters, we have used thergeed method of
exact Doppler spread (GMEDRJ[15]. The number of sinusoids for the generation
of Gaussian distributed waveformgt) was chosen to bl = 29+ i. The maxi-
mum Doppler frequencymax was 91 Hz, the SNRs = 25 dB, the parameté® for
Nakagamim distribution was set to be equal tox2m, and the value for the area
meanm_ was set to unity.

The underlying Gaussian procesg) in the lognormal process(t) was also
generated by employing the sum-of-sinusoids model [13}his case, the model
parameters were calculated by applying the modified methegal areas (MMEA)
[16]. The number of sinusoids for the Gaussian proags$ was equal tdN =
30+ 2m. The NLN process was finally generated according to (1).

The PDF of the NLN processes for= 2 is shown in Fig. D.1, for various values
of the shadowing standard deviatiop. It can be seen that increasing the value of
shadowing standard deviatian results in a prominent increase in the spreads of
the PDFs. The PDF and CDF of the capacity of the NLN processnfer2 are
presented in Figs. D.2 and D.3, respectively. It can be oksethat as the value
of o. approaches 0 dB, the statistics of the capacity of NLN chiareqgproach to
those of Nakagammchannels. The results for the case wkea O (i.e., lognormal
process) are also shown in these figures. The mean chanraalityapf the NLN
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Figure D.1: The PDF of NLN processes.

0.4 0 dB
T.heory. (Nakagami-m process)
0.35f | - Simulation i
o, =1dB
o o1 =2 dB f

gr, = 3 dB
o, =4.3 dB (Urban area) |
g1, = 6 dB

Lognormal process
= 025" (5 =4.3dB)

o . —7.5dB
L 1 or
:j 0.2 Ogglo?f?fﬁ’ﬁfe% (Suburban area) 1
()
& 0.15 |
0.1 .
0.05 .
0u
0 5 10 15 20

Level, r (bits/sec/Hz)

Figure D.2: The PDF of the capacity of NLN and lognormal chedan

process is shown in Fig. D.4 for different values of the SRt can be seen that
for a given SNRy; the mean channel capacity remains constant for all the salue
the shadowing standard deviation. This fact can also be observed from Fig. D.2.

The LCR and ADF of the channel capacity for= 2 are shown in Figs. D.5
and D.6, respectively. It can be observed that increasiagatue of the shadow-
ing standard deviatioa; increases the spread of the LCR of the channel capacity,
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Figure D.4: The mean capacity of NLN channels for differeadties of SNR.

while it decreases the maximum value of LCR. Moreover, fodime signal levels,
the Nakagamm process and the lognormal process set an upper and lowed boun
respectively, on the LCR of the channel capacity of the NLErstel. On the other
hand, the converse statement is true for the ADF of the chaapacity.

The PDF, CDF, LCR, and ADF of the capacity of the NLN channetifferent
fading environments, (i.e., for different valuesmj are presented in Figs. D.7—
D.10, respectively. All these results are analyzed for nifaa = 4.3 dB) and sub-
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Figure D.6: The normalized ADF of the capacity of NLN and lognal channels.

urban g = 7.5 dB) areas. It is quite obvious from these results that tharpater

m has a prominent effect on the statistics of the channel dgpaiche NLN chan-
nels. Increasing the value ofresults in the increase of the mean channel capacity
while the spread of the capacity decreases. For low signelde, the LCR of the
channels with low values ahis higher as compared to that of the channels with
higher values om. While, for high signal levels, the LCR of the channels with low
values ofmis lower as compared to the ones with higher values.oAnalogously,
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the converse statement is true for the ADF of the channeltigp&oreover, it can
also be seen that the maximum value of the LCR of the chanpektts decreases
with the increase in the value of. The mean channel capacity of the NLN channel
for different values oim is shown in Fig. D.11. It is observed that the shadowing
standard deviatioo; has no influence on the mean channel capacity for any value
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of m. Moreover, it can also be noticed that increasing the vafua esults in an
increase of the mean channel capacity.

V. CONCLUSION

In this paper, we have studied the statistical properti¢gsetapacity of NLN chan-
nels. We have derived analytical expressions for the PDR;,COR, and ADF of
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Figure D.11: The mean capacity of NLN channels for differaities ofm.

the capacity of the NLN channels. Moreover, the influencdefshadowing effect
and the severity of fading on the statistical propertieshef thannel capacity has
been investigated. It has been observed that if the fadilegs$ssevere as compared
to the Rayleigh fading, the spread of the PDF and the maximaloewf the LCR of
channel capacity decrease, while the mean channel capamigases. On the other
hand, increasing the shadowing standard deviation ines¢hg spread of the PDF,
while it decreases the maximum value of the LCR of the chaocagtcity. How-
ever, the shadowing standard deviation has no effect on gz mohannel capacity
for any fading condition. The results presented in thichtprovide a flexibility to
the communication system designers to choose betweenatiffiading conditions,
corresponding to different terrestrial environments, arelhence quite useful for
the design and analysis of land mobile terrestrial chani#glsinalytical results are
verified by simulations where a very good fitting between thgcal and simulation
results is found.

REFERENCES

[1] Mohamed-Slim. Alouini, A. Abdi, and M. Kaveh. Sum of garammariates
and performance of wireless communication systems oveafki-fading
channelslEEE Trans. Veh. Technpb0(6):1471-1480, November 2001.

[2] S. H. Choi, P. J. Smith, B. Allen, W. Q. Malik, and M. Shafiev@rely fading
MIMO channels: Models and mutual information. Rroc. IEEE Interna-



148 Statistical Analysis of the Capacity of Mobile Radio Chalsne

tional Conference on Communications, ICC 20péges 4628-4633. Glas-
gow, UK, June 2007.

[3] G. J. Foschini and M. J. Gans. On limits of wireless comroations in a
fading environment when using multiple antenn¥¢ireless Pers. Commun.
6:311-335, March 1998.

[4] A. Giorgetti, P. J. Smith, M. Shafi, and M. Chiani. MIMO cagty, level
crossing rates and fades: The impact of spatial/tempogairedl correlation.
J. Commun. Net5(2):104-115, June 2003.

[5] I. S. Gradshteyn and |. M. RyzhikTable of Integrals, Series, and Products
New York: Academic Press, 6th edition, 2000.

[6] M. Gudmundson. Correlation model for shadow fading inbiferadio sys-
tems.Electron. Lett, 27(23):2145-2146, November 1991.

[7] B. O. Hogstad and M. Patzold. Capacity studies of MIMOduals based on
the geometrical one-ring scattering model.Froc. 15th IEEE Int. Symp. on
Personal, Indoor and Mobile Radio Communications, PIMRG£0o0lume 3,
pages 1613-1617. Barcelona, Spain, September 2004.

[8] B. O. Hogstad and M. Patzold. Exact closed-form expogssfor the dis-
tribution, level-crossing rate, and average duration défaof the capacity of
MIMO channels. IrProc. 65th Semiannual Vehicular Technology Conference,
IEEE VTC 2007-Springpages 455—-460. Dublin, Ireland, April 2007.

[9] B. Holter. On the capacity of the MIMO channel — a tutoniatroduction.
In Proc. IEEE Norwegian Symposium on Signal Procesgiages 167-172.
Trondheim, Norway, October 2001.

[10] A. Muller and J. Speidel. Characterization of mutudgbrmation of spatially
correlated MIMO channels with keyhole. Rroc. IEEE Int. Conf. Commun.,
ICC 2007 pages 750-755. Glasgow, UK, June 2007.

[11] M. Nakagami. Then-distribution: A general formula of intensity distributio
of rapid fading. In W. G. Hoffman, edito&tatistical Methods in Radio Wave
Propagation Oxford, UK: Pergamon Press, 1960.

[12] A. Papoulis and S. U. PillaiProbability, Random Variables and Stochastic
ProcessesNew York: McGraw-Hill, 4th edition, 2002.

[13] M. Patzold.Mobile Fading ChannelsChichester: John Wiley & Sons, 2002.



NLN Channels 149

[14] M. Patzold, U. Killat, and F. Laue. An extended Suzukiael for land mobile
satellite channels and its statistical propertidEEE Trans. Veh. Technol.
47(2):617-630, May 1998.

[15] M. Patzold, C. X. Wang, and B. O. Hogstad. Two new sunrsiafisoids-based
methods for the efficient generation of multiple uncoredaRayleigh fading
waveforms.IEEE Trans. Wireless Commui8(6):3122—-3131, June 2009.

[16] M. Patzold and K. Yang. An exact solution for the leeebssing rate of
shadow fading processes modelled by using the sum-of@usiprinciple. In
Proc. 9th International Symposium on Wireless Personatimhgidia Commu-
nications, WPMC 2006ages 188-193. San Diego, USA, September 2006.

[17] F. Ramos, V. Ya. Kontorovitch, and M. Lara. Generaligatof Suzuki model
for analog communication channels. Pnoc. IEEE Antennas and Propaga-
tion for Wireless Communication, IEEE APS 20p@ges 107-110, November
2000.

[18] T.T. Tjhung and C. C. Chai. Fade statistics in Nakaglgirormal channels.
IEEE Trans. on Communicationg7(12):1769-1772, December 1999.

[19] M. D. Yacoub, J. E. V. Bautista, and L. G. de Rezende Gseden higher
order statistics of the Nakagami-distribution. IEEE Trans. Veh. Technol.
48(3):790-794, May 1999.

[20] N. Youssef, T. Munakata, and M. Takeda. Fade statigtidéakagami fading
environments. IfProc. IEEE 4th Int. Symp. on Spread Spectrum Techni§ues
Applications, ISSSTA'9Gages 1244-1247. Mayence, Germany, September
1996.



150 Statistical Analysis of the Capacity of Mobile Radio Chalsne



Appendix E

Paper V

Title:

Authors:

Affiliation:

Journal:

The Influence of LOS Components on the Statistical Propseofie
the Capacity of Amplify-and-Forward Channels

Gulzaib Rafig and Matthias Patzold

University of Agder, Faculty of Engineering and Science,
P. O. Box 509, NO-4898 Grimstad, Norway

Wireless Sensor Networks (WSN), Invited Papef. 1, no. 1,
Apr. 2009, pp. 7 —14.

151



152 Statistical Analysis of the Capacity of Mobile Radio Chalsne



Double Rice Channels 153

The Influence of LOS Components on the Statistical
Properties of the Capacity of Amplify-and-Forward
Channels

Gulzaib Rafig and Matthias&®zold
Department of Information and Communication Technology
Faculty of Engineering and Science, University of Agder
Servicebox 509, NO-4898 Grimstad, Norway

E-mails: {gulzaib.rafig, matthias.paetzgi@uia.no

Abstract — Amplify-and-forward channels in cooperative networks pro-
vide a promising improvement in the network coverage and syem through-
put. Under line-of-sight (LOS) propagation conditions in sich cooperative net-
works, the overall fading channel can be modeled by a doubleiRe process. In
this article!, we have studied the statistical properties of the capacitpf dou-
ble Rice fading channels. We have derived the analytical exgssions for the
probability density function (PDF), cumulative distribution function (CDF),
level-crossing rate (LCR), and average duration of fades (BF) of the channel
capacity. The obtained results are studied for different véues of the amplitudes
of the LOS components in the two links of double Rice fading cannels. It has
been observed that the statistics of the capacity of doublei&e fading chan-
nels are quite different from those of double Rayleigh and @ssical Rice fading
channels. Moreover, the presence of an LOS component in any the two links
increases the mean channel capacity and the LCR of the chanheapacity. The
validity of the theoretical results is confirmed by simulations. The results pre-
sented in this article can be very useful for communicationgstem designers to
optimize the performance of cooperative networks in wireles communication
systems.

Keywords—Amplify-and-forward channels, channel capacity, coatiee net-
works, line-of-sight component, double Rice process, toiayleigh process,
level-crossing rate, average duration of fades.

1The material in this paper is based on “On the Statisticgh@nies of the Capacity of Amplify-
and-Forward Channels Under LOS Conditions”, by Gulzaibdrafid Matthias Patzold which ap-
peared in the proceedings of 11th IEEE International Camee on Communications Systems,
ICCS 2008, Guangzhou, China, November 2008.
(© 2008 IEEE.



154 Statistical Analysis of the Capacity of Mobile Radio Chalsne

[. INTRODUCTION

Increased network coverage, improved link quality, andsggion of new applica-
tions with increased mobility support are the basic demangssed on future wire-
less communication systems. One promising solution td finéise requirements
is the use of cooperative diversity techniques [20, 21, B2gle-antenna mobile
stations in cooperative networks assist each other to tekayransmitted signal
from the source mobile station (SMS) to the destination heatiation (DMS). The
cooperation of single-antenna mobile stations in such oidsvto share their an-
tennas for transmission of the signal makes it possiblerto the so-called virtual
multiple-input multiple-output (MIMO) system [3], thuschieving the diversity
gain. Moreover, such a cooperation between mobile statesdts in an increased
network coverage with enhanced mobility support.

For the development and analysis of wireless communicatystems that ex-
ploit cooperative diversity, a solid knowledge of the muétih fading channel char-
acteristics is required. Recent studies illustrate thdiilago-mobile (M2M) fading
channels associated with relay-based cooperative nesworiter non-line-of-sight
(NLOS) propagation conditions in different propagatiorrsarios can be modeled
either as a double Rayleigh process [2, 11, 4, 14] or an NL@8n&korder scat-
tering (NLSS) process [19]. On the other hand, differennades under LOS
propagation conditions lead to modeling the overall M2Mirigdchannel either
by a double Rice process [22], a single-LOS double-scatief6LDS) process
[23], a single-LOS second-order scattering (SLSS) prodeédsor a multiple-LOS
second-order scattering (MLSS) process [25, 24]. Theskestyrovide results for
the statistical characterization of M2M fading channelsanperative networks un-
der different propagation conditions. The impact of douRégleigh fading on the
performance of a communication system is investigated8h [Even with all this
research going on, the important question regarding tharmax possible infor-
mation transfer rate in such fading channels is still unamed. Thus, the purpose
of this paper is to fill in this gap in information regardingetbapacity of amplify-
and-forward channels in cooperative networks.

Studies pertaining to the analysis of the outage capacitgooble Rayleigh
channels can be found in [1, 6]. However, to the best of theasatknowledge, the
statistical properties of the capacity of double Rice cledshave never been inves-
tigated. The analysis of the statistical properties of thentiel capacity can be very
helpful to study the dynamic behavior of the channel cagatiere, the statistical
properties of interest include the PDF, CDF, LCR, and ADFhef ¢thannel capac-
ity. The PDF and CDF of the channel capacity provide the mettion regarding
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mean value and variance of the channel capacity. The LCR &tddkthe channel

capacity, on the other hand, give a deep insight into the ¢eatpariations of the
channel capacity [7]. The LCR of the channel capacity is asuesof the rate at
which the channel capacity crosses a certain thresholtftewe up to down or vice

versa. However, the ADF of the channel capacity is defineti@average duration
of time over which the channel capacity is below a certaieghold level [9, 10].

In this paper, we have investigated the statistical proggedf the capacity of
amplify-and-forward channels in cooperative networkse fransmitted signal from
the SMS is received at the DMS via a mobile relay (MR). The MRpkiines the
received signal and forwards it to the DMS. We have assunsdhbre is no direct
transmission link between the SMS and the DMS. Moreoves #lso assumed
that the LOS components exist in both of the transmissidsline., the SMS-MR
and MR-DMS links. Hence, the overall fading channel is meddby a double
Rice process[22]. We have derived exact analytical expmesdor the PDF, CDF,
LCR, and ADF of the channel capacity of double Rice channé&lse results are
studied for different values of the amplitudes of the LOS ponents in the two
transmission links of double Rice channels. It has beenrebddhat the statistics
of the capacity of double Rice channels are quite differemtnfthose of double
Rayleigh and classical Rice/Rayleigh channels. Spedifidakr medium and high
signal levels, the presence of LOS components in the twoadastctransmission
links increases the mean channel capacity and the LCR ofhtaenel capacity.
However, it results in a decrease in the ADF of the channed@ap

The rest of the paper is organized as follows. In Section & describe briefly
the double Rice channel model and some of its statisticggrti@s. The statistical
properties of the capacity of double Rice channels are etlidi Section Ill. Sec-
tion IV presents the statistical properties of the capagitgouble Rayleigh chan-
nels. Numerical results are discussed in Section V. Fintleyconcluding remarks
are given in Section VI.

[I. THE DouBLE RICE CHANNEL MODEL

In cooperative networks employing amplify-and-forwarlhyethe channel between
the SMS and the DMS via an MR can be represented as a con¢atenfdhe SMS-
MR and MR-DMS channels [22, 14]. Figure E.1 depicts an exampkhe trans-
mission link from the SMS to the DMS via the MR in such amplé#ge-forward
relay-based networks. For the case when an LOS componergdsi in both of
the transmission links, i.e., the SMS-MR link and the MR-DMt¥, the overall
fading channel can be modeled as a product of two non-zeemmemplex Gaus-
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Destination mobile
station
(DMS)

Figure E.1: The propagation scenario describing double Riding channels.

sian processes given by [22]
X(0) = A k5 (DH5” (1) (1)

where Ay, is a real positive constant representing the relay gain p;S;L?cat) =
p®(t)+md(t) (i = 1,2) models the fading in thigh link. Here, () (t) denotes the
scattered component and') (t) is the LOS component. The scattered component
u(t) can be modeled in the complex baseband as a complex GaussizEs®
with zero mean and variances?, i.e., u®(t) = pl (1) + jui’ (t) where, iV (t)
andug)(t) are the underlying zero-mean real-valued Gaussian pregeshe LOS
componenm()(t) having amplitudeo;, Doppler frequencyf,, and phasd), can

be expressed asl)(t) = piel @i+ Let foy ., foue, and fp,,s represent the
respective Doppler frequencies of the SMS, MR, and DMS, thean be easily
observed from Fig. E.1 thdp, = fy,,s + four @ndfp, = fp, + fpous- The envelope

of the procesg (t) in (1) results in a double Rice process given by [22]

=(t) = Ix()] =AY ) u@ )
= AMREl(t>EZ(t) (2)

whereé;(t) (i = 1,2) represents the classical Rice process. The PDF of doubde Ric
processes(t) is given by [22]
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where lp(-) is the modified Bessel function of the first kind of order ze8),
= (A 02)2, andp,x = A p2. In order to derive the expressions for the sta-

tistical properties of the capacity of double Rice channetsneed the PDp-2(z)

of the squared proces¥(t) as well as the joint PDP-2z2(z,2) of =2(t) and its

time derivative=2(t)2. The joint PDFp=zz2(z,2) can be found using the joint PDF

P=z(z 2) [22] and by using the concept of transformation of randoniades [13]

as

Posa(2?) = PV 5os)

zZ == 2,/
y 7Lpl y2+p2 s YOMR COSE: T \/Zly p1 cosf
1 / / MR _ YPMR 2 _ 1 1
/ / 20% e %R / e %R / e Gf
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where
B =2(nion)? (12, +12.) (5a)

Bo = 2(m0ye)? (2, + f2,.) (5b)

maxp

and
21101 f 5, Y2 SINOL + 2TTPye T, 2SIN6G,

V Bizy* + Bo7
Here, f.aq, fra, andf.., denote the maximum Doppler frequencies of the SMS,
MR and DMS, respectively. The expression for the PR(z) can be obtained
by integrating the joint PDFp=2z2(z,2) overZ. Alternatively, in our case the PDF
p=2(z) can also be found from the POd=(z) in (3) using the concept of transform-
ation of random variables [13] as

K(Z7 Y, 917 92) =

(5¢)

p=(2) = 5 =pe(v2

2,2

2Throughout this paper, we will represent the time deriatifa process by an overdot.
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In the next section, we will derive the statistical propestof the capacity of double
Rice channels using the results found in this section.

[1l. STATISTICAL PROPERTIES OF THECAPACITY OF DOUBLE RICE
CHANNELS

The instantaneous capaciiyt) of double Rice channels can be expressed using a
similar formula found in [5] as

C(t) = logy (1+lz <t>|2)
= log, (1+ys=2(t)) (bits/sec/Hz) (7)

where ys denotes the average received signal-to-noise ratio (SNft)eaDMS.
Equation (7) can be considered as a mapping of a random gra¢esto another
random proces€(t). Hence, the expressions for the statistical propertiefief t
channel capacitZ(t) can be derived by using the results for the statistical prop-
erties of the process(t) obtained in the previous section. The PPpg(r) of the
channel capacitZ(t) can be found using (6), (7), and by applying the concept of
transformation of random variables as

oe(r) — 2'In(2) o <2f - 1)

¥s Ys
o0 21/ yey? +p2 5
20705 ) ¥ W%ol 0% /)~

for r > 0. The CDFR:(r) of the channel capacit§(t) can now be obtained by
solving the integral given by

- [ pe(2)dz (9)
0

By substituting (8) in (9) and doing some mathematical malaifons, the CDF of
the channel capacity can be expressed as follows

< VZH’MR /or —1
/ye “290r | (pgR)Q <p1 )dy, r>0 (10)
MR Our 01 y\/%o-l
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whereQs(-,-) is the generalized Marcum Q-function [8]. The LAR(r) of the
channel capacitg(t) is defined as [10]

[ee]

Ne(r) :/'z Re(r2)dz >0 (11)

0

wherepq:(z 2) represents the joint PDF @f(t) and its time derivativ€(t). The
joint PDF p¢(z, 2) can be obtained from the joint POf=2=2(z, ) by applying again
the concept of transformation of random variables as

. 22In(2)>2 (22—1 22'zln(2)>
~(Z,Z — —2= s
Pcc(z.2) < Ve P=2z2 " "
21/ vy +0%
_ (ZIn(2) )~1/2 e 27 _Piole T ypurcosd,
3/2 / e ZUI\ZIIR /e UI\ZIIR
(4")2 2mys' o7 U&a \/.Bly4 +B2(22—1/y) “n
T 71 2271/Vsy2p1C0591 (yzln<2)2Z)2<2271)71 _ y-z|n(2)22(2271)71/2 K( zzfliyielyez)
X /e of e_ 8(vsPry*+B2(22-1) @ 2\/%51y4+l32(22*1) V. s
-
_lx2( Jioz_

whereK (-, -,-,-) is defined in (5c). After substituting (12) in (11) and camgiout
some algebraic calculations, we obtain

r_ 2,2
2 l/ YY"HPT ypurcost;

etr) = <2n5/2¢%ol / \/B1 BZ y4ys e

n _ V2 —1pjcosfy y? +PMR 1,2 1k2
X /e of iy /e 200, @ 2 ( 5o 61, 92) {14_\/72-[ 2K ( 556 92)
—TIT —T1T

X P ) )

forr >0, where®(-) denotes the error function [8]. Finally, from (13) and (10
ADF T¢(r) of the channel capacit@(t) can be obtained using [10]

Te() = peh (14)
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The results found in this section will be used in the follogvsection to derive the
statistical properties of the capacity of double Rayleigarmels.

V. STATISTICAL PROPERTIES OF THECAPACITY OF DOUBLE RAYLEIGH
CHANNELS

The double Rayleigh channel follows as a special case ofdhbld Rice channel
whenp; — 0 (i = 1,2). Hence, by lettingy; — 0 (i = 1,2) in (8), (10), and (13),
the PDF, CDF, and LCR of the channel capacity of double Rgilehannel can be
expressed as

2

2'In(2) 1 2—2— *—yz—
pe(r) | o:—/— e T dy 1> 0 (15)
()‘p% ZVSUfU& 5 y
y2 21
) |oso = / ye ¥ne ZEn7dy, 1 >0 (16)

and

r)‘pﬁo \/—01 /\/Bl BZ

respectively. The ADF of the channel capacty) of double Rayleigh channel can
be found using (14), (16), and (17).

2

21y
) e 20 g 29%rdy, >0 (17)

V. STATISTICAL PROPERTIES OF THECAPACITY OF RAYLEIGH AND RICE
CHANNELS

In this section, we will present the PDF, CDF, and LCR of theatity of Rayleigh
and Rice channels. We will study these results along witrstagstical properties
of the capacity of double Rice channels in the next sectiondmparison purposes.
The PDFpc(r) of the capacityC(t) of Rice channels can be found using the PDF
pg2(r) of the squared Rice proce&$(t) and by employing the expression presented
in (7) corresponding to Rice proces€gs$) as

pc(r) = 2”;3(2) pgz<2;1)

2 n(2 2 -14yp? o 1) p2
_ 2@ g ([ F 2P g (18)

2V50§ 061 Ys

wherep represent the amplitude of the LOS componentagwdenotes the variance
of the underlying Gaussian processes. By substitutingitLBy(r) = [ pc(X)dx,
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the CDFFR(r) of the capacity o€(t) of Rice channels can be written as

p [(Z-1)
=1- — > 0. 19
Fe(r) Q1 (Uo’ 2y ) r> (19)
By solvingNc(r) = [ Pee(r,2)dz, the LCRNc(r) of the capacity of(t) of Rice
channels can be represented by

r 2
(2 -1)B 2 (2 -1)
Ne(r)=4/——F—¢€ 0% | —F= ], r>0 20

(r) 203 Vs 0 agys/ p? (20)

wheref3 under isotropic scattering conditions is given®y= 2(nfmaxao)2. Here,
Pcc(z 2) represents the joint PDF of the capadiift) and its time derivative(t)
and fhax denotes the maximum Doppler frequency.

The results for the PDF, CDF, and LCR of the capa€ity) of Rayleigh chan-
nels can be obtained from (18)—(20), respectively, byrligiti — O as follows:

2in(2) -(Z:3)
- 9 >0 21
Po()[p-r0 = e VT T (21)
(=)
Fe(r) [pmo=1—e \*%/ r>0 (22)
1 [B(-1) —(—22;;12)
= Sy 9 > 0. 23
Ne(r) o0 = 2o\ [T e T2 (23)

The expressions (21)—(23) have already been presented,i&dE. (23—-25)]. How-
ever, we have presented these equations here for the sampfateness.

VI. NUMERICAL RESULTS

This section aims at the validation and analysis of the ditalyresults pre-
sented in the previous section, using simulations. We hizeeiiacluded the results
for double Rayleigh, classical Rayleigh [10], and cladsR@&e channels in our
study for comparison purposes. For the case of classical tiannels, we denote
the amplitude of the LOS component@s The Rice processgs,’ (t) = u()(t) +
m(t) (i = 1,2) were simulated using the sum-of-sinusoids model [15]. Thdeh
parameters were computed using the generalized methodaof Boppler spread
(GMEDS,) [16]. The number of sinusoidN{i) anng)) for the resulting determin-
istic processeﬁf) (t) andﬂg) (t) in GMEDS, were chosen to blﬁf) = Ng) =20 for
I =1,2, respectively. The maximum Doppler frequencigs andf,., were taken
to be 91 and 125 Hz, respectively. We have assumed that thpl&dpequency
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fosus €0uals 0. Unless stated otherwise, the values of the Dofsplguenciesf,, .,
and f,,,c Were set to be equal tf.., and f,.,, respectively. The SN was set
to 20 dB. The parameteds,; andg; (i = 1,2) were chosen to be unity. Finally,
using (2) and (7) the simulation results for the statistpralperties of the channel
capacity were found.

The PDFp=(z) of double Rice processést) are shown in Fig. E.2 for different
values of the amplitudes of the LOS componemté = 1,2). In Fig. E.3, the PDF
of the double Rayleigh process is also shown, which reptesespecial case of
the double Rice process when = p, = 0. It is observed that the presence of the
LOS components has a dominant effect on the mean value aeddspf the PDF
of double Rice processes. It can also be seen that the PDRibfedBice processes
is identical for the cases, =0; p1 =2 andp, = 2; p1 =0.

Figures E.3 and E.4 present the PDF and CDF of the capacitguiild Rice
channels, respectively. Itis observed that the amplitdtlesdOS component has a
significant influence on the PDF and CDF of the channel capaggecifically, the
presence of an LOS component in one or both of the links the.SMS-MR and
MR-DMS links) increases the mean channel capacity. Henmehlé Rayleigh
channels have a lower mean channel capacity compared tdedBide channels
(e.g., whenp, = p1 = 2). It is also observed that the capacity of classical Rice
channels has a lower mean value compared to that of doubdedRamnels. These
facts are specifically studied in Fig. E.5, where the meammblecapacity of clas-
sical Rice as well as double Rice channels is studied foemdifft values of the

0.5

—Theory

p1 = p2 =0 (Double Rayleigh) . Simulation

0.4

0.3

(2)

0.2 /

PDF, p

0.14

0 5 i 20
Level, z

Figure E.2: The PDIp=(z) of double Rice processést).
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Figure E.3: The PDRpc(r) of the capacity of double Rice channels.
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Figure E.4: The CDHR(r) of the capacity of double Rice channels.

amplitudes of the LOS component. Figure E.6 shows the infleehthe amplitude

of LOS component on the variance of the classical Rice antdlddrice channels.

It is observed that increasing the valugmoflecreases the spread of the channel ca-
pacity for medium and large values pf sayp > 1. Moreover, the variance of the
capacity of double Rice channels is much higher as comparé#uat of classical
Rice channels.
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Figure E.5:

Variance, Var{C(t)} (bits/sec/Hz)

Figure E.6: The variance VEE(t)} of the capacity of classical Rice and double
Rice channels.

The LCR and ADF of the channel capacity of double Rice chanas pre-
sented in Figs. E.7 and E.8, respectively. It is evident ffégn E.7 that the max-
imum value of the LCR of the channel capacity increases witinarease in the
value of the amplitude of the LOS compongnt(i = 1,2). It is also observed that
the LCR of the capacity of classical Rice channels is mucletfawempared to that
of double Rice channels. The converse statements withcegpéhe LCR of the

The mean capacl{C(t)} of classical Rice and double Rice channels.
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Figure E.7: The LCR\:(r) of the capacity of double Rice channels.
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Figure E.8: The ADH(r) of the capacity of double Rice channels.

channel capacity are true for the ADF, as can be seen in RBg. Eigures E.9 and
E.10 aim at illustrating the effect of the Doppler frequenaythe LCR and ADF of
the channel capacity. From Figs. E.9 and E.10, it can cldmlgeen that the LCR
and ADF are strongly dependent on the Doppler frequencigbeoMR and the
DMS. It is observed that increasing the Doppler frequenéigsand f,,,, from O

to f.., andf,., respectively, results in a significant increase in the LBBwever,

the ADF decreases by increasing the Doppler frequencidsediR and the DMS.
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Figure E.10: The ADHc(r) of the capacity of double Rice channels.

VI. CONCLUSION

In this paper, we have studied the statistical propertieth@fchannel capacity of
the double Rice channels. We have derived analytical egjues for the PDF,
CDF, LCR, and ADF of the channel capacity. The findings of fraper give a
deep insight into the influence of the LOS components, cparding to the two
links of amplify-and-forward channels, on the statistipedperties of the channel
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capacity. It has been observed that for medium and high Kligwels, the presence
of the LOS components in one or both of the links of the doulite Rhannel model
increases the mean channel capacity and the LCR of the draapseity. However,
it decreases the ADF of the channel capacity. Moreover, thepler frequencies
of the MR and the DMS have a significant impact on the LCR and ADEhe
channel capacity. The validity of all the presented anedytresults is confirmed
by simulations, whereby a very good fitting between the aitalyand simulation
results is found.
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Abstract — In this article, we have presented an extensive statistitanaly-
sis of the capacity of doublé Nakagami+n channels. The double Nakagamin
channel model has applications in keyhole channels and anify-and-forward
relay based dualhop communication systems in cooperativeetworks. We have
derived exact analytical expressions for the probability @nsity function (PDF),
the cumulative distribution function (CDF), the level-crossing rate (LCR), and
the average duration of fades (ADF) of the capacity of doubléNakagami-m
channels. Moreover, the influence of severity of fading on t statistical prop-
erties of the channel capacity has been studied. It is obsesd that an increase
in the severity of fading in one or both links in dualhop communication systems
decreases the mean channel capacity, while it results in andgrease in the ADF
of the channel capacity. Moreover, this effect decreases¢h_.CR of the channel
capacity at lower signal levels. The results presented in th paper also reveal
that an increase in the maximum Doppler frequencies of the weless nodes in
a dualhop communication system increases the LCR of the chael capacity,
while it has an opposite influence on the ADF of the channel caeity. The
results presented in this article are useful for mobile commnication system
engineers for the design and optimization of dualhop commuication systems.

[. INTRODUCTION

The design and analysis of cascaded fading models has bestiam area of re-
search in recent years due to its applications in numeralsvwarld scenarios such
as keyhole channels [20, 26], and multihop communicatistesys [2, 10, 24, 23].

Throughout this paper, we will refer to a double process aptbduct of two independent but
may not necessarily identical processes.
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Itis shown in [4, 3] that in the presence of a keyhole, therfgdietween each trans-
mit and receive antenna pair in a multi-input multi-outpdiMO) system can be

characterized using a double Rayleigh process. Afterwé#ndsmodel has been ex-
tended to the double Nakagamifading model in [22]. In [20], authors have listed
a few real world scenarios which give rise to the keyholeatfféwo such scenarios
include diffraction through the street edges in urban ngelalar environments [4]

and traversal of the propagation paths through a narronedpacthe case when the
distance between the rings of scatterers around the trétesieund receiver is large

[5].

Multihop communication systems on the other hand fall uridercategory of
cooperative diversity techniques [21, 12]. In such systéheswireless nodes (in a
cooperative network) assist each other by relaying thenmétion from the source
mobile station (SMS) to the destination mobile station (DMt&nce improving the
network coverage quite significantly. The statistical gsial of the received sig-
nal envelope under non-line-of-sight (NLOS) propagationditions in an amplify-
and-forward based dualhop communication system can belfioji 6], where the
overall channel between the transmitter and the receivaoideled using a double
Rayleigh process. This model is then extended to the douicke ¢ghannel model
in [23], by taking the line-of-sight propagation condit®mto account. The sta-
tistical properties of the capacity of double Rice chanieige been analyzed in
[19]. However, the Nakaganmprocess is considered to be a more general channel
model as compared to the Rice and Rayleigh channel modelaceiéo gener-
alize all the aforementioned works in the regime of multiltepnmunication, the
authors of [10] have presented the statistical analysiseiNtxNakagamim model
(i.e., a product oN Nakagamim processes). Moreover, second order statistics for
the double Nakaganm process can be found in [26]. Though a lot of papers have
been published in the literature employing the cascadaddathannel model, the
statistical properties of the capacity of double Nakaganchannels have not been
investigated so far, which finds applications both in keghdilannels and dualhop
communication systems [26].

In this article, we present the statistical properties @& tiapacity of double
Nakagamim channels. Specifically, the influence of the severity ofrigdon the
statistical properties of the capacity of double Nakagamuhannels is analyzed.
We have derived exact analytical expressions for the PDI;, COR, and ADF of
the channel capacity. Here, the LCR and ADF of the channelagpare important
characteristic quantities which provide insight into tleenporal behavior of the
channel capacity [6], [8]. Our analysis has revealed thagEffading severity in one
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or both links of double Nakagammtchannels decreases (i.e., increasing the value of
the severity parametenin one or both of the cascaded Nakagamprocesses), the
mean channel capacity increases, while the ADF of the ch@apacity decreases.
Moreover, this effect results in an increase in the LCR ofdhannel capacity at
lower signal levels.

The rest of the paper is organized as follows. Section liflgrigescribes the
double Nakagamin channel model and some of its statistical properties. In Sec
tion 1, the statistical properties of the capacity of dublakagamim channels
are presented. Numerical results are analyzed in Sectidfinglly, the concluding
remarks are given in Section V.

[I. THE DoOUBLE NAKAGAMI -m CHANNEL MODEL

A typical example of the transmission link from the SMS to DS via a mobile
relay (MR) in an amplify-and-forward relay-based dualhomenunication system
is depicted in Fig. F.1. In such a scenario, the channel leetlee SMS and the
DMS via an MR can be represented as a concatenation of the dRI&nhd MR-
DMS channels [23, 16]. In this article, we have assumed Heafietding in the SMS-
MR link and the MR-DMS link is characterized by Nakagamprocesses denoted
by x1(t) and x»(t), respectively. Hence, the overall fading channel desugilhe
SMS-DMS link can be modeled as a double Nakagamprocess given by [11, 26]

=(t) = A Xa(t)x2(t) 1)

whereA is a real positive constant representing the relay gain.th®icase of
keyhole channelsh\, equals unity. The PDIpy,(z) of the Nakagamim process
Xi(t) (i=1,2)is given by [14]

2mnZ2m-1  m2
pxi(z):rm(mwe ¢ ,z>0 (2

whereQ; =E { x2(t)}, m = Q? /Var{ x?(t)} , andr (-) represents the gamma func-
tion [7]. The parametem; controls the severity of the fading. Increasing the value
of my, decreases the severity of fading and vice versa.

The PDF of double Nakagamirprocesse&(t) is given by [10]

4z mo—1 2 ™
P=(2) = . ()2 e (22. \/’_.>’ 220 (3
I'llr(m)(Qi/mi) e Ve
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SMS-MR link

Source mobile
station
(SMS)

()

Mobile relay
(MR)

Destination mobile
station
(DMS)

Figure F.1: The propagation scenario describing doubleajaim fading chan-
nels.

whereQ; = A2 Q1, O, = Q,, andK,(-) denotes the modified Bessel function of
the second kind of order[7, Eq. (8.432/1)]. In order to derive the expressions for
the PDF, CDF, LCR, and ADF of the capacity of double Nakaganshannels, we
need the joint PDFp==2(z, 2) of the squared proce&Z(t) and its time derivative
=2(t), as well as the PDP=2(2) of =2(t). The joint PDFp==»(z ) can be found
by following the procedure presented in [26] for the jointPPP-=(z z) and then
by using the concept of transformation of random variablés Eq. (7-8)], which
results in

“)

Pz2z2(22) = 4%'05'5(‘/2’272

72 x2my
3/2 2my-2mp—1  _ zmp. _<Zzﬁx+§2 )
Zmz r! / X e Xt Qze 8 (7}+ Zﬁz) ' d)(,
Q| /Zﬁl +X2B2
z2>0,|7 <o (4)
where (>
Q
Bl = I’:]— (fr%axl + fr%axg) (53-)
i
and
Qo1

B.= W (fr121a><2 + fmaX3) (5b)
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Here, fmax,, fmax, and fmax represent the maximum Doppler frequencies of the
SMS, MR, and DMS, respectively. The expression for the RRRKz) can be
obtained by integrating the joint PDp=2z2(z,2) over Z. Alternatively, the PDF
p=2(2z) can also be found from the POjz(z) in (3) using the relationship=2(z) =

(1/242) p=(v2).

[1l. STATISTICAL PROPERTIES OF THECAPACITY OF DOUBLE NAKAGAMI -m
CHANNELS

The instantaneous capaciiyt) of double Nakagamin channels is defined as [13]

Cclt) = %Iogz (1+ Vs|E(t)|2>

= Zl0g, (14 =3(1)) (bits/sec/H?) (6)

whereys denotes the average received signal-to-noise ratio (SNIRgdDMS. The
factor 1/2 in (6) is due to the fact that the MR in Fig. F.1 operates inl&dhaplex
mode, and hence the signal transmitted from the SMS is redet the DMS in
two time slots. Equation (6) can be considered as a mappiagahdom process
=(t) to another random proce€Xt). Hence, the expressions for the statistical
properties of the channel capaci®yt) can be found by using the results for the
statistical properties of the proces&) obtained in the previous section. The PDF
pc(r) of the channel capaci®@(t) can be found in closed form with the help of the
PDF p=2(z) and by applying the concept of transformation of randomaldes [15,
Eq. (7-8)] as

B 22r+1|n(2) } 2Zr _ 1
helr) = ( ¥s ) p:2< ¥s )
221+2|n(2) ((22r 1)/ v) (my+m)/ ( 22 _ 1 )

(2r_1)iE|1r(m)<Qi/ )(m1+mz /2 Ky —m,

for r > 0. The CDFFR(r) of the channel capacit¢(t) can now be derived by
integrating the PDIpc(r) and by making the use of relationshipsin [7, Eq. (9.34/3)]
and [1, Eq. (26)] as
r
Fe(n) = [ pe(ddx
1

2
Mr(m)
=1

1
my, rn270

2.1
Gi3

22r_1 2 (E)
Vs iI:l Qi
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whereG]|:| denotes the Meijer'&-function [7, Eqg. (9.301)]. The LCRI(r) of the
channel capacity describes the average rate of up-crasg@nglown-crossings) of
the capacity through a certain threshold lavdh order to find the LCRN\:(r), we
first need to find the joint PDPB.:(z 2) of C(t) and its time derivativ€(t). The
joint PDF pr:(z,2) can be obtained by using the joint PIPE.z2(z z) given in (4)
as

h(z) = (222+1|n(2))2p (221 27In(2)
CC\& - Ve =2=2 Ve ) VS/ZZZ

(222+1|n )2(222 )”‘2*% °° ¥2m —2mp—1 — @4_(2221,)"12)

e far ]! o

yeX

( (222+1|n( ) ) )
N o (06
e (S e dx 2> 0,|2 < . ©)

Finally, the LCRNc(r) can be found as follows

Ner) = [zRe(ndz

- REYT
n ¥s

22r x2my

(o]
/ e wW e 4
r! QI ) Xl+2m2 2my

X\/(ery 2)31+x232 dx r>0. (10)

The ADF Tc(r) of the channel capacit@(t) denotes the average duration of time
over which the capacity is below a given leve[8, 9]. The ADF T¢(r) of the
channel capacity can be expressed as [9]

Fe(r)

TC(r> = Nc(r)

(11)

whereFc(r) andNc(r) are given by (8) and (10), respectively.
IV. NUMERICAL RESULTS

In this section, we will discuss the analytical results oi#d in the previous section.
The validity of the theoretical results is confirmed with thedp of simulations. For
comparison purposes, we have also shown the results fotelRalyleigh channels,



Double Nakagamin Channels 179

which represent a special case of double Nakagatannels. In order to generate
Nakagamim processeg;(t), we have used the following relationship [25]

2xmy
Xi(t) = IZ HA (1) (12)
=1

wherep;(t) (I =1,2,...,2m; i = 1,2) are the underlying independent and identi-
cally distributed (i.i.d.) Gaussian processes, anis the parameter of the Nakagami-
distribution associated with th#h link of the dualhop communication systems. The
Gaussian processgs (t), each with zero mean and varianags were simulated
using the sum-of-sinusoids model [17]. The model pararagtere computed using
the generalized method of exact Doppler spread (GMBIDE]. The number of
sinusoids for the generation of Gaussian proceggés) was chosen to b = 29.
The parametef); was chosen to be equal tmbg. Unless stated otherwise, the
values of the maximum Doppler frequencisy, fmax, and fmax, Were taken to
be 0, 91, and 125 Hz, respectively. The SMRvas set to 15 dB. The parameters
Ar andop were chosen to be unity. Finally, using (12), (1), and (63,simulation
results for the statistical properties of the channel cipaere found.

The PDF and CDF of the channel capacity of double Nakagarmoiannels
are presented in Figs. F.2 and F.3, respectively. Both figilitestrate the fact that
increasing the value of the severity parameate(i.e., a decrease in the level of the
severity of fading) in one or both links of the double Nakagamchannels results
in an increase in the mean channel capacity. This resultdsifsgally presented
in Fig. F.4, where the mean channel capacity is studied fterdnt values of the
severity parametan; (i = 1,2). It can also be seen that double Rayleigh channels
(m = 1;i = 1,2) have a lower mean channel capacity as compared to the mean
channel capacity of double Nakagamiehannelsify = 2;i = 1,2). Moreover, it
can also be observed from Figs. F.2 and F.3 that increasenggine of the severity
parametem; decreases the variance of the channel capacity.

Figure F.5 presents the LOR:(r) of the capacityC(t) of double Nakagamin
channels. It is observed that an increase in the level ofrggw# fading in one or
both links of double Nakagarmichannels increases the LR (r) of the channel
capacity at low levels. Hence, at low levels, the LCRNc(r) of the capacity of
double Rayleigh channele(= 1;i = 1, 2) is higher as compared to that of double
Nakagamimchannelsify = 2;i = 1,2). However, the converse statement is true for
higher levels. The ADF of the capacity of double Nakagamiehannels is shown
in Fig. F.6. Itis evident from this figure that the ADF of thepeaity decreases with
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Figure F.2: The PDRpc(r) of the capacity of double Nakagamnichannels.
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Figure F.3: The CDHR(r) of the capacity of double Nakagamichannels.

an increase in the value of the severity parameteii = 1,2).

Figures F.7 and F.8 study the influence of the maximum Dogguencies of
the MR and the DMS on the LCR and ADF of the channel capacitaritclearly be
observed in Figs. F.7 and F.8 that the LCR and ADF are strashgihyendent on the
Doppler frequencies of the MR and the DMS. This means thattbkility of the
MR and the DMS has a significant influence on the LCR and ADF efctiiannel
capacity. Itis observed that increasing the maximum Dagpeuenciesmay, and



Double Nakagamin Channels 181

—
S
—
&3]
I
g
<
o
s}
()
=]
<
[}
E | =My = 2 |
1 emy = 2.5
0.5 1
0.5 1 15 2 25 3

Figure F.4: The mean channel capacity of double Nakagawtiannels for differ-
ent levels of fading severity.
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Figure F.5: The LCR\N:(r) of the capacity of double Nakagamichannels.

fmax; results in a significant increase in the LCR. However, the AlREreases by
increasing the maximum Doppler frequencies of the MR andiié.

V. CONCLUSION

This article presents the derivation of exact analyticaregsions for the statistical
properties of the capacity of double Nakagamchannels, which finds applications
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Figure F.7: The LCR\N:(r) of the capacity of double Nakagamichannels.

in cooperative networks and keyhole channels. We haveestube influence of the
severity of fading on the PDF, CDF, LCR, and ADF of the charoaglacity. It is
observed that an increase in the severity of fading in oneotr links of double
Nakagamim channels decreases the mean channel capacity, while ftsr@s@an
increase in the ADF of the channel capacity. Moreover, atlosignal levels, this
effects increases the LCR of the channel capacity. Resislisshow that the mo-
bility of the MR and DMS has a significant influence on the LCRl &DF of the
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Figure F.8: The ADH¢(r) of the capacity of double Nakagamnichannels.

channel capacity. Specifically, an increase in the maximapder frequencies of
the MR and DMS increases the LCR, while it has an oppositeantta on the ADF
of the channel capacity. The presented exact results adated with the help of
simulations, whereby a very good fitting is observed.
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Abstract — This article deals with the derivation and analysis of the atis-
tical properties of the capacity ofNxNakagami-m channels, which has been re-
cently introduced as a suitable stochastic model for multibp fading channels.
We have derived exact analytical expressions for the probality density func-
tion (PDF), cumulative distribution function (CDF), level-crossing rate (LCR),
and average duration of fades (ADF) of the capacity oN«Nakagami+n chan-
nels. For large number of multihops, we have studied the firsbrder statistics
of the capacity by assuming that the fading amplitude of the kannel can be
modeled as a lognormal process. Furthermore, an accurate ased-form ap-
proximation has been derived for the LCR of the capacity. Theresults are
studied for different values of the number of hops as well asdr different val-
ues of the Nakagami parameters, controlling the severity ofading in different
links of the multihop communication system. The results shw that an increase
in the number of hops or the severity of fading decreases the ean channel ca-
pacity, while the ADF of the channel capacity increases. M@over, an increase
in the severity of fading or the number of hops decreases theCR of the capac-
ity of Nakagami-mchannels at higher levels. The converse statement is truerfo
lower levels. The presented results provide an insight intéhe influence of the
number of hops and the severity of fading on the channel capidty, and hence
they are very useful for the design and performance analysisf the multihop
communication systems.

Index Terms—Multihop communication systems, channel capacity, pbditaden-
sity function, cumulative distribution function, levetessing rate, average duration
of fades.
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[. INTRODUCTION

Multihop communication systems fall under the categoryadperative diversity

systems, in which the intermediate wireless network nodssieach other by re-
laying the information from the source mobile station (SNtSthe destination mo-
bile station (DMS) [26, 30, 18]. This kind of communicatiocheme promises an
increased network coverage, enhanced mobility, and ingareystem performance.
It has applications in wireless local area networks (WLANS$), cellular networks

[27], ad-hoc networks [1, 2], and hybrid networks [6]. Bassdthe amount of

signal processing used for relaying the received signalretays can generally be
classified into two types, namely amplify-and-forward (onfregenerative) relays
[11, 12] and decode-and-forward (or regenerative) rel8ys The relay nodes in

multihop communication systems can further be categoiiizidchannel state in-
formation (CSl) assisted relays [4], which employ the CStaiculate the relay

gains and blind relays with fixed relay gains [16].

In order to characterize the fading in the end-to-end linkveen the SMS and
the DMS in a multihop communication system wiNthops, the authors in [17] have
proposed thé&l:xNakagamim channel model, assuming that the fading in each link
between the wireless nodes can be modeled by a Nakaggmocess. The second
order statistical properties of multihop Rayleigh fadiftngenels have been studied
in[28], while for dualhop Nakagamn channels, the second order statistics of the
received signal envelope has been analyzed in [32]. Moretive performance
analysis of multihop communication systems for differeinds of relaying can be
found in [5, 16, 11, 12] and the multiple references therdm[25], the authors
analyzed the statistical properties of the capacity ofliyaRice channels employ-
ing amplify-and-forward based blind relays. An extensidrihe work in [25] to
the case of dualhop Nakagamichannels has been presented in [24]. The ergodic
capacity of multihop Rayleigh fading channels has beenietlid [7, 8]. Though
a lot of papers have been published in the literature dealitfythe performance
and analysis of multihop communication systems, the sizdisproperties of the
capacity ofN«xNakagamim channels have not been investigated so far. The aim of
this article is to fill in this gap of information.

In this paper, the statistical properties of the capacitilefNakagamim chan-
nels are analyzed. The mean and the variance of the charpaditaare studied
with the help of the PDF of the channel capacity. To providaaight into the tem-
poral behavior of the channel capacity, we also investijagd_CR and the ADF
of the channel capacity. The LCR of the channel capacityrde=sthe average
rate of up-crossings (or down-crossings) of the capacityutph a certain threshold
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level. The ADF of the channel capacity denotes the averaggtidn of time over
which the capacity is below a given level [13, 14]. By usingeadback channel,
the statistical properties of the channel capacity can leéutfor the transmitter
to determine the right modulation, coding, and power to miéze the amount of
information that can be transmitted over the wireless cabi9].

The rest of the paper is organized as follows. In Section & bniefly describe
theNx«Nakagamim channel model and some of its statistical properties. Gedii
presents the statistical properties of the capacitiN@flakagamim channels. A
study on the first order statical properties of the channghcity for large number
of hopsN is presented in Section IV. The analysis of the obtainedte®sucarried
out in Section V. The concluding remarks are finally stateS8eation VI.

[1. THE NxNAKAGAMI -m CHANNEL MODEL

Amplify-and-forward relay-based multihop communicatgystems consist of
an SMS, a DMS, an®l — 1 blind mobile relays MR (n=1,2,...,N—1), as de-
picted in Fig. G.1. In this article, we have assumed thatdldenfy in the SMS—-MR
link, MRh—MRp;1 (n=1,2,...,N—2) links, and the MR _1—DMS link is charac-
terized by independent but not necessarily identical Nakagn processes denoted
by x1(t), Xnr1(t) (n=21,2,...,N—2), andxn(t), respectively. The received signal
rn(t) at thenth mobile relay MR (n=1,2,...,N—1) or the DMS(n= N) can be
expressed as [31]

n(t) = Gn_1 Xn(t) F_1(t) + Mn(t) (1)

Mobile relay Mobile relay Mobile relay
SMS- MR, 1 2 N-1
link (MR,) (MR,) (MRy)
x(t

Source mobile Destination mobile
station station
(SMS) (DMS)

Figure G.1: The propagation scenario describirgNakagamim fading channels.



192 Statistical Analysis of the Capacity of Mobile Radio Chalsne

wherenp(t) is the additive white Gaussian noise at titk relay or the DMS with
zero mean and varian®p , Gn_1 denotes the gain of th@—1)th (n=2,3,...,N)
relay,ro(t) represents the signal transmitted from the SMS Giequals unity. The
PDF py,(z) of the Nakagamim processyn(t) (n=1,2,...,N) is given by [20]

2mhZ2Zm-1 2
Pro(@) = s e B 220 @

where Qn = E{x3(t)}, m, = Q3 /Var{x2(t)}, andT (-) represents the gamma
function [9]. The expectation and the variance operatoesdanoted bye{-} and
Var{-}, respectively. The parametet, controls the severity of the fading, associ-
ated with thenth link of the multihop communication system. Increasing ¥alue
of m,, decreases the severity of fading and vice versa. The d¥adahg channel
describing the SMS-DMS link can be modeled a$«&akagamim process given
by [17, 28]

N N
=(t) = I_l Gn-1Xn(t) = I_l Xn(t) (3)
n=1 n=1

where each of the processagt) (n=1,2,...,N) follows the Nakagamin distri-
bution py, (2) with parametersn, andQ, = Gﬁlen. In order to derive an expres-
sion for the received instantaneous signal-to-noise (&8IdR) y(t) at the DMS, we
continue as follows. The overall instantaneous signal p&(té¢ at the DMS can be
expressed as

N
S(t) = [ GA-11xn(®)*. (4)
n=1
Similarly, the instantaneous noise povit) at the DMS can be written as

N(t) = No(GG3- Gy (Ixa(t) PIxa(t) -+ [xn()I?)

+No2 (G3G3+++GR 1) (IXs(®) P [Xa(®) P+ [XN(DI?) + -+ +Now

N N
- zm( M Gﬁﬂxk(tnz). (5)
n=1

k=n+1

The instantaneous SNRRt) at the DMS can now be expressed as

M. G2 4 Xn(®)P
)= o) . ©)
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Dividing the numerator and the denominator in (6)[al}_; NonG2 ; allows us to
write y(t) as [12, Egs. (12)—(14)]
N
M Wn(t)
n=
V) =~ N n—1 )
5 (L0 k0 /T et

n=1 \ k=n+1

(7)

wherey,(t) = | xn(t) |2/N07n represents the instantaneous SNR atitheelay MR,.

By expanding the denominator in (7), it can be observed tbatixed values of the
noise variancé\p , increasing the relay gai@, increases the instantaneous SNR
at the DMS. However, for any values nfthe value ofy(t) is always less than or
equal toys (t), representing the instantaneous SNR at the first mobilg.rdlais
fact can easily be confirmed by choosing the value of the rgéarysG, according

to Gh=1/,/CaiNon (n=1,2,...,N—1) [28, Eq. (35)], where, is a real valued
constant. By substituting? = 1/ (CaNo ) in (7), the resulting expression for the
instantaneous SNRt) can be written in accordance with [16, Eq. (3)] as

B 1 C CiC CiC---Cnoa -1
Vm_(wm+wmwm+m®wmm0+ +wmmwmmm) - ©

Hence, as the value @, increases, the value 6%, decreases and thus the value of
y(t) approaches (t) for any values of. In the following, for the sake of simplicity,
we will assume a fixed noise powip at the DMS. Hence, the instantaneous SNR

at the DMS is given by st)
t
y(t) = No 9)
For the calculation of the PDF of the capacitydfNakagamim channels, we
need to find the PDFp=2(2) of the squaredNxNakagamim process=2(t). Fur-
thermore, for the calculation of the LCR and the ADF of thearaty, we need
to find an expression for the joint PDP=.z2(z 2) of the squared proces¥(t)
and its time derivativéz(t) at the same timé. By employing the relationship
p=2(2) = p=(1/2)/(2,/2) [21, Eq. (5-22)], the PDIp=2(z) can be expressed in terms
of the PDFp=(z) of theN«Nakagamim proces<(t) in [17, Eq. (4)] as

(&)

1
p=2(2) = —— Gon

N
Zn'lr (m)

] , z>0. (20)

mlvrnZ7"'7mN
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In (10), G[:] denotes the Meijer'&-function [9, Eq. (9.301)]. By following a similar
procedure presented in [28, Eqgs. (12)—(15)] and by applthegconcept of trans-
formation of random variables [21, Eq. (7-8)], it can be shdhat the expression
for the joint PDFp=2z2(z, ) under isotropic scattering conditions can be written as

: _z_
) 1 (> c p%’\/g)’(l'")’(NA (2\/2 VZ Xl""’XN71>
p:z‘:z(Z Z) = —/ / 2v=
T ’ 4z x1=0 XN—1=0

N—-1
I_lnzl Xn

z
X Pin (%) Pg, (X1) - Py y n—1) OXg---dxy—1 (11)
|_|n:l Xn

for z> 0 and|z| < e, where

-z
1 e BZKZ(Z,X]_,...7XN71)

VZ X, ---,XN—1) = (12)

Z
p% ’\E)’(l"')’(Nfl (2—\/2

-~ V2nK(zxg, ... Xn-1)

and
N—-1
K2z, 1) = Bu |1+ 1% (13a)
(r) |~
n=1
B, = W(frne%Jrfmam), n=12...N. (13b)

Here, fmax, and fmay, , represent the maximum Doppler frequencies of the SMS
and DMS, respectively, whilémay,,, denotes the maximum Doppler frequency of
thenth mobile relay MR (n=1,2,... . N—1).

[1l. STATISTICAL PROPERTIES OF THECAPACITY OF NxNAKAGAMI -m
CHANNELS

The instantaneous capaciiyt) of NxNakagamim channels is defined as

Clt)y = log; (14 k=)

_ %Iogz (1+y=2(t)) (bits/s/Hz) (14)

whereys = 1/Ng. The factor :I/N in (14) is due to the reason that the relays MR
(n=1,2,...,N—1) in Fig. G.1 operate in a half-duplex mode, and therefore the
signal transmitted from the SMS is received at the DM®litime slots. We can
consider (14) as a mapping of a random proceds to another random process
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C(t). Therefore, the results for the statistical propertieshefgroces&(t) can be
used to obtain the expressions for the statistical pragsedf the channel capacity
C(t). Again, by applying the concept of transformation of randeamables, the
PDF pc(r) of the channel capacity(t) can be expressed in terms of the PRE(2)

as
o = (M) (42

N2VrIn(2) 2N -1 ﬁ <m‘) - (15)
Ys n=1 Qn My, My,...,MN

- N GS{}S
(Nr=1) T (m)
n=1
for r > 0. By integrating the PDRpc(r), the CDFFRc(r) of the channel capacity
C(t) can be obtained by making use of the relationships in [9, £84(3)] and [3,
Eq. (26)] as

Feln) = [ pe(2idz
0

] , r>0. (16)
my,0

To find the LCR, denoted bic(r), of the capacityC(t), we first need to find the
joint PDF pe¢(z 2) of C(t) and its time derivative(t). The joint PDFp.a(z 2) can
be found by using the joint PDp-2z2(z, 2) given in (11) and by employing the re-

lationshippee(z,2) = (NZNZIn(Z)/ys,)2 p=2z2 ((2N?2—1) / y5, N2N%ZIn(2) / ys). Fi-
nally, the LCRN¢(r) can be found as follows

[oe]

Ne(r) — /'z R (r, 2)dz

0

Czo@ayi ] R (g
B V21T Vs

x1=0 XN-—1=0

Ys

N1 o' 11,4
xK( ,xl,...,xN_l)e U dx¢---dxy_1, r>0 (17)

where® = ﬂr’}'zlnﬂh/<r(rm)ﬁﬂh> . The expression for the LCR(r) in (25)
is mathematically very complex due to multiple integralsowgver, by using the
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multivariate Laplace approximation theorem [15], it iswsindn the Appendix that
the LCRN¢(r) of the channel capacit@(t) can be approximated in a closed form
as

T[\/N yS n|:|1 / rnn/ Qn
Nr 1
XK( X1, -,>~<N1) , r=0 (18)
¥s
where
_ . N-1G, (193)
D = ysOn — a
n=1 Mh
and
1
2N
» My (2Nr — l)
n=| ——N , n=1...N-1. (19b)
o (/)
The ADF, denoted b¥ic(r), of the channel capacity can be expressed as [14]
Fe(r)
Te(r) = 20

whereFc(r) andNc(r) are given by (10) and (14), respectively.
IV. ASYMPTOTIC ANALYSIS

In this section, we will study the PDF, CDF, mean, and vamaatthe capacity
when the number of hopd is large. Similarly to [17], we will apply the central
limit theorem of products [21] to obtain an accurate appr@tion for the PDF of
the NxNakagamim process in (3). In the case wh&h— o, we will denote the
Nx«Nakagamimprocess(t) by =«(t). From [17], it follows that the PDF af.(t)
is lognormal distributed

e (INZ— o)

= (2) = —=——e 2% , z>0 21
P=.(2) N > (21)
where N
_ 1 Mh
cmiffmon(®) e
and
o= im g 3 W(m). (23)
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Here, W1 (.) is the first derivative of the Digamma functit#(-) [9, Eq. (8.360)].

In order to derive the PDF of the capacityl$Nakagamim channels, we need
to find the PDFp=; (2) of the squarediixNakagamim process2(t). Again, by em-
ploying the relationship=; (z) = p=.(/2)/(2,/2), the PDFp=; (2) can be obtained
o _ 1 — 5oz (INV/Z—fieo)?

ng,(z) = 72\/Zwmze ® )

Hence, by using (24) and applying the same transformaticmigue presented in
Section Ill, the PDRpc(t) of the capacityC(t) can be approximated as

z>0. (24)

2
Nr
N2NTn2 L (In 2 *1—uN)
E,%_ ¥s r Z O

Pe(r) = 2V/2m(2NT — 1) oy © ’ (3)

whereuy and 0,% are obtained from (22) and (23), respectively, by using aefini
number of hopsN. Furthermore, by integrating the PDdc(r) in (25), the CDF
Fc(r) can be expressed as

() = [ pe@)dz
0

! N (/T )
Nin2 / 2 o (V) (26)
2/2moy (2Nz—1) '

Finally, the meanic and the varianceé of C(t) can now be easily obtained as

b = / zpe(2) dz
0

(0] Z 2
_ NiIn2 N7z e—,Lé’%(ln ZN—ygl—uN) dy 27)
~ 2v2noy ) 2N2-1

0

and

0@ = [z no)pcl2)dz
0

2
0o Nz . 2 _ 1 | &_
NIn2 /2 2(z— Uc) e Ef(n % “N) dz (28)

2/2moy ) 2Nz
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respectively. In the next section, it will be shown by sintigas that the approxi-
mations obtained in (25)—(28) performs well for small numsta hopsN.

V. NUMERICAL RESULTS

In this section, we will discuss the analytical results oied in the previous sec-
tions. The validity of the theoretical results is confirmetihvthe help of simula-
tions. For comparison purposes, we have also shown thésdsuRayleigh chan-
nels fm,=1;n=1,2,...,N). In order to generate Nakagamiprocessegn(t) for
natural values of 2y, the following relationship can be used [29]

2x My
Xn(t) = I; HE) (1) (29)

wherepn (t) (1 =1,2,...,2my;n=1,2,...,N) are the underlying independent and
identically distributed (i.i.d.) Gaussian processes, apds the parameter of the
Nakagamim distribution associated with theth link of the multihop communi-
cation systems. The Gaussian procegsgst), each with zero mean and vari-
ancesmnag, were simulated using the sum-of-sinusoids model [22]. iHoelel
parameters were computed using the generalized methodaof Boppler spread
(GMEDS,) [23]. The number of sinusoids for the generation of Gaunsgid-
cessequ, (t) was chosen to be 20. The paramefrwas chosen to be equal to
2(my0p)?, the values of the maximum Doppler frequencigsy, were set to be
equal to 125 Hz, and the quantipy was equal to 15 dB. The parametég 1
(n=1,2,...,N) and gp were chosen to be unity. Finally, using (3), (14), and
(29), the simulation results for the statistical propertiéthe channel capacity were
found.

The PDFpc(r) and the CDFR:(r) of the capacityC(t) of NxNakagamim
channels are presented in Figs. G.2 and G.3, respectivdgo, fhe approxima-
tion results obtained in (25) and (26) are shown in Figs. G2 @.3, respectively.
Specifically, forN = 6 andN = 8, the approximation results are in a reasonable
fitting with the exact results. Furthermore, it can be obsémn both figures that
an increase in the severity of fading (i.e., decreasing #hgevof the fading param-
eterm,) decreases the mean channel capacity. Similarly, as théewoh hops\
in NxNakagamim channels increases, the mean channel capacity decredses. T
influence of severity of fading and the number of hdpsn a NxNakagamim
channels on the mean channel capacity is specifically studi€ig. G.4. It can
also be observed that the mean capacity of multihop Raylegimnels ify, = 1;
n=12 ... N)is lower as compared to that biNakagamim channels ify, = 2;
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Figure G.2: The PDF of the capacity NkNakagamim channels.
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Figure G.3: The CDF of the capacity Nf<Nakagamim channels.

n=12,...,N). Moreover, it can also be observed from Figs. G.2 and G.8 tha
an increase in the value of the fading parametgror the number of hop8l in
NxNakagamim channels results in a decrease in the variance of the cheapat-

ity. This result can easily be observed in Fig. G.5, wherevéti@nce of the capacity

of NxNakagamim channels is studied for different values of the fading paatam

m, and the number of hogdd in NxNakagamim channels. In Figs. G.4 and G.5,
we have also include the approximations obtained in (27)(@8) respectively.
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Figure G.4: The mean channel capacity\afNakagamim channels.
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Figure G.5: The variance of the capacitydfNakagamim channels.

The results show that as the number of hdpmicrease the approximation results
get in a close correspondence with the exact results. Irtiadda carefully study
of Figs. G.2—-G.5 also reveal that the approximations resgilten by Egs. (25)—
(28) are more closely fitted to the exact results for largéwesofm,, e.g.,m, =2
(n=21,2,...,N).

Figure G.6 presents the LAR(r) of the capacityC(t) of NxNakagamimchan-

nels. It can be observed that at lower levelshe LCRNc(r) of the capacity of
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Figure G.6: The LCR of the capacity bf<Nakagamim channels.

2

3 4 5 6 7
Level, r (bits/s/Hz)

10 w
—Theory
- Simulation
10°
=
~
.
D -2
= 10
107,
5

e o

—— m,, = 1 (Rayleigh channels)
—————— m,, = 2 (Nakagami-m channels)

Figure G.7: The ADF of the capacity dfxNakagamim channels.
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NxNakagamim channels with lower values of the fading parametgiis lower as
compared to that of the channels with higher values of fagamgmetem,. How-

ever, the converse statement is true for lower level®n the other hand, increase
in the number of hopsl has an opposite influence on the LCR of the channel ca-
pacity as compared to the fading parametgr Furthermore, Fig. G.6 illustrates
the approximated LCR:(r) of the capacityC(t) given by (18). It is observed
that as the number of hop¢ increases, the approximated LCR fits quite closely
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to the exact results. Specifically fof > 4, a very good fitting between the exact
and the approximation results is observed. The AR ) of the capacityC(t) of
NxNakagamim channels is studied in Fig. G.7 for different values of theber of
hopsN and the fading parametet,. It is observed that an increase in the severity
of fading or the number of hops in NxNakagamim channels increases the ADF
Tc(r) of the channel capacity.

VI. CONCLUSION

In this article, we have presented a statistical analydiseotapacity oN«Nakagamim
channels. Specifically, we have studied the influence of ¢hrergty of fading and
the number of hops on the PDF, CDF, LCR, and ADF of the chareqeaty. We
have derived an accurate closed-form approximation fol_tbR of the capacity.
For large number of hop, we have investigate the suitability of the assumption
that theN«Nakagami fading distribution can be approximated by thatsmal dis-
tribution. The findings of this paper show that an increasthénumber of hops

N or the severity of fading decreases the mean channel cgpatite it results in

an increase in the ADF of the channel capacity. Moreoverjgitdn levelsr, the
LCR Nc(r) of the capacity oN«Nakagamim channels decreases with an increase
in severity of fading or the number of hops However, the converse statement is
true for lower levels. Furthermore, the variance of the channel capacity deeseas
by increasing the number of hops, while increase in the ggwafrfading has an
opposite influence on the variance of the channel capatity.also observed that
increasing the relay gains increases the received SNR &Nt& however the re-
ceived SNR at the DMS is always less than or equal to the SNRedirst mobile
relay MR;. The analytical results are verified by simulations, whegr@lbery good
fitting is observed.

G. A Proof of (18)

We can obtain an approximate closed-form expression fol(2&pplying a similar
technique as presented in [28]. By employing the resultrglwe [28, eq. (A.3)],
the LCRNc(r) can be approximated as

N /N _ 1\ ™ UR) s
Ndr)wE( v ) (emN V2= r>0, (A1)

where
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N—1 N
ux) = <|_| X (lTth‘N)1> K (2 v l,>~<1,-~-,>?N—1) :

n=1 S
(A.2)
N-—1 2 Nr
~ My my (2°" -1
h& = 3 an+ '( _— ). (A.3)
n=1 n A

andX = [X1,...,Xny—1]. Moreover, the values of the paramete&js. ., Xy_1 pre-
sented in (19b) can be obtained by using [28, eq. (25)]. Eantbre, with the help
of [28, eq. (30)], we can easily show that the quanitin (A.1) is given by
N—1
a = N22N-1 M T

n=1 On

(A.4)

Finally, by substituting (A.2), (A.3), (A.4), and (19b) iA(1), we obtain the ap-
proximate closed-form expression for the LOR(r) of the channel capacii@(t)
given by (18).
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Abstract — In this paper, we have studied the statistical properties bthe
capacity of Rice channels for both maximal ratio combining MRC) and equal
gain combining (EGC) schemes. We have analyzed the effecttbie number of
diversity branches and the amplitude of the line-of-sight LOS) components in
the diversity branches on the statistics of the channel capity. Specifically, we
have derived analytical expressions for the probability desity function (PDF),
cumulative distribution function (CDF), level-crossing rate (LCR), and average
duration of fades (ADF) of the capacity of Rice channels whensing MRC and
EGC. Itis observed that if the number of diversity branches @ the amplitude
of the LOS components increases, then the mean channel cajgancreases,
while the spread and the ADF of the channel capacity decrease The pre-
sented results are very helpful for wireless communicatiorsystem designers to
optimize the receiver design for the case when spatial diveity combining is
employed.

I. INTRODUCTION

Diversity combining is widely accepted as an effective rodtho mitigate the ef-
fects of fading in wireless propagation environments [18]for example, spatial
diversity techniques are used, the received signals ofadtsity branches are com-
bined in an intelligent way which results in an increase ie #verage received
signal-to-noise ratio (SNR) [26, 13, 15, 2] and hence theéesysthroughput in-
creases. Spatial diversity combining techniques haveegaionsiderable attention
in the past few decades due to their potential to improve tieeatl system perfor-
mance. Two of such combining techniques include MRC and EGC 15]. The
performance analysis of EGC in Rayleigh channels can bedfouf6, 3, 24]. For
Rice channels, the performance analysis of MRC and EGC septed in [1, 21].
Moreover, the capacity analysis of Rice and Rayleigh chisnmgh MRC can be
found in [2, 14, 11]. Furthermore, results for the bit errateranalysis for EGC
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in Nakagami and Weibull channels can also be found in thealibee (see, e.qg.,
[26, 25, 21] and the references therein). However, to thedieéke authors’ knowl-
edge, the statistical properties of the capacity of moliterfg channels with MRC
or EGC have not been investigated so far.

This article deals with the derivation and analysis of tlaistical properties of
the capacity of Rice channels with MRC and EGC. We have déexact analytical
expressions for the PDF, CDF, LCR and ADF of the capacity aERhannels for
the case when MRC is employed. Moreover, when EGC is usedarthbytical
expressions for the PDF, CDF, LCR, and ADF of the channelagpare derived
using an approximation for the PDF of a sum of Rice procesdes PDF and CDF
of the channel capacity are very helpful to obtain the meahthe variance of the
channel capacity. On the other hand, the LCR and ADF of therakacapacity
provide an insight into the temporal variations of the cle@roapacity [9]. The
LCR of the channel capacity represents the average rate-ofagsings (or down-
crossings) of the channel capacity through a certain totddbvel, while the ADF
is the average duration of time over which the channel capéacbelow a certain
threshold level [12].

We have studied the results for different values of the nurobdiversity branches,
L, and the amplitude of the LOS componemsin different Rice branches. More-
over, the results for the statistical properties of the capaf Rayleigh and Rice
channels are also presented for comparison purposes. liseneed that an in-
crease in the value df or p increases the mean channel capacity for both MRC
and EGC. However, it results in a decrease in the variandeeothiannel capacity.
We have also observed that for any of the two aforementionetbning methods,
the capacity of Rice channels with a lower valueLobr p has a higher LCR at
low and medium signal levels. The ADF of the channel capacitythe other hand,
decreases with an increase in the value of the paranieters. The analytical find-
ings are verified with the help of simulations revealing a)gwod fitting between
the theoretical and simulation results.

The rest of the paper is organized as follows. In Sectiondllinwe will briefly
describe the MRC and EGC scheme in Rice channels, resdgcteztion IV deals
with the derivation of the statistical properties of theaeipy of Rice channels with
MRC. Section V presents the statistical properties of thmaciy of Rice channels
with EGC. The analysis of the theoretical and simulatiorultssis carried out in
Section VI. Finally, the conclusions are presented in $aclll.
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I1. Rice CHANNELS WITH MRC

Let x; (t) denote a Rice process, which characterizes the receiveal gigvelope in
thelth fading branch in ah-branch diversity system. Then, the instantaneous SNR
y(t) at the combiner output in an MRC diversity scheme is givenli3] [

N Z XI = Ye=(t (1)

whereys = Ps/ Np denotes the average SNR of each brari&hs the total trans-
mitted power per symboNg represents the variance of the additive white Gaussian
noise (AWGN) in the channel, ari{t) = S, x?(t). The PDF of the procesi(t)

is given by [23]

el
p=(2) = (Z/SZ) \e/s) " 20§|L_1 (gs), z>0 2)

2
200 5

wherea? denotes the variance of the underlying Gaussian processeé ), In(-)
is the modified Bessel function of the first kind of orad.0], s> = zl';lplz, andp
represents the amplitude of the LOS component i tineiversity branch. Hence-
forth, without the loss of generality, we assume that p holdsvl =1,2, ...,L, and
thuss= +/Lp. Under the assumption of isotropic scattering, the joinERD: (z,2)
of =(t) and its time derivativ&(t) can be written as [5]

z77e 52; i V/ZS
p=z(22) = —— 1 (—2) 3)
206+/8mBzs a§

for z> 0 and|z < «. Here, = 2(mfmaxdo)? for isotropic scattering conditions
and fhax denotes the maximum Doppler frequency. Equations (2) apdi(Bbe
used in Section IV for the derivation of the statistical pedpes of the capacity of
Rice channels with MRC.

[1l. RICE CHANNELS WITH EGC

For the case when EGC is employed at the receiver inlaranch diversity system,
the instantaneous SNRt) at the combiner output is given by

L 2
YO = O (lg X (t)) = B=() @

where x;(t) denotes the received signal envelope in ktfe Ricean branch and
Z(t)=(Tx (t))z. To derive the statistical properties of the capa€it) of Rice



212 Statistical Analysis of the Capacity of Mobile Radio Chalsne

channels with EGC, we require the PIPE(z) of the proces&(t) and the joint PDF
p=z(z,2) of the proces&(t) and its time derivativ&(t). However, the exact solu-
tion for the PDF of a sum of Rice processes and hence the 2§ of =(t) are
still unknown. For overcoming this problem, different apgmations have been
proposed in the literature [16, 4]. By using the approximasuggested in [16] for
the PDF of a sum of Rice processes and applying the conceprsformation of
random variables [17], the PDp=(z) of the squared sum of Rice process#s)
can be expressed as

(ve-tig)®
1 T ao K2 . (2)/2 [ 2
D)~ ————e h +Kea(?) ( )e Ln2K2 (23],

\/8mzLog 2\/28

Here,Ka, 2,(2) = (ﬂ—ag/ a1>, Hy, denotes the mean, amg, represents the
variance of the Rice procegs(t) [20, Eq. (2.3-58)]. In this article, we have as-
sumed that all the Rice processgét) have identical means,, and variancesy, .
The constantsg, a;, anda, can be found using nonlinear least squares fitting with
the exact PDF, based on the interior-reflective Newton nteffip The values of
these constants are given in Table H.1 for different numbefsdiversity branches
and for different values of the amplitugeof the LOS components.

z>0. (5)

Table H.1: Coefficients for the approximation
p=0 p=2

ag a1 a ag a1 a
0.0225| 0.6474| 1.7022| 0.0071| 0.9245| 3.0028
0.0146| 0.6498| 2.1154| 0.0047| 0.9237| 3.7713
0.0108| 0.6513| 2.4594| 0.0035| 0.9236| 4.4058
0.0086| 0.6529| 2.7615| 0.0028| 0.9267| 4.9539
0.0071| 0.653 | 3.0319| 0.0024| 0.9276| 5.449
0.0061| 0.6542| 3.282 || 0.002 | 0.928 | 5.904
0.0053| 0.6541| 3.5121| 0.0018| 0.9285| 6.3303
0.0047| 0.6539| 3.7301| 0.0016| 0.9287| 6.7264
0.0042| 0.6538| 3.9348| 0.0014| 0.9286| 7.1009

OO N[O bW N

[EEN
o

The joint PDFp=z(z2) can be expressed with the help of [22, Eq. (19)], [5,
Eq. (20)] and by using the concept of transformation or ramdariables [17] as
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. e_% 0. (6)
-2(2,2) = ———= p=(2), 2> 0,|7 < co.
p=z(22) 8nzLBlO() b
In (6), B = 2(7Tfmax00)2 for isotropic scattering conditions. In Section VI, the
statistical properties of the capacity of Rice channel$hvidGC will be derived

using (5) and (6).

IV. STATISTICAL PROPERTIES OF THECAPACITY OF RICE CHANNELS WITH
MRC

The instantaneous capaciyt) of Rice channels with MRC can be expressed
as [8]

C(t) =log, (1+ y(t)) (bits/s/Hz) (7)

It can be observed that the expression in (7) represents pintapf the random
procesg/(t) to another random proce€st). Therefore, the statistical properties of
the channel capacity can be found with the help of the sizdigbroperties of the
instantaneous SNR(t). To derive the expression for the PDF of the channel ca-
pacity, we first need to find the POy (z) of the instantaneous SNRt) using the
relationp,(z) = (1/ys) p= (z/ys). Thereafter, applying the concept of transform-
ation of random variables, the POic(r) of the channel capacit@(t) is obtained
usingpc(r) =2"In(2) py (2" — 1) as follows

2 1/ys+32
2In(2)e % &L 2r —1s
pC(r) ( ) L ||_,1 ( 2 ) , I 2 0. (8)
2505 (2" =1/ ys) 2 V¥s0h

To find the CDFR:(r) of the channel capacit@(t), we will make use of the rela-
tionshipFc(r) = Jg pc(X)dx[17]. After solving the integral, the CDFR(r) of C(t)
can be expressed as

\/2' =1/ S
Fe(r)=1— QL(S/),r>O @)

2 paiy
0o GO

whereQy (-, ) represents the generalized Marcum Q-function [20, Eq-38)3
The LCRNc(r) of the channel capacity(t) is defined adlc(r) =[5’ z pee(r, 2)dz

[12], where pr:(z,2) denotes the joint PDF of the channel capa€ity) and its

time derivativeC(t). The joint PDFpg:(z2) can be obtained usinge:(z,2) =

(22In(2))? pyy (22— 1,2%2In(2)) andpyy(2,2) = (1/V2) p== (z/Vs,2/ ys) as
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Z 22in(2)2)2
ez 8 = e W oty (10
for z> 0 and|z < «. The LCRNc(r) can now be obtained by substituting (10) in
Ne(r) = Jo zpee(r,z)dz After some algebraic manipulations, the LBG(r) can
finally be expressed in closed form as

V2B (2 1)y
V112" In(2)

In order to find the ADFI¢(r) of the channel capacit§(t), we will use the for-
mulaTe(r) = Re(r) /Ne(r) [13], whereRe(r) andNc(r) are given by (9) and (11),
respectively.

Ne(r) =

pc(r), r>0. (11)

V. STATISTICAL PROPERTIES OF THECAPACITY OF RICE CHANNELS WITH
EGC

For the case of EGC, the PDic(r) of the channel capacit§(t) is obtained us-
ing (4), (7), and by applying the concept of transformatiémamdom variables.
Analogous to the MRC case, we will first find the P (z) of the instanta-
neous SNR/(t) by substituting the approximation in (5) in the relationspy(z) =
(1/¥s) p=(z/¥s), Whereys = ys/ L. Afterwards, the PDFpc(r) can be obtained
usingpc(r) =2"In(2) py (2" —1) as

2
NEEST SN r_
( /Vs—Luy, ) K§1=32<2_y5'_1)

pC(r>%2rln(2) e 2% e ke 21 3
Vs 8rLo2 (21 2a1, /21 2N %
T[LGXI <_VS_> Vs

2 -1
(%))
S

forr > 0. The CDFR(r) of the channel capacit@(t) can now be obtained using
Fo(r) = Jo Pc(x)dxas

&(r)lq(\/m_”’x‘) ~ao |k (57 1 o el

\/EGX| e 2
(13)
forr > 0. In (13),Q(-) represents the error function [20, Eq. (2.3-10)].
The LCRNc(r) of the capacityC(t) of Rice channels with EGC is defined by
Ne(r) = Jo' Zee(r,2)dz. The joint PDFpg:(z 2) in this case is obtained by using
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(6) and by employing the relationshipgs(z,z) = (2%In(2))? Pyy (22 —1,2%zIn(2))
andpyy(z,2) = (1/)'/32) p=z (2/Vs,2/¥s) as

_ (2%In(2)2?

\/Vse 8LBYs(22-1)

pCC <Z7 Z) = \/m

By substituting (14) infy’ z pre(r, 2)dz, the LCRN¢(r) of the channel capacity(t)
can be expressed in closed form as

pc(2), 22 0,[2 < co. (14)

22 -1)ylB
V12" In(2)
Similarly, the ADFT¢(r) of the channel capacity(t) can be obtained usinig(r) =
Fe(r)/ Ne(r), while Fe(r) andNg(r) are given by (13) and (15), respectively.

Ne(r) =

pc(r), z>0. (15)

VI. NUMERICAL RESULTS

In this section, we will discuss the analytical results oed in the previous sec-
tions. The validity of the analytical results will be verdiavith the help of sim-
ulations. For comparison purposes, we have also shown shdtsdor Rayleigh
channelgp — 0) for both MRC and EGC. Moreover, we have also presented the
results for the classical Rayleigh and Rice channels whide avhenL = 1. In
order to generate the Rice distributed wavefoppis) (I = 1,2,...,L), we have em-
ployed the sum-of-sinusoids model [18]. The model parareeiere calculated
using the generalized method of exact Doppler spread (GME[S]. The num-
ber of sinusoids for the generation of Rice distributed i@wvas x (t) was chosen
to beN, =29+ for | =1,2,...,L. The maximum Doppler frequencigax was
91 Hz, the SNRy; was equal to 15 dB, and the parameatgrwas set to unity. Fi-
nally, using (1), (4), and (7), the simulation results foe 8tatistical properties of
the channel capaci@(t) of Rice channels with MRC and EGC were obtained.
The PDFpc(r) of the capacity of Rice channels with MRC and EGC is shown
in Figs. H.1 and H.2, respectively, for different values loé number of diversity
branched. and the parametgr. Results show that in both cases an increase in the
amplitude of the LOS componermsor the number of diversity branchesncreases
the mean channel capacity. This fact is specifically stuthdelg. H.3, where the
mean channel capacity is plotted against different valifseonumber of diversity
branched. and for various values of the amplitude of the LOS componentscan
also be seenin Figs. H.1 and H.2 that increasing the parameied/orL decreases
the spread of the channel capacity. Figure H.3 also showsheaRC diversity
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Figure H.1: The PDR(r) of the capacity of Rice channels with MRC.
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Figure H.2: The PDR(r) of the capacity of Rice channels with EGC.

scheme performs better than the EGC diversity scheme irstefthe mean channel
capacity.

The LCRN:(r) of the capacity of Rice channels with MRC is shown in Fig. H.4
for different values of the number of diversity brancheand the parameteo. It
is observed that at low signal levels the LOR(r) of the channels with lower
values of the amplitude of the LOS componenis higher as compared to that of
the channels with higher values pf However, the converse statement is true for
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Figure H.3: Comparison of the mean channel capacity of Riemels with MRC
and EGC.
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Figure H.4: The LCR\:(r) of the capacity of Rice channels with MRC.

higher signal levels. Moreover, an increase in the numbelivarsity branches&
has a similar effect on the LCR(r) as the amplitude of the LOS components
p. For any value ol, it is also observed that the maximum value of the LCR
Nc(r) of the channels with lower values pfis higher as compared to the channels
with higher values op. Figure H.5 depicts the LCR(r) of the capacity of Rice
channels with EGC. It can be seen that the parametarslp effect the LCRN(r)
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Figure H.5: The LCR\:(r) of the capacity of Rice channels with EGC.
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Figure H.6: The ADFI¢(r) of the capacity of Rice channels with MRC.

of the capacity of Rice channels with EGC in a similar fastasrior the case when
MRC is employed.

The ADFT¢(r) of the capacity of Rice channels with MRC and EGC is shown
in Figs. H.6 and H.7, respectively. Apparently in both casesincrease in the
amplitude of the LOS components or the number of diversiéynbhes decreases the
ADF of the channel capacity. For all the presented restiésahalytical expressions
are verified using simulations, whereby an excellent fitthgbserved.
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Figure H.7: The ADFI¢(r) of the capacity of Rice channels with EGC.

VIlI. CONCLUSION

This article deals with the statistical analysis of the c#yaof Rice channels for
both MRC and EGC diversity schemes. We have presented aahlgiosed-form
expressions for the PDF, CDF, LCR, and ADF of the channel@gpaThe pre-
sented results are studied for different values of the @og#iof the LOS compo-
nents in the diversity branches and the number of diverségdhes at the receiver.
We have observed that the amplitude of the LOS componentshendumber of
diversity branches have a significant effect on the stesigif the channel capacity.
Specifically, an increase in the amplitude of the LOS comptsand/or the num-
ber of diversity branches increase the mean channel cgpatiwever, it results

in a decrease in the ADF of the channel capacity. The findifidgki® paper also
show that the MRC diversity scheme outperforms the EGC dityescheme w.r.t.
the mean channel capacity. Moreover, at low signal levieés] CR of the channel
capacity of channels with lower values of the amplitude eflt®S componentg

or the number of diversity branchess higher as compared to that of the channels
with higher values ofpp. While, the converse statement is true for higher signal
levels. The validity of the theoretical results is confirndsimulations.
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Abstract — In this article, we have studied the statistical properties of the
capacity of Nakagamiim channels when spatial diversity combining, such as
maximal ratio combining (MRC) and equal gain combining (EGC), is em-
ployed at the receiver. The presented results provide inskg into the statistical
properties of the channel capacity under a wide range of fadig conditions in
wireless links usingL-branch diversity combining techniques. We have de-
rived closed-form analytical expressions for the probabity density function
(PDF), cumulative distribution function (CDF), level-crossing rate (LCR), and
average duration of fades (ADF) of the channel capacity. Thetatistical prop-
erties of the capacity are studied for different values of tle number of diversity
branches and for different severity levels of fading. The aalytical results are
verified with the help of simulations. It is observed that ingeasing the number
of diversity branches increases the mean channel capacityhile the variance
and ADF of the channel capacity decreases. Moreover, systanm which the
fading in diversity branches is less severe (as compared toaRleigh fading)
have a higher mean channel capacity. The presented resultseavery helpful
to optimize the design of the receiver of wireless communiti®n systems that
employ spatial diversity combining.

[. INTRODUCTION

The received signal impairments, caused by multipath tadinvireless commu-
nication systems, can be reduced by diversity combininghots, such as MRC
and EGC [9, 11]. In diversity combining schemes, the reaksignals in different
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diversity branches are combined in a way that results inene@sed signal-to-noise
ratio (SNR) [9, 11]. Hence, such methods increase the sytstemaghput and there-
fore enhance the overall system performance. Due to thesmtadjes, numerous
papers have been published dealing with the system perfmerand the capacity
analysis of Rayleigh and Rice channels (see, e.g., [2, 40]1larid the references
therein). On the other hand, the Nakagamprocess is considered to be a more
general channel model as compared to Rayleigh and Rice mbéeause it can be
used to study the scenarios where the fading is more (or $esgye as compared
to Rayleigh fading. The generality of this model also desifrem the fact that it
incorporates Rayleigh and Rice models as special caseslt®psrtaining to the
statistical analysis of the signal envelope and the syseriogmance analysis for
MRC and EGC in Nakaganm channels can be found in [16, 18]. However, to
the best of the authors’ knowledge, there is still a gap afrimfation regarding the
statistical analysis of the capacity of Nakagamchannels with MRC and EGC.
The aim of this paper is to fill in this gap.

This paper deals with the derivation and analysis of the RID¥;, LCR, and
ADF of the channel capacity of Nakagamichannels for both MRC and EGC.
The PDF can be helpful to analyze the mean channel capadiyhenvariance
of the channel capacity, while the LCR and ADF of the chanaglacity give an
insight into the temporal behavior of the channel capaciye have studied the
statistical properties of the channel capacity for différealues of the number of
diversity branche& and for different values ai controlling the severity of fading
in Nakagamim channels. We have also included the results for Rayleighrala
(which arise for the case when= 1) for comparison purposes. It is observed that
for both MRC and EGC, an increase in the number of diversiybined. increases
the mean channel capacity, while the variance and the ADReo€hannel capacity
decrease. Moreover, an increase in the severity of fadisigltsein a decrease in
the mean channel capacity, however the variance and ADFeaftthnnel capacity
increase. Itis also observed that at lower signal levets| {BR is higher for chan-
nels with smaller values of the number of diversity branches higher severity
levels of fading than for channels with higher values @i lower severity levels of
fading.

The rest of the paper is organized as follows. The MRC and E¢h€rses in
Nakagamim channels are briefly reviewed in Section Il and Ill, respadyi. In
Section IV, we present the derivation of the statisticalpgrties of the capacity
of Nakagamim channels with MRC. The statistical properties of the capaui
Nakagamim channels with EGC are discussed in Section V. The theotletigh
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simulation results are analyzed and illustrated in SectlbrFinally, the conclu-
sions are presented in Section VII.

[I. NAKAGAMI -m CHANNELS WITH MRC

The signal envelope in tHéh branch of ar-branch diversity system can be charac-
terized by a Nakagamiiprocesg (t). The PDFp,, () of the Nakagamim process
{i(t) is given by [12]

2am" M1 2
pZ|(Z)::\(rnWe i ) z>0 (1)

forl =1,2,....L, whereQ, = E{Z?}, m = Q? /Var{Z?}, andr (-) represents the
gamma function [7]. In order to generate Nakagamprocesseg)(t), we have
used the following relation [17]

2xm
Q(t) = ; IJiZJ (t) (2)

where;(t) (i=1,2,...,2xm) are the underlying independent and identically
distributed (i.i.d.) Gaussian processes, amds the parameter of the Nakagami-
distribution associated with tHéh branch. The parametey controls the severity

of the fading. Increasing the value wf decreases the severity of fading associated
with thelth branch and vice versa. In this article, we have assumé®@iha 2m, ag

for the sake of simplicity. Here:;g denotes the variance of the underlying Gaussian
processesg | (t) in ¢j(t). In an MRC diversity system, the instantaneous SNR

at the combiner output can be expressed as [9]

L
0= g 3,480 = WA ®

whereys = Ps/ Np can be termed as the average SNR of each branch\énd=
S1_142(t). Here, Ps represents the total transmitted power per symbol, fnd
denotes the variance of the additive white Gaussian noM&3N). The PDFpa (2)
of the proces#\(t) can be expressed using [3, Eq. (2)] as

Ziam-lg 208
p/\(Z): zL m 9 ZZO (4)
(208) =T (3l m)
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Under the assumption of isotropic scattering, the joint RRQK(z, z) of A(t) and its
time derivativeA(t) at the same timecan be written as [18]

) 1 " 8202 )
PAA(22) = PA(Z)——me 4, 2> 0,]2 < oo, (5)
8712022I

Here,az-zI = (1fmax)?Q /m denotes the variance of the proce;?sét) [18], where

g (t) represents the time derivative of the procégs), and fmax is the maximum
Doppler frequency. In Section 1V, we will use the resultssarged in (4) and (5)
to analyze the statistical properties of the capacity of ddgaknim channels with
MRC.

[11. NAKAGAMI -m CHANNELS WITH EGC

The instantaneous SNfRt) at the combiner output in ado-branch EGC diversity
system is given by [9]

2
_¥
LNO(zz ) = 2AW) ©)

whereA(t) = (3114 (t))z, and() (t) represents the received signal envelope in the
Ith Nakagamim branch. We again proceed by first finding the PP z) of the
process\(t) and the joint PDF, 4 (z, 2) of the procesg\(t) and its time derivative
A(t). However, finding the PDF of a sum of Nakagamiprocesse§ - ; {(t) is

still an open problem, and hence the PPA{(z) of A(t) is thus unknown. One of
the remedies for this problem is to use an appropriate appaiion to the sum
Z|L:15I (t) to find the PDFpp(2) (see, e.g., [12, 5] and the references therein). In
this article, we have approximated the sum of Nakagmp'rocesseg}-:1 4 (t) by
another Nakagamia processS(t) with parametersns andQsg, as suggested in [5].
Hence, the PDRps(2z) of S(t) can be obtained by replacimy andQ, in (1) by ms
andQg, respectively, wher@s = E {(t)} andms= Q% /(E {S*(t)} — Q%) . The
quantityE {S(t)} can be calculated using [5]

B n o n N2 n Ny nL—2
oo - £330 (2)

<E[Z] ™ (OIE[G ()] - E[G ()]
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where

n/2
E[ZN(t)] = % (%) =12 L (7)

By using this approximation for the PDF of a SlZdll ¢ (t) of Nakagamimproces-
ses and applying the concept of transformation of randomamias [13, Eq. (7-8)],
the PDFpa(z) of the squared sum of Nakagamiprocesse#\(t) can be expressed

usingpa(2) = 1/(2y/2) ps(y/2) as

mSZrﬂs—l Mez
s e % 7>0. ®)

PA(2) =~ ”T)ans >

The joint PDFp, 4(z 2) can now be expressed with the help of [17, Eq. (13)], (8),
and by using the concept of transformation or random vaeg[l3, Eq. (7-8)] as
72

B 8Lzo?
4

PAA(Z,2) ® ———= PA
A ‘ /8712Lc722I

Using (8) and (9), the statistical properties of the capamfitNakagamim channels
with EGC will be analyzed in Section VI.

(2), 2> 0,|2] < co. 9)

V. STATISTICAL PROPERTIES OF THECAPACITY OF NAKAGAMI -m
CHANNELS WITH MRC

The instantaneous channel capa€ity) for the case when diversity combining
is employed at the receiver can be expressed as [6]

C(t) =log, (1+ y(t)) (bits/s/Hz) (10)

where y(t) represents the instantaneous SNR given by (3) and (6) for MRLC
EGC, respectively. The expression in (10) can be considese mapping of the
random procesg(t) to another random proce€st). Hence, the statistical proper-
ties of the instantaneous SNRt) can be used to find the statistical properties of
the channel capacity. The POy (z) of the instantaneous SNRt) can be obtained
using the relatiorp,(z) = (1/ys) Pa (z/ys). Thereafter, applying the concept of
transformation of random variables, the PPEr) of the channel capaci@(t) is
obtained usingc(r) = 2"In(2) py (2" — 1) as follows

o @@ DI o (11)

M (zham) (203y) "
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The CDFFR(r) of the channel capacitg¢(t) can be found using the relationship
Fe(r) = Jg pc(X)dx [13]. After solving the integral, the CDFc(r) of C(t) can be
expressed as

1 L (2r-1)
—1-—_ - T 0 12

whererl (-,-) represents the incomplete gamma function [7, Eq. (8.3h0-2)

The LCR of the channel capacity defines the average rate afagsings (or
down-crossings) of the channel capacity through a certa@shold level [8]. In or-
der to find the LCR\:(r) of the channel capacity(t), we first need to find the joint
PDF pcc(z 2) of the channel capacit@(t) and its time derivativ€(t). The joint
PDF p:(z,2) can be obtained using.:(z 2) = (2%In(2))? Pyy (22 —1,2%zIn(2)),
wherepyj(z,2) = (1/V2) ppa (2/¥s,2/ys). The expression for the joint PDig (2, 2)
can be written as

2%In(2) *8;529222)221)
e 4
(22—-1) 871022I A

Pc(2) (13)

Pcc(z.2) = \/

for z> 0 and|Z < «. The LCRN¢(r) can now be obtained by solving the integral
in Ne(r) = Jo’ zpe(r,2)dz After some algebraic manipulations, the LO&(r)
can finally be expressed in closed form as

2o§ys(2r—1)
Ne(r) = Wpc(r), r>0. (14)

The ADF of the channel capacity denotes the average duratibtme over which
the channel capacity is below a certain threshold level T8le ADF T¢(r) of the
channel capacitg(t) can be obtained usin:(r) = Fc(r) /Ne(r) [9], whereFe(r)

andNc(r) are given by (12) and (14), respectively.

V. STATISTICAL PROPERTIES OF THECAPACITY OF NAKAGAMI -m CHANNELS
wWITH EGC

For the case of EGC, the PO#(z) of the instantaneous SNRRt) can be obtained
by substituting (8) inpy(2) = (1/¥s) pa (z/Vs), Whereys = ys/ L. Thereafter, the
PDF pc(r) is obtained by applying the concept of transformation ofican vari-
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ables on (10) as

pe(r) = 2'In(2) py (2 — 1)
_ 2In@)@ -—ymst _msE
~ Fme) (e Qs/me)™ 120, (15)

By integrating the PDRpc(r), the CDFFR(r) of the channel capacit@(t) can be
obtained using(r) = /¢ pc(x)dxas

()~ 1o — r(mc,,%),rzo. (16)
SAesS

The joint PDF pe:(z 2) for the case of EGC can be obtained usipg(z,2) =
(2%n(2))? pyy (22— 1,2%2In(2)) andpyj(z.2) = (1 /¥6* ) Pa (2/%62/¥6) as

_ (%222
2%In(2) o 8LV50Z2| (22-1)

\/(22— 1) 8nLUZ-2| Vs

Pc(2) (17)

pCC(27 Z) ~

for z> 0 and|z] < . Now by employing the formul&lc(r) = [;° z pe(r, 2)dz, the
LCR N¢(r) of the channel capaci@(t) can be approximated in closed form as

202 y(2r —1 me(2
QWETY iz - U™ o s (18)
7T M(ms) (¥sQs) ™

Ne(r) ~

for z> 0. By usingTc(r) = Fe(r)/Nc(r), the ADFTc(r) of the channel capacity
C(t) can be obtained, whilg:(r) andN¢(r) are given by (16) and (18), respectively.

VI. NUMERICAL RESULTS

This section aims to analyze and to illustrate the analyticdings of the previous
sections. The correctness of the analytical results witldreirmed with the help of
simulations. For comparison purposes, we have also shawetiults for Rayleigh
channels (obtained fan = 1,Vl =1,2,...,L). Moreover, we have also presented
the results for the classical Rayleigh channels which avisenL = 1 andm =

1. The underlying Gaussian procesggs(t) (i=1,2,...,2xm) are generated
using the sum-of-sinusoids method [14]. The model parametere calculated
using the generalized method of exact Doppler spread (GMERS]. The number
of sinusoids for the generation of the Gaussian procgsgés was chosen to be
Ni = 29. The SNRy; was set to 15 dB, the maximum Doppler frequerligyx was
91 Hz, and the parametexy was equal to unity. Finally, using (3), (6), and (10),
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Figure I.1: The PDRc(r) of the capacity of Nakaganm channels with MRC.
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Figure 1.2: The PDRpc(r) of the capacity of Nakagarmichannels with EGC.

the simulation results for the statistical properties @ ¢hannel capacit¢(t) of
Nakagamim channels with MRC and EGC were obtained.

Figures 1.1 and 1.2 present the PIPE(r) of the capacity of Nakagarmichan-
nels with MRC and EGC, respectively, for different valuesttod number of di-
versity brancheg and severity parameteng. It is observed that in both cases an
increase in the number of diversity brancheaacreases the mean channel capacity.
However, the variance of the channel capacity decreases.fadt is specifically
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Figure 1.3: Comparison of the mean channel capacity of Nakagn channels with
MRC and EGC.

highlighted in Figs. 1.3 and 1.4, where the mean channelc@pand the variance of
the capacity of Nakaganmchannels, respectively, is studied for different values of
the number of diversity branchésand severity parameteng. It can be observed
that the mean channel capacity and the variance of the ¢gpzEfcNakagamim
channels are quite different from those of Rayleigh chamr@pecifically for both
MRC and EGC, if the branches are less severely faded=(1.5, VI =1,2,...,L)
as compared to Rayleigh fadingy(= 1, VI = 1,2,...,L), then the mean channel
capacity increases, while the variance of the channel dgpiecreases.

The LCRNc(r) of the capacity of Nakaganm channels with MRC and EGC
is shown in Figs. 1.5 and 1.6 for different values of the numdiediversity branches
L and severity parameteng. It can be seen in these two figures that at low signal
levelsr, the LCRNc(r) of the channels with lower values of the number of diversity
branched. is higher as compared to that of the channels with higheregabilL.
However, the converse statement is true for high signaldeve

The ADFTc(r) of the capacity of Nakagammi channels with MRC and EGC
is shown in Figs. I.7 and 1.8, respectively. The results sktimat an increase in the
number of diversity branches decreases the ADF of the clhaapeacity. More-
over, an increase of the severity parametarsesults in an increase in the ADF
of the channel capacity. The analytical expressions aliiagtusing simulations,
whereby a very good fitting is found.
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Figure 1.4: Comparison of the variance of the channel capaxfi Nakagamim
channels with MRC and EGC.
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Figure I.5: The normalized LCR:(r)/ fmax Of the capacity of Nakaganmichan-
nels with MRC.

VIlI. CONCLUSION

This article presents a statistical analysis of the capafitNakagamim channels
for MRC and EGC diversity schemes. We have derived closed-malytical ex-
pressions for the PDF, CDF, LCR, and ADF of the channel capatNakagamim

channels with MRC and EGC. The presented results show thattmber of diver-
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Figure I.7: The normalized ADRc(r) - fmax Of the capacity of Nakaganmichan-

nels with MRC.

sity branched. and the severity of fading have a significant influence on Hane
nel capacity. Specifically, increasing the number of digtsranches increases the
mean channel capacity, while the variance and the ADF ofltaamel capacity de-
creases. Moreover, an increase in the severity of fading/ersity branches results
in a decrease in the mean channel capacity. However, the ADEh& variance of
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Figure 1.8: The normalized ADRc(r) - fmax Of the capacity of Nakaganmichan-
nels with EGC.

the channel capacity increases. It is also observed thatarIsignal levels, the
LCR is higher for channels with smaller values of the numleliversity branches
L or higher severity levels of fading than for channels witgHar values ot or
lower severity levels of fading. The analytical findings aegified using simula-
tions, where a very good agreement between the theoretidadienulation results
was observed.
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Abstract — In this article, we have studied the statistical properties of the
capacity of spatially correlated Nakagamim channels for two different diver-
sity combining methods, namely maximal ratio combining (MRC) and equal
gain combining (EGC). We have first derived the statistical poperties of the
signal-to-noise ratio (SNR) at the output of the diversity ombiner, for both
MRC and EGC. Thereafter, with the help of the statistical properties of the
SNR, we have obtained analytical expressions for the probality density func-
tion (PDF), cumulative distribution function (CDF), level-crossing rate (LCR),
and average duration of fades (ADF) of the channel capacity.The statisti-
cal properties of the capacity are studied for different valies of the number
of diversity branches and for different values of the receier antennas sepa-
ration controlling the spatial correlation in the diversity branches. It is ob-
served that an increase in the spatial correlation in the diersity branches of
an MRC system increases the variance as well as the LCR of thdéannel ca-
pacity, while the ADF of the channel capacity decreases. Mebver, for the
case of EGC, increasing the receiver antennas separationdreases the mean
channel capacity, while the ADF of the channel capacity deeases. Further-
more, an increase in the spatial correlation increases the CR of the channel
capacity at lower levels. The correctness of the theoretitaesults is verified by
simulations. The presented results are very helpful to opthize the design of
the receiver of wireless communication systems that emplogpatial diversity
combining techniques. Moreover, provided that the feedbdcchannel is avail-
able, the transmitter can make use of the information regardng the statistics
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of the channel capacity by choosing the right modulation, cding, and power
to achieve the capacity of the wireless channel.

Keywords—Nakagamim channels, spatial correlation, maximal ratio combin-
ing, equal gain combining, level-crossing rate, averagatchn of fades.

[. INTRODUCTION

The performance of mobile communication systems is gradfiacted by the multi-
path fading phenomenon. In order to mitigate the effectadify, spatial diversity
combining is widely accepted to be an effective method [1§, t spatial diver-
sity combining, such as MRC and EGC, the received signalsffierent diversity
branches are combined in such a way that results in an irexteagerall received
SNR [16]. Hence, the system throughput increases and threrdfe performance
of the mobile communication system improves. It is commadgumed that the
received signals in diversity branches are uncorrelatéis dssumption is accept-
able if the receiver antennas separation is far more thacethier wavelength of the
received signal [29]. However, due to the scarcity of spacemall mobile devices,
this requirement cannot be always fulfilled. Thus, due testhaial geometry of the
receiver antenna array, the receiver antennas are spattatelated. It is widely
reported in the literature that the spatial correlation &asgnificant influence on
the performance of mobile communication systems emplogivngysity combining
techniques (see, e.g., [17, 21, 8], and the referencednhere

There exists a large number of statistical models for desugithe statistics of
the received radio signal. Among these channel models, gyteigh [34], Rice
[28] and lognormal [6, 27] models are of prime importancel are thoroughly in-
vestigated in the literature. Numerous papers have beelispall so far dealing
with the performance and the capacity analysis of wirelessnounication systems
employing diversity combining techniques in Rayleigh andeRchannels (e.g.,
[3, 8, 2, 19]). However, in recent years the Nakagamahannel model [23] has
gained considerable attention due to its good fitness torgmpetal data and math-
ematically tractable form [9, 32]. Moreover, the Nakagamthannel model can be
used to study scenarios where the fading is more (or lessjedévan the Rayleigh
fading. The generality of this model can also be observea fitee fact that it in-
herently incorporates the Rayleigh and one sided Gaussiaelsas special cases.
For Nakagamim channels, results pertaining to the statistical analyfsilseosignal
envelope at the combiner output in a diversity combiningesys assuming spa-
tially uncorrelated diversity branches, can be found ir].[38oreover, when using
EGC, the system performance analysis is reported in [3@dtition, a large num-
ber of articles can also be found in the literature that siNdkagamim channels
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in systems with spatially correlated diversity branches3R, 36, 22, 31, 21, 18].
However, to the best of the authors’ knowledge, there ikatijap of information
regarding the statistical analysis of the capacity of sjigtcorrelated Nakagamm
channels with MRC and EGC. Specifically, second order sidigroperties, such
as the LCR and the ADF, of the capacity of spatially correlat@kagamim chan-
nels with MRC or EGC have not been investigated in the litegatThe aim of this
paper is to fill this gap.

This paper presents the derivation and analysis of the PDIF, CCR, and
ADF of the capacity of spatially correlated Nakagamzhannels, for both MRC
and EGC. The PDF is helpful to study the mean channel capacdyhe variance
of the channel capacity, while the temporal behavior of tiennel capacity can be
investigated with the help of the LCR and ADF of the channglacity. We have
analyzed the statistical properties of the channel cap#aitifferent values of the
number of diversity branchésand for different values of the receiver antennas sep-
arationdgr controlling the spatial correlation in diversity branch&sr comparison
purposes, we have also included the results for the meanarahee of the capac-
ity of spatially correlated Rayleigh channels with MRC arm@ (which arise for
the case whem = 1). It is observed that for both MRC and EGC, an increase in
the number of diversity branchésincreases the mean channel capacity, while the
variance and the ADF of the channel capacity decrease. Mergean increase in
the severity of fading results in a decrease in the mean @haapacity, however
the variance and ADF of the channel capacity increase. Is @bserved that at
lower levels, the LCR is higher for channels with smallemes of the number of
diversity branchek or higher severity levels of fading than for channels witigéa
values ofL or lower severity levels of fading. We have also studied tiliénce of
spatial correlation in the diversity branches on the dtatisproperties of the chan-
nel capacity. Results show that an increase in the spatia¢lation in diversity
branches of an MRC system increases the variance as wek &R of the chan-
nel capacity, while the ADF of the channel capacity decrea®m the other hand,
for the case of EGC, increasing the receiver antennas sepairacreases the mean
channel capacity, whereas the ADF of the channel capacditgdees. Moreover, an
increase in the spatial correlation increases the LCR aflth@nel capacity at lower
levelsr. We have confirmed the correctness of the theoretical sesykimulations,
whereby a very good fitting is observed.

The rest of the paper is organized as follows. Section lIgyavérief overview
of the MRC and EGC schemes in Nakagamchannels with spatially correlated
diversity branches. In Section Ill, we present the stattproperties of the ca-
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pacity of Nakagamm channels with MRC and EGC. Section IV deals with the
analysis and illustration of the theoretical as well as theutation results. Finally,
the conclusions are drawn in Section V.

[1. SPATIAL DIVERSITY COMBINING IN CORRELATED NAKAGAMI -m
CHANNELS

We consider thé&-branch spatial diversity combining system shown in Fig), J.
in which itis assumed that the received sign@(s) (I =1,2,...,L) atthe combiner
input experience flat fading in all branches. The transihgignal is represented by
s(t), while the total transmitted power per symbol is denoted?byThe complex
random channel gain of tHé¢h diversity branch is denoted Hy(t) andn;(t) des-
ignates the corresponding additive white Gaussian noi$é3N) component with
varianceNp. The relationship between the transmitted sigtgl and the received
signalsx; (t) at the combiner input can be expressed as

x(t) = h(t)s(t) +n(t) (1)

A

wherex(t), h(t), andn(t) areL x 1 vectors with entries corresponding to tltle
(I=1,2,...,L) diversity branch denoted by(t), h (t), andn (t), respectively. The
spatial correlation between the diversity branches adsesto the spatial correla-
tion between closely located receiver antennas in the natarray. The correla-
tion matrix R, describing the correlation between diversity branchegiven by

R = E[h(t)hH(t)], where(-)" represents the Hermitian operator. Using the Kro-
necker model, the channel vectoft) can be expressed #st) = R%h(t) [13].
Here, the entries of the x 1 vectorh(t) are mutually uncorrelated with ampli-
tudes and phases given Hy(t)| and @, respectively. We have assumed that the
phaseq (I =1,2,...,L) are uniformly distributed ove0, 217), while the envelopes

}21(1‘) nl(t)

YRS A0

h, (1) izm

y x, (1) 5 [»() .
8= S PO basinl

S h) om0
¢ i x, (¢

2 D

Diversity Combiner

Figure J.1: The block diagram representation of a diversitybining system.
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¢(t)=Ih(t)| (I =1,2,...,L) follow the Nakagammm distribution pg, (z) given by

[23]
m"zZm-1 _m2

Py (2) = WG_T', z>0 (2

whereQ =E {{?(t)}, m = Q2 /Var{Z?(t)}, andr (-) represents the gamma func-
tion [14]. Here,E{-} and Va{-} denote the statistical expectation and variance
operators, respectively. The paramatgrcontrols the severity of the fading. In-
creasing the value ain decreases the severity of fading associated withlttme
branch and vice versa.

The eigenvalue decomposition of the correlation ma®igan be expressed as
R = UAUM. Here, U consists of the eigenbasis vectors at the receiver and the
diagonal matrixA comprise the eigenvalués (I = 1,2,...,L) of the correlation
matrixR. The receiver antenna correlationsq (p,q=1,2,...,L) under isotropic
scattering conditions can be expressegsg = Jo (bpq) [7], where Jo(+) is the
Bessel function of the first kind of order zero [14] ahgly = 2m8pq /A . Here,
A is the wavelength of the transmitted signal, wheréasrepresents the spacing
between thepth andgth receiver antennas. In this article, we have considered a
uniform linear array with adjacent receiver antennas sejmar represented bdi.
Increasing the value odr decreases the spatial correlation between the diversity
branches and vice versa.

A. Spatially Correlated Nakagami-m Channels with MRC

In MRC, the combiner computgst) = h (t)x(t), hence the instantaneous SNR
y(t) at the combiner output in an MRC diversity system with cated diversity
branches can be expressed as [11, 22, 16]

V() = NohH zm = ¥=(t) (3)

where ys = Ps/ No can be termed as the average SNR of each brag),=
Sk, Z2(t), and i (t) = v/Ag (t). It is worth mentioning that although we have
employed the Kronecker model, it is shown in [22] that (3)dsofor any arbi-
trary correlation model, as long as the correlation mdrig non-negative definite.
The PDFpZIZ(z) of processeélz(t) follows the gamma distribution with parameters
=m andB| =A Q|/m| [4, EQ. (1)]. Therefore, the processt) can be consid-
ered as a sum of weighted gamma variates. The pHE) of the proces&(t) can
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be expressed using [4, Eg. (2)] as

L /AN o Sk o+k—1a-2/B
=I'I<&> yox2nt T et o0 @)
=1 \ B

— k
0 pr T (s oK)

where

1 k+1 I
ey = k+1Z b3 (1——|> Sein 1, k=012.. (5)

o =1, andB; = min{B} (I =1,2,...,L). Under the assumption of isotropic
scattering, the joint PDPB-z(z,2) of =(t) and its time derivativé(t) at the same
timet can be written as

pes(22) = p=(2) e
= - 1/2710-52

where O'~52 = 4[3Xz(nfmax)2, fmax is the maximum Doppler frequency, afi =

Bt

, 220, <o (6)

Sh, <a| Blz)/zl';l <a| [3.) In Section IIl, we will use the results presented in (4)
and (6) to obtain the statistical properties of the capawfitfiakagamim channels
with MRC.

B. Spatially Correlated Nakagami-m Channels with EGC

In EGC, the combiner computgét) = ¢ x(t) [17], wherep = [@ @, ---, @ ]"
and(-)" denotes the vector transpose operator. Therefore, trentasteous SNR
y(t) at the combiner output in alx-branch EGC diversity system with correlated
diversity branches can be expressed as [17, 5, 16]

2
LNO(z VA ) = 2w ™

whereW(t) = <z,L:1 g (t))z, while the processe'ﬁ(t) follow the Nakagamin dis-
tribution with parametersy andfl| = A Q. Again we proceed by first finding the
PDF py(z) of the proces$¥(t) as well as the joint PDPyy(z 2) of the process
W(t) and its time derivativaP(t). However, the exact solution for the PDF of a
sum of Nakagamin processe§ |-, 4 (t) cannot be obtained. One of the solutions
to this problem is to use an appropriate approximation tcsthnz{-:l 2| (t) to find
the PDFpy(2) (see, e.g., [23] and [10]). In this article, we have appratied
the sum of Nakagammn processeglL:1 Z| (t) by another Nakagamm processS(t)
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with parametersns and Qs, as suggested in [10]. Hence, the PP&z) of S(t)
can be obtained by replacimg andQ, in (2) by ms and Qs, respectively, where
Qs=E {S(t)} andms= Q% /(E {S*(t)} — Q%) . Thenth order momenE {S"(t)}
can be calculated using [10]

n m N2 n n nL_»
E{S“(t)}znlzonzzo...mzl o(m) <n2> (nL 1)

XE{]MOYE(G ™M)} EL ) (8)

N . . .
Where< ! ) for nj < nj, denotes the binomial coefficient and
nj

n/2
E{M(t)) = %(rﬁ 1=12...L )

By using this approximation for the PDF of a sqrhzl 2| (t) of Nakagamimproces-
ses and applying the concept of transformation of randomas [24, Egs. (7-8)],
the PDFpy(2) of the squared sum of Nakagamiprocesse®(t) can be expressed

usingpy(z) = 1/(2/2) ps(v/2) as

LSzl mg
Pw(z) ~ nzs ) anse 9 z>0. (10)
The joint PDFpyy(z 2) can now be expressed with the help of [33, Eq. (19)], (10),
and by using the concept of transformation or random vae&fi4, Egs. (7-8)] as

_ 2

202

. e .
Pyy(Z2) ~ N pw(2), 2> 0,|7 < o (11)

27TGL-p

whereo?, = 42(Tfmax)? T H_1(Q1 /my). Using (10) and (11), the statistical proper-
ties of the capacity of Nakagami-channels with EGC will be obtained in the next
section.

IIl. STATISTICAL PROPERTIES OF THECAPACITY OF SPATIALLY CORRELATED
NAKAGAMI -m CHANNELS WITH DIVERSITY COMBINING

The channel capacit@(t) for the case when diversity combining is employed
at the receiver can be expressed as [12]

C(t) =log, (1+ y(t)) (bits/s/Hz) (12)
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wherey(t) represents the instantaneous SNR given by (3) and (7) for MRLC
EGC, respectively. The expression in (12) can be considese mapping of the
random procesg(t) to another random proce€st). Hence, the statistical proper-
ties of the instantaneous SNRt) can be used to find the statistical properties of
the channel capacity.

A. Statistical Properties of the Capacity of Spatially Gdated Nakagami-m Chan-
nels with MRC

The PDFpy(z) of the instantaneous SNRt) can be found with the help of
(4) and by employing the relatiop,(z) = (1/ys) p= (z/ys). Thereafter, applying
the concept of transformation of random variables, the PB) of the channel
capacityC(t) is obtained usingc(r) = 2"In(2) p, (2" — 1) as follows

© A r Z| 1 01 +k— 1 21
oe(r) = 3 2I@&(@ -1 (Bl

o~ . ZL: o +k
=0 (Blys> S (s a4k AR
The CDFFRc(r) of the channel capacit§(t) can be found using the relationship

Fe(r) = J§ pe(X)dx [24]. After solving the integral, the CDFRc(r) of C(t) can be
expressed as

) , r>0. (13)

, (2-1)
= Bl) © Ol <Z| 1M +k, Blvs>
=1— - 14

H( kZo M (Siam+k) (4

for r > 0, wherel (-,-) represents the incomplete gamma function [14, Eqg. (8.350-
2)].

The LCR of the channel capacity defines the average rate afagsings (or
down-crossings) of the channel capacity through a certagshold level [15]. In
order to find the LCR\¢(r) of the channel capacit@(t), we first need to find the
joint PDF pee(z 2) of the channel capacit@(t) and its time derivativ€(t). The
joint PDF p¢(z ) can be obtained usingg:(z,z) = (2%In(2 2))? Pyy (22— 1,2%zIn(2)),
wherepyy(z,2) = (1/2) p=z (z/ys,2/¥s). The expression for the joint PO (2, 2)
can be written as

z _ (22In(2)2)2
Poc(2.9) = 22 (e o5 e (15)
V/ (22— 1) 8iByys

forz> 0 and|Z < «. The LCRNc(r) can now be obtained by solving the integral
in Ne(r) = Jo zpe(r,2)dz. After some algebraic manipulations, the LO®(r)
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can finally be expressed in closed form as

| 2mBys(2 1)
Ne(r) = \/22r (N(2)/ T2 pc(r), r>0. (16)

The ADF of the channel capacity denotes the average duratibme over which
the channel capacity is below a certain threshold IeveI [THhe ADF Tc(r) of
the channel capaci@(t) can be obtained using:(r) /Nc ) [15], where
Fc(r) andNc(r) are given by (14) and (16), respectlvely.

B. Statistical Properties of the Capacity of Spatially Gated Nakagami-m
Channels with EGC

For the case of EGC, the P[IFV( z) of the instantaneous SNRt) can be ob-
tained by substituting (10) ipy(2) = (1/ys) pw (z/ys), whereys = ys/ L. There-
after, the PDFpc(r) is obtained by applying the concept of transformation of ran
dom variables on (7) as

pe(r) = 2'In(2) py (2" - 1)
2"In(2)(2" —1)ms—1 ﬁgg_sﬁ
~ F(ms) (Vs Qs/ mS)mse , r>0. (17)

By integrating the PDRpc(r), the CDFFR(r) of the channel capacit@(t) can be
obtained using(r) = /¢ pc(x)dxas

N 1 mg(2" — 1)
Fe(r)~1— F(ms) r (mS’W) , r>0. (18)

The joint PDFp:(z2), for the case of EGC, can be obtained usppg(z,2) =
(22In(2))? pyy (22— 1,2%In(2)) andpy;(z, 2) ( /yS ) Py (Z/¥s,2/Vs) as

- (zzm(z)'z/(nfm,ax))z
o 8s@-1)(sh 0 /m) 2°In(2) / fmax

J@-vem (0 /m) i

for z> 0 and|z] < . Now by employing the formul&lc(r) = [5° z pee (1, 2)dz, the
LCR N¢(r) of the channel capaci@(t) can be approximated in closed form as

pc(2) (19)

pCC<Z7 Z) ~

Zﬂ(zg‘zl Q|/TT'|) ¥s(2"—1)

Ne(r) ~ 2 (In(2)] fmax)z

pc(r) (20)
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for r > 0. By usingTc(r) = Fe(r)/Ne(r), the ADFTc(r) of the channel capacity
C(t) can be obtained, while:(r) andN¢(r) are given by (18) and (20), respectively.

IV. NUMERICAL RESULTS

This section aims to analyze and to illustrate the analyicdings of the previous
sections. The correctness of the analytical results wiltdrgfirmed with the help
of simulations. For comparison purposes, we have showrethdts for the mean
channel capacity and the variance of the capacity of spatiatrelated Rayleigh
channels with MRC and EGC (obtained foy = 1,VI =1,2,...,L). Moreover,

we have also presented the results for classical Nakagaechiannels, which arise
whenL = 1. In order to generate Nakagamiprocesseg) (t), we have used the

following relation [32]
2xm
Q= 3 K40 (21)

wherep; (t) (i=1,2,...,2m) are the underlying independent and identically dis-
tributed (i.i.d.) Gaussian processes, amds the parameter of the Nakagamidis-
tribution associated with thith diversity branch. The Gaussian procesggst),
each with zero mean and variana@ were generated using the sum-of-sinusoids
method [25]. The model parameters were calculated usingeheralized method
of exact Doppler spread (GMEDRJ[26]. The number of sinusoids for the gen-
eration of the Gaussian procesggs(t) was chosen to bdl = 20. The SNRys
was set to 15 dB, the parame®f was assumed to be equal tmb@, the maxi-
mum Doppler frequencymax was 91 Hz, and the paramem{f was equal to unity.
Finally, using (21), (3), (7), and (12), the simulation rkstor the statistical prop-
erties of the capacit¢(t) of Nakagamim channels with MRC and EGC were ob-
tained.

Figures J.2 and J.3 present the Piiftr) of the capacity of correlated Nakagami-
channels with MRC and EGC, respectively, for different eslof the number of di-
versity branches and receiver antennas separatdgn It is observed that in both
MRC and EGC, an increase in the number of diversity branthexreases the
mean channel capacity. However, the variance of the charapsicity decreases.
This fact is specifically highlighted in Figs. J.4 and J.5enhthe mean channel
capacity and the variance of the capacity, respectivelgoofelated Nakagamm
channels is studied for different values of the number oérdiity branche& and
receiver antennas separatidft The exact closed-form expressions for the mean
E{C(t)} and variance V4IC(t) } of the channel capacity cannot be obtained. There-
fore, results in Figs. J.4 and J.5 are obtained numericaling (17) and (13).
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Figure J.2: The PDIpc(r) of the capacity of correlated Nakagamiehannels with
MRC.
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Figure J.3: The PDIpc(r) of the capacity of correlated Nakagamiehannels with
EGC.

It can be observed that the mean channel capacity and thaneariof the ca-
pacity of Nakagamim channels are quite different from those of Rayleigh chan-
nels. Specifically, for both MRC and EGC, if the branches ass keverely faded
(m=2,VvI=12,...,L)as compared to Rayleigh fadingy(=1, vl =1,2,...,L),
then the mean channel capacity increases, while the var@ithe channel capacity
decreases.
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Figure J.4: Comparison of the mean channel capacity of ledead Nakagamm
channels with MRC and EGC.
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Figure J.5: Comparison of the variance of the channel capadicorrelated
Nakagamim channels with MRC and EGC.

The influence of spatial correlation on the PDF of the chaoaphcity is also
studied in Figs. J.2 and J.3. The results show that for Nakagachannels with
MRC, an increase in the spatial correlation in the diversignches increases the
variance of the channel capacity, while the mean channelaiyps almost unaf-
fected. However, for the case of EGC, an increase in theadpairrelation de-
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creases the mean channel capacity and has a minor influerthe wariance of the
channel capacity. Figures J.4 and J.5 also illustrate fieetedf spatial correlation
on the mean channel capacity and variance of the channeaticgpaspectively, of
Nakagamim channels with MRC and EGC. For the sake of completeness, we ha
also presented the results for the CDF of the capacity oketaied Nakagann
channels with MRC and EGC in Figs. J.6 and J.7, respectiveigures J.6 and
J.7 can be studied to draw similar conclusions regardingrigence of diversity
branched as well as the spatial correlation on the mean channel dgpawil the
variance of the channel capacity as from Figs. J.2 and J.3.

The LCRN¢(r) of the capacity of Nakagarmichannels with MRC and EGC is
shown in Figs. J.8 and J.9 for different values of the numbdiversity branches
and receiver antennas separatgnlIt can be seen in these two figures that at lower
levelsr, the LCRNc(r) of the capacity of Nakagamnmchannels with smaller values
of the number of diversity branchéss higher as compared to that of the channels
with larger values of.. However, the converse statement is true for higher lavels
Moreover, an increase in the spatial correlation incretise$ CR of the capacity
of Nakagamim channels with MRC. On the other hand when EGC is employed, an
increase in the spatial correlation increases the LCR ofdpacity of Nakagamnin
channels at only lower levets while the LCR decreases at the higher levels

The ADFT¢(r) of the capacity of Nakagarmi channels with MRC and EGC
is studied in Figs. J.10 and J.11, respectively. The restitsv that the ADF of
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Figure J.6: The CDI(r) of the capacity of correlated Nakagamiehannels with
MRC.
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Figure J.7: The CDI:(r) of the capacity of correlated Nakagamiehannels with
EGC.
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Figure J.8: The normalized LCRc(r)/ fmax Of the capacity of correlated
Nakagamim channels with MRC.

the capacity of Nakaganmichannels with MRC decreases with an increase in the
spatial correlation in the diversity branches. Howeves, éffect is more prominent

at higher levels. While for the case of EGC, an increase in the spatial cdrogla
increases the ADF of the channel capacity. Moreover for BORC and EGC,

an increase in the number of diversity branches decreaseSDF of the channel
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Figure J.9: The normalized LCRc(r)/ fmax Of the capacity of correlated
Nakagamim channels with EGC.

2

10 | —— Theory (uncorrelated) ]

,,,,,,, Theory (correlated; 6z = 0.3)) /]
' Theory (correlated; 6g = 0.75)) !

10051 . Simulation i

Sy =2,V1=1,2,..,L|

o

h‘
I
N

[EEN
o

: L=2
[ Nakagami-m channels

(L2

|
=

[EEN
o

10 L/

Normalized ADF, TC (T) . fma,x

0 2 4 6 8 10
Level, r (bits/s/Hz)

Figure J.10: The normalized ADFR:(r) - fmax Of the capacity of correlated
Nakagamim channels with MRC.

capacity. The analytical expressions are verified usingiksitions, whereby a very
good fitting is found.
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Figure J.11: The normalized ADFR:(r) - fmax Of the capacity of correlated
Nakagamim channels with EGC.

VIlI. CONCLUSION

This article studies the statistical properties of the capaf spatially correlated
Nakagamim channels with MRC and EGC. We have derived analytical expres
sions for the PDF, CDF, LCR, and ADF of the capacity of Nakaganchannels
with MRC and EGC. The results are studied for different valakthe number of
diversity branched and receiver antennas separatipn It is observed that for
MRC, an increase in the spatial correlation increases thanee as well as the
LCR of the channel capacity, however the ADF of the channgacily decreases.
On the other hand, when using EGC, as the receiver antenagasiep increases
the mean channel capacity increases, whereas the ADF oh#dmnel capacity de-
creases. Moreover, an increase in the spatial correlaticneases the LCR of the
channel capacity at only lower levels It is also observed that for both MRC and
EGC, an increase in the number of diversity branches inesetiee mean channel
capacity, while the variance and ADF of the channel capalgtyeases. The results
also show that at lower levels, the LCR is higher for chanmnéis smaller values
of the number of diversity branchésthan for channels with larger values bf
The analytical findings are verified using simulations, vereewery good agreement
between the theoretical and simulation results was obderve
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Abstract — In this paper, we have studied the statistical properties bthe
capacity of spatially correlated multiple-input multiple -output (MIMO) Rice
channels. We have derived an exact closed-form expressiaor the probability
density function (PDF) and an exact expression for the cumalive distribu-
tion function (CDF) of the channel capacity for single-inpu multiple-output
(SIMO) and multiple-input single-output (MISO) systems. Furthermore, an
accurate closed-form expression has been derived for theMel-crossing rate
(LCR) and an accurate expression has been obtained for the avage duration
of fades (ADF) of the SIMO and MISO channel capacities. For te MIMO
case, we have investigated the PDF, CDF, LCR, and ADF based @nlower
bound on the channel capacity. The results are studied for aitferent number
of transmit and receive antennas, but the proposed method cealso be used
to investigate the influence of some key parameters on the chiael capacity,
such as the antenna spacings of the transmitter and the recar antenna ar-
rays, and the amplitude of the time-invariant line-of-sight (LOS) component.
The analytical expressions are valid for the well-known Kramecker model and
an LOS component orthogonal to the direction of motion of thereceiver. The
correctness of the derived expressions is confirmed by simations.

I. INTRODUCTION

It is well known that the employment of multiple antennas athithe transmitter
and the receiver greatly improves the link reliability andreases the overall system
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capacity [6, 22]. Therein, it is shown that under idealizeopagation conditions,
i.e., when the channel matrix has independent and idelytidistributed (i.i.d.) en-
tries, the channel capacity increases linearly with theimmiin of the number of
transmitter and receiver antennas. However, it is also kvelivn that the gains in
the MIMO channel capacity are sensitive to the presencemopdeal and spatial
correlations introduced by the propagation environmehj 8. Therefore, it is of
great importance to study the MIMO channel capacity underidealized propa-
gation conditions, i.e., when the elements of the channélixrere correlated.

In the literature, different MIMO channel models have beemppsed, which
take the correlations between the sub-channels into atcdunoverview of the
most commonly used MIMO channel models can be found in [1]thla paper,
we have employed a popular separable correlation model ikra®nhe Kronecker
model [21, 5, 11]. Although it has been observed that the Eckar model under-
estimates the channel capacity in some environments flI'gjnains a cornerstone
of a large number of analyses [23].

Rice processes have intensively been used to model themafigictuations of
the signal amplitude at the receiver. In case there is no L&&ponent between
the transmitter and the receiver, Rayleigh processes aneonly been used for
the modeling of fading in strongly dispersive urban envinemts. A Rice process
is a generalization of a Rayleigh process. Also, under aicedondition a Rice
process can approximate a Nakagami process. Hence, Rioesges are useful to
model the random signal fluctuations in various propagatimnronments.

The statistical properties of the MIMO channel capacityenbeen intensively
studied in the literature. For example, exact closed-forpressions for the ergodic
capacity and the complementary CDF of the capacity are elefiv[25] for corre-
lated SIMO Rayleigh channels. Also in [25], accurate andg@tbform capacity
expressions are derived for correlated SIMO Rice chantelhis paper, we have
studied the statistical properties of the capacity of dateel MIMO Rice channels.
By using the lower bound on the capacity of correlated MIM@eRthannels pre-
sented in [20], we have derived exact analytical expresdmrthe PDF, CDF, LCR,
and ADF of the capacity. In contrast to the PDF and CDF, the la@& ADF pro-
vide useful information on the dynamic behavior of the cayadhe LCR of the
channel capacity describes the average number of up-ogss@r down-crossings)
of the capacity through a fixed level within a time intervalosfe second. Analo-
gously, the ADF of the channel capacity is the expected vafube length of the
time intervals in which the capacity is below a given levél [9
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The remainder of this paper is organized as follows. In $adli, we describe
briefly the MIMO channel model. A detailed study of the stated properties of the
MIMO channel capacity is the topic of Section Ill. The analgt results obtained
in Section Il will be compared with simulation results incen IV. Finally, the
conclusions are drawn in Section V.

1. THE MIMO CHANNEL MODEL

Throughout the paper, we are dealing with MIMO frequencypsaective mobile
channel models. The number of transmit and receive antemitidse denoted by
Nt andNRg, respectively. The input-output relation for such a MIMG&m can be
expressed as

y(t) = HOX(t) +n(t). 1)
In this equationx(t) is an Ny x 1 transmit signal vectory(t) is anNg x 1 re-
ceived signal vectokl (t) is the so-calledNr x Nt MIMO channel matrix, anah(t)
is anNr x 1 additive white Gaussian noise (AWGN) vector. We assumethea
components of the AWGN vectar(t) are uncorrelated and that each element has
zero mean and variance (noise power) equdigo In this paper, we will apply
the well-known Kronecker model to describe the correlabetween the elements.
According to the Kronecker model, the channel mattix) can be expressed as

A(t) = RYH(RY? 2)

whereRg, = E{H(t)H(t)"} andRy, = E{H(t)"H(t)} denote the transmit and the
receive correlation matrices, respectively, vitf } as the expectation operator and
(-)H represents the Hermitian operator. In (2), the notatiph? denotes the matrix
square root. Furthermorei(t) = [h; j(t)] is anNr x Ny complex random matrix
with i.i.d. entries. The complex entriés;(t) can be expressed as

hi,j(t) =hi;(t) + jh (1) 3)

where the inphase and quadratic components ¢ft) are denoted bini'J(t) and
hi(?j (t), respectively. In this articlehL () andhi(?j (t) are real-valued Gaussian noise

processes with identical variancg$ = aﬁQ = g2, The mean ofy ;(t) is denoted
1, i '

by p, while the mean ohf?j (t) is equal to zero. It should be mentioned tipat
denotes the amplitude of the LOS component of the receivgthbk{17]. Since,
hi j(t) is a complex Gaussian process with m@aand variance &2, the absolute
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value ofh; j(t) (also denoted as envelope)

E(t) = hij(0)] = /[0 (D12 + [hS (1)]2 (4)

follows the Rice distribution.

To express the MIMO channel matnﬁi((t) using the unitary-independent-unitary
(UIV) formulation [24, 14, 8, 23], we continue as follows. tltee eigenvalue de-
composition of the correlation matricB%, andRt, be expressed as

Rr, = UrARrUR (5)

Ry, = UpAgUY (6)
where the unitary matriXJg, (UT,) consists of the eigenvectors of the correlation
matrix Rg, (RT,). The diagonal matrix\r, (AT, ) contains the eigenvalues BR,
(RT,). After substituting (5) and (6) in (2), we can express the MMhannel
matrix H (t) using the UIU formulation as

H(t) = Ur (G@H(t)) U (7)

whereG is a given deterministic coupling matrix, and the operatadenotes the
element-wise Schur-Hadamard multiplication, i.e., tlegrednt-wise product of two
matrices. For the Kronecker model defined in (2), the cogptiratrix G can be
expressed as

G =R (8)
where the vectoraéé2 andA%2 contain the square roots of the eigenvalueBgf
andRt,, respectively. In (8), the transpose operator is denote¢i )y Closed-
form expressions for the elements of the transmit and reamvrelation matrices,

denoted b)pgq andpR,, respectively, can be found by using Lee’s spatio-temporal
correlation model [12] under isotropic scattering coruis. From [4], we obtain

Prg = Jo(bpg) (9)
prﬁn = Jo(Cmn) (10)

whereJy(-) is the zeroth-order Bessel function of the first Kitiglg = 270pq/A,
andcmn = 2mdmn/A . Here, A denotes the wavelength of the transmitted signal. The
antenna spacing between thth andgth transmit antenna is given kg, while

dmn represents the antenna spacing betweemtieandnth receive antenna. It
should be mentioned that (9) and (10) are only valid whendghgbral correlation
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is neglected.

Ill. THE MIMO CHANNEL CAPACITY

In this section, we study the capacity of the proposed MIM@netel model in
Section Il. In case that the transmitter has no knowledgetabe channel, whereas
the receiver has the perfect channel state informatiorgcapacityC(t), in bits/s/Hz,
is defined as

C(t) = log, {det(lNR-i—NLiﬂ(t)H(t)H)} (11)

where det-) designates the determinahyy is the identity matrix of ordeNg, and
the quantityys = P/Np is the average signal-to-noise ratio (SNR). Hd?ds the
total transmitted power allocated uniformly to all the samt antenna elements,
and agairNg represents the noise power. By substituting the UIU formiha(7)
in (11), and using the matrix determinant identity (et AB) = det(| + BA), the
MIMO channel capacitZ(t) can be expressed as

C(t)=log, [det(lNRqL N%(cs@ HH)(G e H(t))H)} .
(12)

In [20], itis shown that a lower bound on the channel capdgjty can be expressed
as

Nr Nt
_ ¥ e e () (2
Gn(t) = log, <1+ s 2, 2. i) ) (13

whereAg,; and At j denote thath and jth eigenvalues of the correlation matrices
Rgr, andRyr,, respectively. For the SIMO and MISO case, it is importamhention
that the lower boun@iy(t) is equal to the capacit@(t) defined in (11) (or (12)).
Furthermore, it should be mentioned that (13) holds onlytiercoupling matrixG
defined in (8) and when the i.i.d. nature of the entries of thI1® channel matrix
H(t) can be exploited [20].

In order to study the statistical properties of the chanmaglacityCy,(t), we
continue as follows. Let us defing(t) = 1% 51, Aridr;|hi j(t)|% To obtain
the PDF and CDF of the channel capacy(t), we need to find the PDF of(t).
Moreover, to obtain the LCR and ADF @, (t), we need to find the joint PDF
Py (1, F) of the proces¥ (t) and its time derivativéf (t) at the same time instant.
Throughout the paper, we let the overdot of a process dehetene derivative. For
completeness, we mentioned that the PDF of the squaredogeyi] j(t)|? follows
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the non-central chi-square distribution given by [19]

1

_ —(p?+r) /202 P
p|hi7j(t)\2(f)—ﬁe (p™rr)/207), <\ﬁ?), r>0 (14)

wherelg(+) is the zeroth-order modified Bessel function of the first kifithe pa-
rameterp? is the so-called non-centrality parameter of the distidut From [13,
p. 116], the PDRy (r) of Y(t) can be written as

[oe]

py(r):k;ckf(p-i-Zk;r), r>0 (15)

where
rP/2+k=1g—1/2

22K (p/2 1K)

Here,p = 2NgNr andl (+) is the gamma function [7, Eq. (8.310)]. The coefficients
¢k can be calculated from the formulas

f(p+2kr)=

(16)

p
Co = e PP (1/A)) Y2 (17)
=1
k—1
= (2k)12)dk_rcr, k>1 (18)
with
p p/2
Z (1—1/A))+kp?/0? z (1/A)(1—1/A)k (19)

To determine the vectoA = ()\1,...,)\p) , we define arNr x Ny matrix A with
elementsAjj = Ar,iAT,j. Hence,A = azveo([A,A]), where ve¢A) represents a
vector formed by stacking all the columns Afinto a column vector. Note that
f(p+ 2k;r) represents the central chi-square distribution with p+ 2k degrees
of freedom.

By defining pg(k)(r) = f(p+2k;r), the PDFpy(r) of Y(t) can be expressed as

[oe]

Py () = k;ckp;k%r) . (20)

In [20], itis shown that the joint PDByy (r, ) of Y (t) andY (t) can be approximated
as

Pyy (1,F) ~ z ckp;kg((r,f). (21)
K=0
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Here, pg(kg-((r,f) is defined in analogy to (20) as the joint PDF X%ft) and X(t),
whereX(t) follows the central chi-square distribution with= p+ 2k degrees of
freedom. Analogously to the central chi-square case [2¢x@mession for the joint
PDF p&k))-((r,f) can be found. The calculation of the joint ng))-((r,f) is omitted
for brevity. The joint PDFpyv (r,f) can now be written as

o Ckrp/2+k—3/287r/(202) P2/ (168112 f220°r)

% 2p/2+k+2 7 /B nfmaxo'p+2k+1r(p/2+ k) !
r>0,|f <o (22)

Pyy (1) =

where = 3% 53T (AriA7, )%/ (NrNT). It should be noted that (22) holds only
for isotropic scattering conditions.

A. PDF and CDF of the MIMO Channel Capacity

The PDF ofCiy(t), denoted bypg, (r), can be found by using (15) and by ap-
plying the concept of transformation of random variables Hs

oo, () = ZrQ(Z)pY(ZQl)

B %Ckzrln (p+2k (2" ~1)/%), r>0 (23)

wherey, = ys/Nr. Furthermore, the CDFg,, (r) of Cp(t) can be expressed as

FCib<r) = /rpCm X dx

Ck'” /zx (p+2(2~1)/j)dx r>0.  (24)
k=0

B. LCR and ADF of the MIMO Channel Capacity
The LCRNg,, (r) of the channel capacit@,(t) is defined as
Ne,y (1) = /O 2R, ¢, (n2)dz, T3>0, (25)

Hence, to find the LCR of the channel capa@y(t), the joint PDFpg, ¢ (r,F) of
Cip(t) andC|b(t) is required. Thus, by applying the concept of transfornmatid
random variables, we obtain

e () = (Zrl,Z(Z))pr <2f)21’2ff12(2))
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_ (2fIn(2))2
o0 Ck(2r |n(2)>23 yélﬁﬁan%aXﬁ(zr,l) <2r i 1) p/2+k—3/2
- kZo V2RI 2K 20 [T oy PHHLT (p/2 4 K) \ Vs
2l
Xe V3202, r207|r‘<00. (26)

After substituting (26) in (25) and carrying out some alga@bicomputations, we
obtain the following closed-form solution

p/2+k-1/2 —2-1
e

yéZo2

o Ck\/ﬁfmax (%)

& 2p/2+k—10p+2k—1r(p/2+ k)

Ng, (r) =~ , r>0. (27)
Note thatNc, (r) is proportional tofmax, and hence, the normalization N§, (r)
onto fhax removes the influence of the vehicle speed.

Finally, by means of [10], the ADHc, (r) of the channel capacit,(t) is
obtained as

o) = 12 (28)

An expression can directly be obtained gy, (r) by using the results in (24) and
(27).

IV. SIMULATION RESULTS

In this section, we present analytical and simulation tedal the statistical proper-
ties of the capacity of various MIMO Rice channels. In ordegénerate mutually
uncorrelated Rice fading waveforms, we have used the susmagoids princi-
ple. For the computation of the model parameters, we havkedpihe general-
ized method of exact Doppler spread (GMEDHS8]. In the designed Rice fading
channel simulator, the number of sinusoids widfe= 35 andN, = 36. The vari-
ance of the two real-valued uncorrelated Gaussian noissepses was chosen to
be o2 = 1. The maximum Doppler frequendy.ax Was 91, the SNRs was chosen
to be 17 dB, and the amplitude of the time-invariant LOS congmd wasp = 1.
Unless otherwise stated, both the transmitter and thevexcantenna spacings are
taken to beA /2, i.e.,d0pq = |p—0|A /2 anddmn = |m—n|A /2. Firstly, we consider
the PDF of the capacity for a different number of receive aadgmit antennas in
Figs. K.1-K.3. By comparing Figs. K.1 and K.2, we gather thistmore important
for increasing the channel capacity to have a high numberagiive antennas rather
than a high number of transmit antennas. In Figs. K.4—K.6hawee presented the
normalized LCR of the capacity. In the SIMO and MISO cases,sipread of the
LCR of the capacity decreases with increasing the numbentihaas. Similar
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Figure K.2: The PDF of théNt x 1) MISO channel capacity.

to the simulation results presented in [9] for the capacityracorrelated Rayleigh
SIMO (MISO) channels, the maximum LCR is nearly indepenasnthe number
of receive (transmit) antennas. Finally, in Fig. K.7, weganet the normalized ADF
of the MIMO channel capacity. This figure shows that the mednes/for the length
of the time intervals in which the capaciG(t) is below a given length, is de-
creasing with the number of transmit and receive antenmasll figures, a good
fitting between the analytical and the simulation resultsloaobserved.
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V. CONCLUSIONS

In this paper, we have studied the statistical propertigh®fcapacity of spatially
correlated MIMO Rice channels. For the SIMO and MISO casa¢eaxpressions
for the PDF and CDF are derived. In order to obtain a high meéumevfor the chan-
nel capacity, it is more important to have a high number o¢irecantennas rather
than a high number of transmit antennas. Furthermore, atcaxpressions for the
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Figure K.6: The LCR of théNt x Nr) MIMO channel capacity.

LCR and ADF of the capacity are also obtained. For the MIMCecage have de-
rived the PDF, CDF, LCR, and ADF of a lower bound on the chanaphcity. The
analytical expressions are valid for any number of trangmd receive antennas
under isotropic scattering conditions, and a time-inverieOS component. The
analytical results are verified by simulations.
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Figure K.7: The ADF of théNt x Nr) MIMO channel capacity.
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Abstract — This paper studies the statistical properties of the chanel ca-
pacity of spatially correlated Nakagamiim multiple-input multiple-output
(MIMO) channels. We have derived closed-form expressionof the proba-
bility density function (PDF), the cumulative distributio n function (CDF), the
level-crossing rate (LCR), and the average duration of fade (ADF) of the lower
bound on the channel capacity. In order to study the impact othe spatial cor-
relation on the channel capacity, the analysis of the statial properties of
the channel capacity is carried out for different receiver antenna spacings. It
is observed that the antenna spacing has a significant influee on the spread
and maximum value of the PDF and LCR. The proposed method candem-
ployed to study the statistical properties of the capacity bMIMO channels in
different fading environments. The correctness of the anaftical expressions is
confirmed by simulations.

[. INTRODUCTION

MIMO systems have gained considerable attention in receatsydue to their po-
tential to provide remarkable gain in the channel capagity 7]. One of the reasons
for the gain in capacity is the assumption that the channdlixnaas independent
and identically distributed (i.i.d.) entries. Under sudkal conditions, a linear in-
crease in the channel capacity w.r.t. the increase in th@mam of the number
of receiver and transmitter antennas is observed [21, 7{veNer, such idealized
propagation conditions can rarely be found in real practicies shown in [24] and
multiple references therein that due to the spatial careglebetween the MIMO
channel coefficients, realistic MIMO channels show a redudennel capacity as
compared to the results found in [21] and [7]. It is therefofgreat practical and
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theoretical interest to study the capacity of MIMO systeniewthe elements of
the channel matrix are correlated.

In recent years, different channel models have been prdposeder to address
the problem of correlated fading in MIMO channels, e.g., [24, 14, 10, 5, 8, 19,
23]. An overview encapsulating all the available channetiet® can be found in
[1]. In this paper, we have employed one of the most commogsgdwchannel
models known as the Kronecker model [5, 8, 22]. This modelgjn restrictive to
some cases, provides an adequate framework for the infanmiéeoretic analysis
of MIMO channels.

In order to model the random fluctuations of the signal amgétat the receiver,
several distributions have been proposed in the literaftile most commonly used
distributions include the Rayleigh and Ricean distribatior the modeling of fad-
ing in strongly dispersive urban environments. Resultstlier channel capacity
and its statistical properties for Rayleigh-faded MIMO w©hels can be found in
[24, 8, 13]. However, in wireless communication systems itommon to come
across such scenarios where fading is more (or less) séhemmeRayleigh fading.
For such cases, the Nakagamidistribution has been widely accepted as an ap-
propriate statistical model to characterize fading in MiMi@annels due to its wide
range of applications, tractable analytical form, and hggood fithess with exper-
imental results [4, 6, 26, 2]. Moreover, the Nakagamilistribution inherently in-
cludes the Gaussian and the Rayleigh distributions asapases, i.e., fan=0.5
andm = 1, respectively. Similarly, fom > 1, the Nakagamm distribution can
be used as a statistical model for MIMO channels where fagirigss severe as
compared to Rayleigh fading [26]. Hence, the Nakagandistribution can be
considered as an appropriate generalized statistical InardielIMO channels for
different fading conditions.

In this paper, we have studied the impact of the spatial drom on the capac-
ity of Nakagamim MIMO channels. Studies pertaining to unveil the dynamics of
the channel capacity can be very helpful to achieve highier dées while keeping
the probability of error as low as possible. In mobile comination systems, the
LCR and ADF of the channel capacity are important charastteguantities which
provide insight into the dynamic behavior of the channekcdty [8, 12]. The LCR
of the channel capacity describes the average number ofagsings (or down-
crossings) of the capacity through a fixed level within a tinterval of one second.
Analogously, the ADF of the channel capacity is the expewgtdde of the length
of the time intervals in which the capacity is below a givereld12, 11]. We have
presented a lower bound on the capacity of NakagamitMO channels. Based on
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this, we have derived closed-form expressions for the PD;, CCR, and ADF of
the capacity of spatially correlated NakagamMIMO channels. Our analysis has
revealed that the spatial correlation of the antenna elesrieas a dominant effect
on the MIMO channel capacity.

The rest of the paper is organized as follows. In Section & describe briefly
the Kronecker model for MIMO channels. In Section lll, we badefined the
MIMO channel capacity and its lower bound. Furthermore, samportant results
are derived which are then used in Section IV, where the facas the analysis of
the statistical properties of the channel capacity. Thertecal and the simulation
results are discussed in Section V. Finally, the conclisae given in Section VI.

1. THE CHANNEL MODEL

We consider a flat fading MIMO channel witlr transmit and\r receive an-
tennas. The input-output relation for such a system is goyen

y(t)=H(t)x(t)+n(t) (1)

wherex(t) is anNy x 1 transmit signal vectory(t) is anNgr x 1 received signal
vector,ﬂ(t) is theNr x Nt channel matrix, ana(t) is anNr x 1 additive white
Gaussian noise (AWGN) vector. The channel md&(x) is modeled using a sep-
arable correlation model referred to as the Kronecker mgoen in [5, 8, 22],
i.e.,

A= REZH () (RY?)" @
whereRRg, is theNRr x Nr receive correlation matrixRy, is theNt x Ny transmit
correlation matrix(-)" represents the Hermitian operator, 41d/2 here represents
the matrix square root. In (2H(t) is theNg x Ny matrix with complex random
ii.d. entriesh; j(t). In this article, we have assumed that the envelbpg(t)| of
the complex entriek; j(t) follows a Nakagamm distribution given by

meerfl m?
Pins0] = Fram® 0 20 ®)

whereQ = E {r?}, m= Q2 /Var{r?}, andr (-) represents the gamma function
[9]. Here,E{-} and VaK-} denote the expectation and the variance operator, re-
spectively. Moreover, the phase of the complex enthigsét) is considered to be
uniformly distributed betweef-m, 1. The eigenvalue decomposition of the corre-
lation matriceRr, andRt, can be expressed as
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Rr, = UrAgrUR (4a)

X

Ry, = UpAgUY (4b)

X

whereUg, (Ur,) represents the eigenbasis vector at the receiver (traes)jrand
the diagonal matrixAr, (AT,) comprise the eigenvalues of the correlation matrix
Rr, (RT,). Substituting (4a) and (4b) in (2), we can express the MIM@nctel
matrix I3|(t) using the unitary-independent-unitary (UIU) formulatias [24, 25,
14,10, 22]

A =R (GoHm) Uy )

where the matri)G is the element-wise square root of the eigenmode coupling ma
trix G, and® denotes the element-wise product of two matrices. For tloaé&cker
model defined in (2), the matric€&andG, can be expressed as

G =AY G =ar Al (6)

whereA;i 2 andA#: ? are the vectors containing the diagonal entries of the oetri
Aéﬁ 2 andA% 2, respectively. The closed-form expressions for the tranand re-
ceive antenna correlations under isotropic scatteringlitions can be found in [3]

as

pg,q = Jo(bpq) (7a)
PRy = Jo(Cmn)- (7b)

Wherep&OI (pﬁ}n) represent the transmit (receive) antenna correlation7)inJp(-)
is the Bessel function of the first kind of order zelpg = 21dpq /A , andcmn =
2ndmn/)\ . Here, A is the wavelength of the transmitted signal, wheréasand
JOmn represent the spacing between the transmit and receiverengdements, re-
spectively. It should be noted from (7) that, for the sakemisicity, we have only
considered the spatial transmit and receive antenna atioes$, while the temporal
correlation has been omitted.

[1l. THE MIMO CHANNEL CAPACITY

In this section, we define the capacity of a MIMO channel repnéed by the
channel matrix in (5). It is assumed that the total transditiower is constrained
to P. Furthermore, it is also assumed that the transmitter hdsiawledge about
the channel, whereas the receiver has the perfect chamtelistormation (CSlI).
For such a scenario, the capacity of the MIMO system is giyej2b, 7, 8, 8, 20]
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C(t) = log, [det( NR+|\‘I’—SH( I (t))} (bits/sec/Hz 8)

wherel n, is the identity matrix of ordeNg, andys = P/Np is the received signal-
to-noise ratio (SNR). Herd\y represents the power spectral density (PSD) of the
AWGN vectorn(t), defined in(1) at the receiver. Substituting (5) in (8) and us-
ing the matrix determinant identity dgt+ AB) = det(l +BA), the MIMO channel
capacityC(t) can be expressed as

C(t) = log, {det( NR+|\’I'—S(G@H( ))(G@H(t))H)] )

After substituting (6) in (9) and carrying out some algebraianipulations, a lower
bound on the channel capaciBft) can be expressed as (the proof is included in
Appendix L. A)

Nr Nt
Cip(t) = log, <1+ N Z Z AriA ] }h. j } > (10)

Here, A i and A, j are thei'" and j' entries of the vectors\g, and Ay, in (6),
respectively. Moreoveh; j(t) are the i.i.d. entries of the matrkt(t). However, it
should be noted that (10) holds only for the eigenmode cogphatrixG, defined
in (6) and when the i.i.d. nature of the entries of the maHiit) is exploited.
The mean channel capacity for ax#4 MIMO system given by (9) and the mean
channel capacity of the lower bound represented by (10) laoesrs in Fig. L.1.
The parameters used for the simulation of (9) and (10) areudsed in detail in
Section V. HereE{-} represents the expected value operator.

Let Xij (t) = Ag A j [t \ andY(t) = zi’\l:R]_Z'j\ll]_Xij(t). In order to investi-
gate the statistical properties of the channel cap&ityt ), we need to find the PDF
py (r) of Y(t) and the joint PDFpyv (r, ) of the proces¥ (t) and its time derivative
Y(t) at the same time instahtBy using the transformation of random variables and
(3), the PDF of the squared envelojbe;(t) \2 can be written as [15]

p|hi j|2(r) = 7e*r/ﬁl' = Gr(aryﬁl'), r 2 0 (11)

wherear = m, Br = Q/m, andG; (ar, Br) represents the gamma distribution with
parametersrr andfr. The parameten andQ are defined below (3). Using (11),

Throughout this paper, we will represent the time derivati¥a process by an overdot.
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Figure L.1: Mean channel capacity of a«#4 MIMO system and the lower bound
on the capacity.

we can write the PDRy; (r) of X;j (t) as follows [15]
px; (r) = Gr(ar, Brij) (12)

wherefrij = BrAg,iA; j- Note that the procesé(t) can be considered as a sum of
weighted gamma variates. Hence, the RRr) of Y(t) is given by [2]

Nr Nr ar o 5 por’+k—1g-1/Br1 %
qn(‘“) % — S aG(ar' +kBri), 10
Brlj

k_oBO{r rar'+k) & 13
13
where
6 = L (Brl) (14a)
|_U_L Brlj

Bri = minj(Brij) (14b)

/

ar’ = NgrNtar (140)

ar *SEY Br1 K q
- == _ =0,1,2..
d(+1 k+ 1 |Zl [I; JZ]- (1 Br” ) ] d(-‘rl B 717 (14 )

anddy = 1.
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By definingW((;k)(r) = Gr(ar’ +k,Br1), the PDFpy(r) of Y(t) can be written
as

= S qw) (15)
=0

WhereWék)(r) represents the gamma distribution with paramederst+ k and 3r1.
It is shown in Appendix L. B that the joint PDByv (r,f) of Y(t) andY(t) can be
approximated as

~ Y aW(r ). (16)
k=0

Here,ng(r,f) is defined in analogy to (15) as the joint PDFft) and X(t),
whereX(t) follows the gamma distribution given by (11) with paramstef’ +
k and Br1. The expression fowgg(r,f) can be found using)hi_’jhi_’j(r,f) in [26,
Eq. 13]. After substituting the expression Wé'g(r,f) in (16), the PDFpyy (r,t)
can be written as

. Ckrar/-H( le— r/BFle7<§2_r)
Pyy (1) = K , r>0 (17)
K=o 2V 2T UBrr M (ar’ +Kk)

wherecy is defined in (14a) and is defined in [26, Eq. 11]. In the next section, we
will present the statistical properties of the channel cap&,(t) using the results
presented above.

IV. THE STATISTICAL PROPERTIES OF THEMIMO CHANNEL CAPACITY

The PDFpc, (r) of the channel capaci@(t) can be found using (13) and by
applying the concept of transformation of random variabegL5]

oo, (1) = 2r|;é(2)m(2f)21>

; ar'+k—1 —(2-1
© 2" In(2) (2;1> r ()éﬁrl)
= S_H( , r>0 (18)
k=0 VBrr r( /+k>

wherey, = ys/NT. The CDFF, (r) of the channel capacit{,(t) can now be
expressed usingg,, (r) = [ Po, (X)dxas

cIn(2 X ar '+k—1 ,/:13 "
FC|b % ysarl+k ar +k|— /+k / 2 e ( rl)dX,
r>0. (19)
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The LCRNg,, (r) of the channel capaci@,(t) is defined as [12]

00

Ne, () = /'zg:lbqb(r,'z)d'z, r>0. (20)

0

Thus, in order to find the LCR of the channel capacity, thetjBiDF quclb(r,f)

of Cip(t) andC|b(t) is required. Again by applying the concept of transfornratio
of random variables [15], the joint PD;EQbCIb(r,f) can be obtained using (17) as
follows

) 2r| 2'—1 2rIn(2

G (Zrln(2)>2 (u)arl—i_k_le_(;sﬁrll) (@'#In(2))?
¥ ¥ e_(8¥/s"’2<2r1)> (21)
& 2V2maB T (o' + k)

forr > 0, |F| < c. After substituting (21) in (20) and carrying out some algeb
calculations, we obtain

21
\/E ® Ck b ar e _<‘/Sﬁ”)
¥ , r>0. (22)
r+kr( ar’ +K)

Finally, from (19) and (22), the ADHg, (r) of the channel capacit¢(t) can
easily be calculated using [12]

Fo, (1)
Ney, (1)

In the next section, we will compare our analytical findingdwgimulation results.

Top(r) =

(23)

V. SIMULATION RESULTS

In this section, we will present the analytical and simwalatiesults for the sta-
tistical properties of the capacity of various NakagamAIMO channels. In order
to generate different Nakagamifading waveformdh; j(t), we have used the fol-
lowing model [26]

2xm

hi j(t) = 2 24
i) k;rk(w (24)

wherer(t) (k=1,2,...,2m) are real-valued uncorrelated Gaussian distributed ran-
dom processes amdis the parameter of the Nakagamidistribution. In order to
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generate these Gaussian distributed wavefagtt, we have employed the sum-
of-sinusoids principle [16]. For the computation of modatgmeters, we have used
the generalized method of exact Doppler spread (GMBDE]. The number of
sinusoids for the generation of Gaussian distributed vwawesr(t) were chosen
to beNk = 29+ k. The maximum Doppler frequendy,ax was 91 Hz, the SNRg
was chosen to be 15 dB, and the param&éor the Nakagamim distribution was
set to be Z m. Since our results are based on the isotropic scatteringrgs#on,
therefored = /2mfmax0p andop = 1. Unless otherwise stated, the transmitter and
the receiver antenna spacings are taken to. B8A0 Using (24) in conjunction with
(10), the channel capaci,(t) of Nakagamim MIMO channel can be simulated.
Thereafter, the simulation results for the PDF, CDF, LCRI ADF of the channel
capacity can be found.

The PDF, CDF, LCR, and ADF of the channel capacity for 2, 4x 4, and
6 x 6 Nakagamim MIMO channels are shown in Figs. L.2—L.5, respectively. The
value of m for these results was set to 2. It can be observed from Fig@sahd
L.3 that as the number of antennas increases, the capachyg sfystem increases,
whereas the spread of the PDF of capacity decreases. Onhiirehaind, with the
increase of the number of antennas, a decrease in the maxvadumof the LCR
was observed as shown in Fig. L.4. Analogously, the convsgegement is true for
the ADF of the channel capacity presented in Fig. L.5. The ,RIBF, LCR, and
ADF of the channel capacity for different values of recei@atenna spacingsnn
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m =2 6X6 .« y
0.8 % , - Simulation| |
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Figure L.2: The PDF of the capacity of NakagamR x 2, 4x 4, and 6x 6 MIMO
channels.
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Figure L.3: The CDF of the capacity of Nakagami2 x 2, 4x 4, and 6x 6 MIMO
channels.
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Figure L.4: The LCR of the capacity of Nakagami2 x 2, 4x 4, and 6x 6 MIMO
channels.

for 2x 2, 4x 4, and 6x 6 Nakagamim MIMO channels are presented in Figs. L.6—
L.9, respectively. From these results it is obvious thatitizeease in the receiver
antenna spacing results in the decrease in the variance &I of channel ca-
pacity, while the mean channel capacity remains unaffedtemvever, increasing
the receiver antenna spacing results in the increase in gx@mm value of the
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Figure L.5: The ADF of the capacity of Nakagami2 x 2, 4x 4, and 6x 6 MIMO
channels.
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Figure L.6: The PDF of the capacity of NakagamMIMO channels for different
receiver antenna spacings.

LCR. Moreover, as the receiver antenna spacing increasafeof the channel
capacity remains unchanged for low leveJsvhereas for high levels, it results
in an increase of the ADF of the channel capacity. In all tsspiesented here,
the simulation results are found to be in very good corredpooe with analytical
results.
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Figure L.7: The CDF of the capacity of NakagamiMIMO channels for different
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Figure L.8: The LCR of the capacity of NakagamiMIMO channels for different
receiver antenna spacings.

VI. CONCLUSIONS

In this paper, we have studied the statistical propertigh®fcapacity of spatially
correlated Nakagami-m MIMO channels. We have derived tpeessions for the
PDF, CDF, LCR, and ADF of the lower bound on the channel capa®loreover,

the influence of the spatial correlation on the capacity efMiIMO channels has
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Figure L.9: The ADF of the capacity of NakagamiMIMO channels for different
receiver antenna spacings.

been investigated. It has been observed that the incredke spatial correlation
increases the variance of the PDF of the channel capacityt bas no effect on
the mean channel capacity. Moreover, increasing the $patiglation results in a
decrease of the LCR of the channel capacity. Furthermorieaeceiver antenna
spacing increases the ADF of the channel capacity remaoisunged for low levels

r, whereas for high levels, it results in the increase in the ADF of the channel
capacity. The theoretical results are verified using sitrala and a very good
fitting of the analytical expressions and the simulatiomitsss found.

L. A Proof of (10)

Consider the expression for MIMO channel capacitydh

C(t) = log, {det(l Ng Nij (GOHL) (GO H(t))H)] (A.1)

where the matri)G is given by
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G — 1/2 }\1/2
i )\1/12)\1/2 )\1/12)\1/2 Al/lZ)\l/ﬁ i
Rx Rx Ryl " T INT
A :/22;\ 2 Rl/zz/\ 12 ATZA Tl/ﬁT
= % . X (A'Z)
1/2 1/2 1/2 1/2 1/2 ' 1/2
)\RXNR)\TXJ- )\RXNRATXZ ' ARxNR)\TxNT i
where
1/2 12 ,1/2 51277
PEE [ARX/l A ~-~/\RX/NR} (A.3a)
}\%zH _ [;\ T1X/12 3 Tlx/zz‘” A Tlx/NZT} (A.3b)
and (-)T denotes the matrix transpose operator. Using (A.2), theesgmpon for
(GOH(1))(GeH(t)! can be written as
(GOH) (GoOHM)" =
- N -
3 had OO 3 AV, PO
1/241/2
z A x/ )\R/NR)\TX h17i(t>hHR,i(t>
Z )\1/2)\1/2)\ (O (t) ; sih2ilt )hgi(t)
1/241/2
z A / )\R/NR)\TX hzyi(t>hHR,i(t> '
12 ,1/2 NT 12 ,1/2
z ARX/NRARQ Msibrei ORE (05 ARX/NRARG At (DNS (1)
Nt
Z )\RXNR)\TxihNRJ(t)hHRJ(t>

(A.4)

Substituting (A.4) in (A.1) allows us to write the channepaaityC (t) as follows
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Cf(t) _:1 b N e (4 H b Ny 1/251/2y LK 1)
+N_Tizl)\Rxl)\Txthl(t)hl,i(t) N_TiglARxlARXZ)\Txlhl,l(t)hZ,i(t>
R i’\ileA:X/lz )\fo/ﬁR)‘rxi hy,i ()R (1)
e i’\_gl}\;(/zz)\ix/lz)\&ihz,i O 1+ i%TlAsz/\Txihz,i (Oh:(t) -
o B 3 AN At O | [
B AR D OB VAT i O 0

Ny
1+NL:-igl)\RxNRATxihNR,i(t)hHRJ(t) )
(A.5)

By solving the determinant in (A.5), it can be shown that tkpression for the
lower bound on the channel capadiit) in (A.5) can be written as

NR Nt

Clb(t) = IOgZ <1+ NL_SI_ Zl Z AFeXiATthi,j(t)h;:lj (t)> . (A.6)
i=1j=1

It can be observed that (A.6) only represents an approxomati (A.5), where the
entries with maximum contribution (i.e., entries with tmmSth(t)hi':lj (t)) are
kept and the cross product terms are omitted.

L. B Proof of (16)

Consider a stationary random procést). The self-joint distribution of the process
&(t) at two different time instantsandt + 7 is denoted bypg¢ (X, X, T). Here,T
represents the time difference betweeandx;. The orthogonal expansion of the
joint PDF pg¢ (X, X¢; T) can be expressed as [18]

[oe]

Pee (X, Xr; T) = Pg (X) P (X¢) Z)Sn(T)Qn(X)Qn(XT) (B.1)

n=

where{Qn(x)}7 is the set of orthogonal polynomials generated by the PP(KX)
and the coefficients,(7) are defined in [18, Eq. (4.88)]. For the case whe% lim
T—
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&n(T) — 1, and by using the orthogonality condition@f(x) given by
%Qn(x)Qn(xr) = O(Xr —X) (B.2)
n=

the joint PDFp;¢ (X,Xr; T) can be expressed as

lim peg (X, Xr) = Pg (X) Pg (%) O (Xr — ). (B.3)

In (B.2),d(+) represents the Dirac’s delta function. Moreover, the jBIDE P (X, % T)
of the a stationary random procesg) andé (t) can be expressed as [18]
(X% T)=IlimT -(X—IX x+£>’<‘r) (B.4)
Peel6 X 1) = 10 TReg X 22X 2% 1 |

By the analysis of the results presented in (B.1) to (B.4 jdint PDFpyy (r,f) of
Y andY under the limit wherr — 0 can be approximated as

Py (1) & %ckwé'g(r,r). (B.5)

k=
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Abstract — This paper deals with the analysis of statistical propertes of the
capacity of spatially uncorrelated orthogonal space-timélock coded (OSTBC)
Nakagami-m multiple-input multiple-output (MIMO) channels. We have d e-
rived exact closed-form expressions for the probability dasity function (PDF),
cumulative distribution function (CDF), level-crossing rate (LCR), and aver-
age duration of fades (ADF) of the channel capacity. We havelso investigated
the statistical properties of the approximated capacity ofspatially correlated
OSTBC Nakagamiin MIMO channels. The results are studied for different
values of the fading parametem, corresponding to different fading conditions.
It is observed that an increase in the MIMO dimensiort or a decrease in the
severity of fading increases the mean channel capacity. Wei, a significant de-
crease in the mean channel capacity is observed with an inasee in the spatial
correlation. The correctness of theoretical results is cdirmed by simulations.

I. INTRODUCTION

Provision of multiple antennas at the receiver and trartematlows the design of
multiple-input multiple-output (MIMO) systems to explaipatial diversity in order
to increase the spectral efficiency and to acquire a diyegsiin [23]. One promis-
ing method to achieve the desired capacity is to use spaeending techniques,
such as space-time trellis codes (STTC) [18] or space-titoeklcodes (STBC)

Throughout this paper, we will refer to the MIMO dimensionNisx Nt, whereNg is the
number of receive antennas ag denotes the number of transmit antennas.
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[1, 17]. One of the advantages of using OSTBC is that it trams$ MIMO fad-
ing channels into equivalent single-input single-out@IB0) channels [9]. More-
over, being orthogonal in structure, maximum likelihoodalding can be applied
at the receiver that results in a significant decrease indheptexity of the receiver
structure, compared to the prevailing coding techniquag,(8TTC) [17]. Studies
pertaining to the analysis of the capacity of OSTBC MIMO atels can be found
in [4, 11]. The outage performance and the error probakalitglysis of OSTBC
MIMO systems have been studied in [21, 22, 10].

In this paper, we have extended the analysis of the statigifoperties of the
capacity of uncorrelated OSTBC Rayleigh MIMO channels @nésd in [8] to un-
correlated OSTBC NakagamiMIMO channels. The Nakagamidistribution
can be considered as a more general channel model compadgiayleigh chan-
nel as it incorporates scenarios where the fading can be (opfess) severe than
Rayleigh fading. Moreover, the one-sided Gaussian and #yteRjh distribution
are inherently included in the Nakagamidistribution as special cases, i.e., for
m= 0.5 andm = 1, respectively.

We have derived analytical expressions for the PDF, CDF, L&®l ADF of
the channel capacity of uncorrelated OSTBC NakaganMHMO channels. The
mean value and spread of the channel capacity has been ethalyth the help
of the PDF of the channel capacity. On the other hand, theysisabf the LCR
and ADF of the channel capacity is very helpful to study thegeral behavior of
the channel capacity. The LCR of the channel capacity pesvitie information
regarding the expected number of up-crossings (or dowssargs) of the channel
capacity through a certain threshold level in a time inteofane second. While,
the ADF of the channel capacity describes the average daratithe time intervals
over which the channel capacity is below a given level [6,WWg have studied the
above mentioned statistical quantities for different ealof the fading parametar
and for different MIMO dimensions. It is observed that anr@ase in the MIMO
dimension or a decrease in the severity of fading results imerease in the mean
channel capacity. The results for the PDF, CDF, LCR, and ADiRe capacity of
Rayleigh channels can be readily obtained as a special oasetlie findings in
[8] by settingm = 1. We have also investigated the capacity of spatially ¢aed
OSTBC Nakagamm MIMO channels. For such channels, we have derived an
approximate expression for the channel capacity. Thexeafie expressions for
the PDF, CDF, LCR, and ADF of the channel capacity are founds dbserved
that the spatial correlation significantly reduces the meamnel capacity. We
have verified the theoretical results by simulations, whyi@ very good fitting is
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observed.

The rest of the paper is organized as follows. In Sectionélgdefine briefly the
capacity of OSTBC NakaganmMIMO channels. Section Il deals with the deriva-
tion of the statistical properties of the capacity of unetated OSTBC Nakaganmi
MIMO channels. In Section IV, the statistical propertieslsd approximate capac-
ity of spatially correlated OSTBC Nakagamm-MIMO channels are investigated.
Section V aims at the validation and analysis of the obtanesdlts with the help
of simulations. Finally, the conclusions are given in SatiI.

II. THE CAPACITY OF SPATIALLY UNCORRELATED OSTBC NAKAGAMI -m
MIMO CHANNELS

In this article, we have considered a MIMO system whith transmit and\R re-
ceive antennas. The complex random channel gains are egpedsbyh;(t) (i =
1,2,...,NrRNT). Moreover, we have assumed that the stochastic prochgsgare
mutually uncorrelated and the enveldpgt)| follows a Nakagamin distribution
2mm2m-1 2

p|hi‘(Z):We @, z>0 (1)
for i =1,2,...,NrNr, whereQ = E {|hi(t)|?}, m= Q2 /Var{|hi(t)|?}, andT (-)
represents the gamma function [5]. The capacity of OSTBC MIs§stems can be
expressed as [15]

C(t) = log, (1+ Néh”(t)h(t)) (bits/sec/Hz) )

whereh(t) represents thBrRNt x 1 complex channel gain vector with entrigst)
(i=1,2,...,NrNr), ()H denotes the Hermitian operator, apdis the signal-to-
noise ratio (SNR). The channel capaciit) given by (2) can be written as

NRNT

C(t) =log, <1+ A Zl xF(t)) (bits/sec/Hz) (3)

wherey, = ys /Ny andx?(t) = |hi(t)|? (i = 1,2,...,NrNt). Due to the assumption
that the envelopgh (t)| is Nakagamim distributed, the squared envelopé(t) fol-
lows the gamma distribution. L&i(t) = zi’\':RfT X2(t), then the PDFp=(2) of =(t)
can be expressed as [2]

z
ZNRNT m— le_ B

P=(2) = BNRNTM (NgNtm)’ 220 @
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wheref3 = Q/m is a parameter of the Nakagamidistribution. In order to derive
the expressions for the LCR of the OSTBC NakagamMIMO channel capacity,
we require the joint PDIB==(z,z) of =(t) and=(t) at the same time In this article,
the time derivative of a process is denoted by a raised da.jdint PDFp=z(z 2)
can be expressed as [16]

72
ANRNTM—3/26~ ] e 8z

B ZB NRNtm[~ ( NRrNT m) \/ ZBN T

for z> 0 and|Z < o, where under isotropic scattering conditigB¢ is given by
[19]

p=z(z2) ()

Bn = 2(TTfmax)?. (6)

In the next section, we will derive the expressions for thé&RCDF, LCR, and ADF
of the OSTBC Nakaganmmn MIMO channel capacity.

IIl. STATISTICAL PROPERTIES OF THECAPACITY OF SPATIALLY
UNCORRELATED OSTBC NakAGAMI -m MIMO CHANNELS

The channel capacit@(t) presented in (2) can be considered as a mapping of
a random vector processgt) to another random process, namély). Hence, the
PDF pc(2) of the channel capacit@(t) can be found using the PDp=(2) in (4)
and by applying the concept of transformation of randomaldeis [12] as follows

oe(r) 2In@) <2f—1)

¥ ¥
B 2]’ (2I’ . 1)NRNTm—1|n(2)e_2B—;/Sl - (7)
BT (NRNrm) T T

The CDFFR:(r) of the channel capacity can be found using

Fe(r) = [ pe(dx ®)
0

By substituting (7) in (8) and doing some algebraic manipoites, the CDF of the
channel capacity can be expressed as

r(NRNTm,B%/S)
Fe(r)=1— FNaNTm) r>0 9
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whererl (-,-) denotes the generalized gamma function [5]. The LNgRr) of the
channel capacity can be obtained by solving the followinggral [7]

[oe]

Ne(r) = /'zpcc-(r,'z)d'z, >0 (10)

0

where p-:(z,2) is the joint PDF ofC(t) andC(t). The joint PDFpc:(z,2) can
be obtained using (5) and by applying the concept of transdition of random
variables [12] as follows

z 2 z Z:
ch(Z72) _ (2 |;s(2)) . (2 . 1’ 2 Zl;s(Z))
(2%In(2))?

B (22|n(2) ) 2 (22 — 1/ Vs) NrNrm-—3/2 e 8ANK(2-1) 221

e Pk,
Vé ZBNRNTmF(NRNTm)\/ZBNn
2> 0,7 < . (11)

By inserting (11) in (10), the final expression for the LCR loé thannel capacity
can be written as

o (2 _ 1/ ) RN 1/2e—2,;—;/51
Ne(r) = / iN( B’\{?’\)‘/i)mr(NRNTm) , r>0. (12)

The ADFTc(r) of the channel capacity can now be obtained using [7]

Telr) =t (13

whereFc(r) andNc(r) are given by (9) and (12), respectively.

IV. HIGH SNR APPROXIMATION OF THE CHANNEL CAPACITY OF SPATIALLY
CORRELATED OSTBC NAKAGAMI -m MIMO CHANNELS

It is widely reported in the literature that a spatial caatedn between the sub-
channels of a MIMO channel has a significant influence on tlaacél capacity.
At high SNR, the channel capaciGspp(t) of spatially correlated OSTBC MIMO
channels can be approximated as [15]

Capp(t) = log, det(y.h™ (Hh(t)) + ar (14)
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where

ar = log,det(Rry) + log,det(Rry)

Nr . Nr .
— log AV 4 log AW (15)
2 (Il:! RRX 2 il:! RTx

HereRgrx (Rtx) is the full rankNgr x Nr (N1 x Ny) receiver (transmitter) correlation
matrix, def-) denotes the matrix determinant, aﬂr@x <A,§T)X) represent the eigen-
values of the receiver (transmitter) correlation matnx(14), log det(;/shH (Hh(t))
denotes the high SNR approximation of the channel cap&¢ityof OSTBC MIMO
channels andrr can be considered as a correction term added to the high SNR ap
proximation due to the spatial correlation. The receive giadsmit antenna cor-
relations under isotropic scattering conditions can beesged in closed form as

[3]

Ppq(Opa) = Jo(2mpg/As) (16a)
Pﬁ,n(dmn> = JO(anmn/)\s) (16b)

Wherep&OI (5pq) (prﬁyn(dmn)) represents the transmit (receive) antenna correlation
andJy(+) is the Bessel function of the first kind of order zero. In (1&ajl (16b),

Opq (dmn) represents the spacing between the receive (transmit)ramteements
andAs is the wavelength of the transmitted signal. The statispoaperties of the
approximated channel capac@ypp(t) of spatially correlated OSTBC Nakagami-
MIMO channels presented in (14) can be found by followingrailsir procedure

as developed in the previous section for the channel capadi} of spatially un-
correlated OSTBC Nakagami-MIMO channels. The PDF, CDF, and LCR of the
channel capacit€app(t) can be approximated as

or—0R (eraR)NRNTmflm(z)e_%
Peapp(l) ~ NeNeT , r>0 a7)
(Bys) I (NrNrm)
r
In(2) Can TR NeNrm-1
FCapp(r> N (B V)NRNTmr(NRNTm) /2X aRe pe (2)( aR) o dX7 r= 0
s 0
(18)
zr—aR
2I’—GR NRNTm— 1/2 e* T)/s
N (1) = A2 >0, 19)

/T/2By BNRNTTE (NeNrm)
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respectively. The ADF of the channel capa&iy(t) can be found by substituting
(18) and (19) in (13).

V. NUMERICAL RESULTS

In this section, we will discuss the analytical results fdum the previous section
and their validity will be tested by simulations. For theurat values of 2< m,
the Nakagamm distributed waveforms are generated by employing theiolig
model [20]

2xm

i) = | 3 rfi) (20)
K=1
wherer;(t) (i=1,2,...,NrNyr andk = 1,2, ...,2m) are zero-mean real-valued un-
correlated Gaussian distributed random processes witaneaaZ, andm is the
parameter of the Nakagam-distribution. In order to generate these Gaussian dis-
tributed waveformsy(t), we have applied the sum-of-sinusoids model [13]. The
model parameters are calculated from the generalized mhethexact Doppler
spread (GMEDY [14]. The number of sinusoids used for the generation of the
Gaussian distributed waveformgt) was selected to bl = 29+ k. The max-
imum Doppler frequencyfmax was 91 Hz, the SNRs was chosen to be 15 dB,
ag = 1, and the paramet&? for the Nakagamm distribution was set to be 2 m.
The transmit and the receive antenna spacings are takenQalhge Finally, us-
ing (3) and (14), the simulation results for the statistiwalperties of the channel
capacityC(t) andCxypp(t) of OSTBC Nakagamin MIMO channels are found.

The PDF and CDF of the channel capadit) for 2 x 2, 4x 4, and 6x 6
MIMO channels are shown in Figs. M.1 and M.2, respectivelydifferent values
of the fading parametan. It is observed that as the severity of fading decreases
(i.e., increasing the value of)), the mean channel capacity increases for all MIMO
dimensions. However, the spread of the PDF decreases. Marebcan also
clearly be seen that increasing the MIMO dimension resalgsprominent increase
in the channel capacity. The LCR and ADF of the channel cépéxt) for 2 x 2,
4 x 4, and 6x 6 MIMO channels are shown in Figs. M.3 and M.4, respectivety f
different values of the fading parametar Figure M.3 shows that as the MIMO
dimension or the value of the fading parameteincreases, the spread of the LCR
curve gets narrower. Moreover, for low MIMO dimensions (e23< 2) with small
values ofm, high LCR is observed at lower signal levels. However, fogéaMIMO
dimensions (e.g., & 6) with large values oM, a high LCR is observed at high
signal levels. The ADF of the channel capacity, on the otlaedh decreases with
an increase in the MIMO dimension or the fading parametat low and medium
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Figure M.1: The PDFpc(r) of the capacity of OSTBC Nakagami-MIMO chan-
nels.
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Figure M.2: The CDH=(r) of the capacity of OSTBC Nakagami-MIMO chan-
nels.

signal levels.

Figures M.5—M.8 aim at the comparative analysis of thesia#l properties of
the channel capacity of the uncorrelated OSTBC NakagamitVO channels and
the approximated channel capacity of the correlated OSTBKajamim MIMO
channels. The PDF and CDF of the channel capacity>o#4vMIMO channels are
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Figure M.3: The normalized LCRIc(r)/ fmax Of the capacity of OSTBC
Nakagamim MIMO channels.
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Figure M.4: The normalized ADR¢(r) - fmax Of the capacity of OSTBC
Nakagamim MIMO channels.

shown in Figs. M.5 and M.6, respectively, for different \@duof the fading pa-
rameterm. It can clearly be observed that the spatial correlationahaseticeable
influence on the mean channel capacity. The LCR and ADF oflthareel capac-
ity are presented in Figs. M.7 and M.8, respectively. It ipapnt that the spatial
correlation shifts the maximum value of the LCR to lower silgevels. Hence, for
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Figure M.5: The PDRpc(r) of the capacity of spatially correlated OSTBC
Nakagamim MIMO channels.
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Figure M.6: The CDH=(r) of the capacity of spatially correlated OSTBC
Nakagamim MIMO channels.

correlated systems the LCR of the capacity is higher for ligwa levels compared
to uncorrelated systems. On the other hand, the ADF of thereh@apacity of cor-
related systems is higher for all the signal levels comp#reshcorrelated systems.
For all the cases studied in this paper, the analytical tesuné found to be in very
good correspondence with the simulation results.
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Figure M.7: The normalized LCRc(r)/ fmax Of the capacity of spatially correlated
OSTBC Nakagamim MIMO channels.
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Figure M.8: The normalized ADF:(r) - fmax Of the capacity of spatially correlated
OSTBC Nakagamm MIMO channels.

VI. CONCLUSIONS

In this article, we have studied the statistical propertiethe capacity of uncor-
related OSTBC Nakaganm MIMO channels. It is observed that the severity of
fading has a significant influence on the capacity of OSTB@esys. Specifically,
an increase in the MIMO dimension or a decrease in the sgw#rfading results
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in an increase in the mean channel capacity. However, iltsegua decrease in
the ADF of the channel capacity at low and medium signal kv&lVe have also
investigated the statistical properties of the approxeadathannel capacity of spa-
tially correlated OSTBC NakagamiMIMO channels. It is observed that the spa-
tial correlation reduces the mean channel capacity of OSNBKagamim MIMO
channels. The validity of all analytical results has beerifieel by simulations.
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Abstract — This article! presents a thorough statistical analysis of the ca-
pacity of orthogonal space-time block coded (OSTBC) Nakagai-lognormal
(NLN) multiple-input multiple-output (MIMO) channels. Th e NLN channel
model allows to study the joint effects of fast fading and shdowing on the sta-
tistical properties of the channel capacity. We have deriveé exact analytical
expressions for the probability density function (PDF), cunulative distribu-
tion function (CDF), level-crossing rate (LCR), and averag duration of fades
(ADF) of the capacity of NLN MIMO channels. It is observed that an increase
in the MIMO dimension 2 or a decrease in the severity of fading results in an in-
crease in the mean channel capacity, while the variance of éhchannel capacity
decreases. On the other hand, an increase in the shadowingatlard deviation
increases the spread of the channel capacity, however theatowing effect has
no influence on the mean channel capacity. We have also presed approxima-
tion results for the statistical properties of the channel apacity, obtained using
the Gauss-Hermite integration method. It is observed that pproximation re-
sults not only reduce the complexity, but also have a very gabfitting with the
exact results. The presented results are very useful and geral because they
provide the flexibility to study the impact of shadowing on the channel capacity
under different fading conditions. Moreover, the effects dseverity of fading on

1The material in this paper is based on “On the Statisticap@nties of the Capacity of OSTBC
Nakagami-Lognormal MIMO Channels”, by Gulzaib Rafiq and Mets Patzold which will appear
in the proceedings of 4th IEEE International Conferenceign& Processing and Communication
Systems, ICSPCS 2010, Gold Coast, Australia, December.2010
(© 2010 IEEE.

2Throughout this paper, we will refer to the MIMO dimensionNsx Nr, whereNg is the
number of receive antennas ag denotes the number of transmit antennas.
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the channel capacity can also be studied. The correctnesstbioretical results
is confirmed by simulations.

Keywords—Nakagami-lognormal channels, MIMO, Land mobile teriesthan-
nels, channel capacity, shadowing effects, level-crgssate, average duration of
fades.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) systems exploit apal diversity by utiliz-
ing multiple antennas at the receiver and transmitter ieiot@lincrease the spectral
efficiency and to acquire a diversity gain [37]. To achieve tlesired capacity in
MIMO channels, space-time coding techniques, such as dpaeetrellis codes
(STTC) [28] or space-time block codes (STBC) [2, 27] are abered to be an ef-
fective method. Among different space-time coding techagy OSTBC has gained
much attention in recent years due to its orthogonal stractuhich allows to use
maximum likelihood decoding at the receiver [27]. Henceegults in a decrease
in the complexity of the receiver structure. Another adagetof using OSTBC is
that it transforms MIMO fading channels into equivalenigd&input single-output
(SISO) channels, which significantly simplifies the matheoah formulation of
MIMO channels [12]. Studies pertaining to the analysis ef¢hpacity of OSTBC
MIMO channels can be found in [4, 14]. The outage performaaue the error
probability analysis of OSTBC MIMO systems have been sulidhe35, 36, 13].
Moreover, the statistical properties of the capacity of BSTNakagamim MIMO
channels have been analyzed in [22].

The analysis presented in the aforementioned articles amtgiders fast fad-
ing in MIMO channels due to multipath propagation, wherelteal mean of the
received signal envelope is assumed to be constant [9].e/driland mobile terres-
trial channels, the local mean fluctuates due to shadowiegtsf[26]. Moreover,
shadowing can adequately be modeled by a lognormal prooessaa be incor-
porated in the channel model as a multiplicative process 18629, 23]. Hence,
to study the joint effects of fast fading and shadowing indlamobile terrestrial
channels, the Suzuki process is considered to be a more@jgteochannel model
[18]. A Suzuki process can be expressed as a product of aiBayleocess and a
lognormal process. However, by employing a Nakaganpirocess instead of the
Rayleigh process in a Suzuki process, we obtain a more destenanel model re-
ferred to as the NLN channel model [29, 23], which contaires $lmzuki process
as a special case whem= 1. The generality of this model derives from the fact
that the one-sided Gaussian and Rayleigh processes arerntiggncluded in the
Nakagamim process as special cases, i.e., fioe= 0.5 andm = 1, respectively.
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Moreover, it can be used to study the scenarios where thegaslimore (or less)
severe as compared to Rayleigh fading [15, 32].

For MIMO channels, the authors in [25] have proposed a cHamoedel that
takes into account the joint effects of shadowing and fadinfa This model is
then employed in [34] to study the outage performance in GS™MBMO chan-
nels. The analysis in [25] and [34] is however restricted/dnl Rayleigh MIMO
channels. While in this article, we have considered a moneigt channel model
referred to as NLN MIMO channel model, where the fast fadmtpe MIMO chan-
nel is modeled by a Nakagamm-process as compared to the Rayleigh process in
[25]. Thereafter, we have analyzed the statistical progedf the capacity of NLN
MIMO channels for the case when OSTBC is employed. To thedddbe authors’
knowledge, the statistical properties of the capacity oTBS NLN MIMO chan-
nels have not been investigated so far. The NLN MIMO chanradehprovides
the flexibility to study the impact of shadowing on the chdreapacity under dif-
ferent fading conditions. Moreover, the effects of seyesitfading on the channel
capacity can also be studied.

This paper analyzes the statistical properties of the ¢gpat OSTBC NLN
MIMO channels for various levels of shadowing and for diier MIMO dimen-
sions. We have derived exact analytical expressions foPie CDF, LCR, and
ADF of the capacity of NLN MIMO channels. The mean value anckagd of the
channel capacity has been analyzed with the help of the PElteafhannel capac-
ity. On the other hand, the analysis of the LCR and ADF of thenciel capacity
is very helpful to study the temporal behavior of the charosgdacity. It is ob-
served that an increase in the MIMO dimension or a decreadieeiiseverity of
fading results in an increase in the mean channel capadiile the variance of the
channel capacity decreases. Moreover, the shadowing BHsao influence on the
mean channel capacity, whereas an increase in the shadstaindard deviation
increases the spread of the channel capacity. It is also@aséhat an increase in
either the shadow standard deviation or the MIMO dimensigrebses the maxi-
mum value of the LCR of the channel capacity. Whereas, tifieceflecreases the
ADF of the channel capacity only at higher signal levels. \&eehalso presented
approximation results for the statistical properties efthannel capacity using the
Gauss-Hermite integration method [24]. It is observed thatapproximation re-
sults not only reduce the complexity, but also have a verydiiing with the exact
results.

The remainder of this paper is organized as follows. In $adfi we first give
a brief description of the NLN MIMO channel model. Thereagftdhe capacity
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of NLN MIMO channels is formulated for the case when OSTBC nspiyed.
Section Il presents the statistical properties of the capaf OSTBC NLN MIMO
channels. Section IV deals with the analysis and illusiratf the theoretical as
well as the simulation results. Finally, the conclusioresdrawn in Section V.

[1. THE CAPACITY OF OSTBC NLN MIMO CHANNELS

In this article, we have considered a MIMO system vNghtransmit and\R receive
antennas. The input-output relation for such a system sngby

y(t)=H(t)x(t)+n(t) 1)

wherex(t) is anNy x 1 transmit signal vectory(t) is anNgr x 1 received signal
vector,H(t) is theNg x Nt channel matrix, ana(t) is anNg x 1 additive white
Gaussian noise (AWGN) vector. In order to study the joineet of fast fading
and shadowing in MIMO channels, the authors in [25] have psep the following
MIMO channel model

H(t) =A(OH(t) @)

whereH (t) is theNgr x Nt matrix with complex random independent and identically
distributed (i.i.d.) entriek; j(t), which model the fast fading in the channel between
theith receive andth transmit antenna. In addition to fast fading, it is assdime
that the local mean of the signal envelope fluctuates dueadasting. Moreover,
shadowing can adequately be modeled by a lognormal procggsand can be
incorporated in the channel model as a multiplicative psecélence, the lognormal
processA (t) is multiplied toH (t) in (2). Furthermore, shadowing influences the
signal envelope on large spatial scales as compared to shéafding, thus it is
assumed that a single lognormal procasgs) equally effects all the elements of
the matrixH(t) and is independent ¢ (t). In [25], the authors have restricted the
analysis to Rayleigh channels, where the enve(chpg(t)\ is Rayleigh distributed.
However in this article, we have assumed that the envelagét) | of the complex
entriesh; j(t) follows a Nakagamin distribution given by

. L @
p hi' t r = ’—rme I , r =
)] r(mJ)Qi,j]

whereQ; j = E {|hi j(t)|?}, mj = Q7 /Var{|hi j(t)|?}, andT (-) represents the
gamma function [6]. HerekE {-} and Va{-} denote the expectation and the vari-
ance operators, respectively. Moreover, the phase of tplex entriesh; j(t) is
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considered to be uniformly distributed betwé@y2r). The lognormal procesks(t)
in (1) can be expressed as

A (t) — 10[0'|_V(t)+n]_}/20 (4)

wheregy represents the shadowing standard deviatgngdenotes the area mean,
andv(t) is a zero-mean real-valued Gaussian process with unitn@giarhe PDF
P, (2) of the lognormal procesk(t) can be written as

(10logiz)—my )2

20 2 z>0. (5)

PA(2) = zaL\/ZTIn(lo)e

There exist numerous models in the literature for the spesitrape of the Gaussian
processv(t) in (4). In this article, we have assumed a Gaussian poweltrsppec
density (PSD) for the Gaussian process) given by [18], [20]

2

e 20¢ (6)

Sw(f)= N
where the parameter. controls the spread of the PS), (f) and can be expressed
in terms of the 3 dB cutoff frequenci asae = fc//2In(2). We have assumed
that the value of is much smaller than the maximum Doppler frequefgy, i.€.,
fmax/ fc > 1. By taking the inverse Fourier transform®, (f), the ACFr,, (1) of
the proces®(t) can be expressed as

rvv(T) _ e—2(nocr)2' (7)

The capacity of OSTBC MIMO systems can be expressed as [21]

C(t) =log, <1+ NLi)\z(t)hH (t)h(t)) (bits/s/Hz) (8)
whereh(t) represents thBlrNt x 1 vector formed by stacking the columns of the
Ngr x Nt matrix H(t) one below the other. For simplicity, we will represent the en
tries of the vectoh(t) ashj(t) (i = 1,2,...,NrNy). It can clearly be seen that the
envelopesh;(t)| are i.i.d. following the Nakagamia distribution with the parame-
tersm andQ;. In (8), (-)" denotes the Hermitian operator, apds the signal-to-
noise ratio (SNR). In order to generate Nakagamgrocesseth;(t)|, the following



320 Statistical Analysis of the Capacity of Mobile Radio Chalsne

relation can be employed [32]

=] S K2 (©)

wherenj(t) (n=1,2,...,2m) are the underlying i.i.d. Gaussian processes, and
m; is the parameter of the Nakagamidistribution associated with théh channel
hi(t). The parametem; controls the severity of the fading. Increasing the value of
m; decreases the severity of fading associated Withttlnehannelh.( ) and vice
versa. In this article, we have assumed fat= 2m, 00 for the sake of simplicity.
Here,o denotes the variance of the underlying Gaussian procgssés$ in |hi(t)|.

The channel capaci@(t) given by (8) can be written as

NRNT

C(t) = log, <1+ VA2 (t Zl X2( ) =log, (1+ y,=(t)) (bits/s/Hz) (10)

wherey, =y /Nr, =(t) = A (t) S XA(t), andx?(t) = [hi(t) 2 (i =1,2,...,NeNr).
Due to the assumption that the enveldpgt)| is Nakagamim distributed, the
squared envelopg?(t) follows the gamma distribution. Lef(t) = ZINRFT X2 (1),
then the PDFp=(z) of =(t) can be expressed using [3, Eqg. (2)], (5), and by employ-

ing the relationship=(2) = [*,1/|y| pv(z/y)pa(y)dy[16] as

d-1n—& ® a+1 _(10logy-m)®
p=(2) = 107 /(3) e M e, z>0 (11)
- V2mrIn(10)o T (&) y B

whered = ZNRNT ai andf = Q; /m = 203. In order to derive the expressions for
the LCR of the OSTBC NLN MIMO channel capacity, we require phiet PDF
p=z(z 2) of =(t) and=(t) at the same time. In this article, the time derivative of
a process is denoted by a dot notation. The joint RRE(z z) can be expressed
using [33, Eq. (35)], [18, Eq. (40)], and with the help of teéationshipp==(z,z) =
I6° 501 /Y? Pyy(2/Y.2/Y—YZ/Y?) Py 252 (. Y)dydy[10] as

A —3/2 & . (10I0gy—m|_)2 B 2
pz2) = o P / yae S i N
= 41\/BnIN(L0)a T (& )

z2>0,|7 <o (12)
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where

_ zyot o B 2
K(z,y)—\/1+yBN(20/|r';<10))2 and y=— iy (1)|,_o = (2r0c)°. (12b, )

In (12), Bn = 2(10ofmax)? for isotropic scattering conditions [33]. In the next
section, we will derive the expressions for the PDF, CDF, L@Rd ADF of the
capacity of OSTBC NLN MIMO channels.

IIl. STATISTICAL PROPERTIES OF THECAPACITY OF OSTBC NLN MIMO
CHANNELS

The expression in (10) can be considered as a mapping oftidemaprocess (t)
to another random proce&st). Hence, the statistical properties of the proceds
can be used to find the statistical properties of the charapdaty. By applying
the concept of transformation of random variables [16, Eg8J], the PDFpc(r)
of the channel capaci(t) is obtained as follows

oe(r) — 2In2) <2f—1)

¥ ¥
r(or a-1 o G+1 o, _ (10logy-m)?
_ 10|n(2)2 (2 _1) . / (}) e_ﬁe ZULZ , r> 0. (13)
(VeB)9v2min(10)o T (a) Jo \Y

The CDFFR:(r) of the channel capacitg¢(t) can be found using the relationship
Fe(r) = Jg pc(X)dx [16]. After solving the integral, the CDFc(r) of C(t) can be
expressed as

10/In(10) w(l)‘f’“ - (10kog m )? ( 2f—1)
= 1- , - of r S >0
e aragir@ b (3) “E )

(14)

whererl (-,-) represents the incomplete gamma function [6, Eq. (8.3h0-2)

The LCR of the channel capacity defines the average rate afagsings (or
down-crossings) of the channel capacity through a certaeshold level [8]. In the
literature, there exist numerous articles dealing withahalysis of the LCR of the
received signal envelope and the channel capacity (see[¥lg26, 8, 5], and the
references therein). The analysis pertaining to the LCR@efé¢ceived signal enve-
lope has applications in the finite-state Markov modelingNM) of fading chan-
nels [31], the analysis of handoff algorithms [30], and rastion of packet error
rates [11]. In a similar fashion, using FSMM for the instargaus capacity evolv-
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ing proces<C(t) and feeding the predicted capacity to the transmitter alltve
transmitter that adapts the transmission rate accorditigetonstantaneous channel
capacity to minimize the probability of errors. For singhgut single-output (SISO)
channels, the LCRI(r) of the channel capaci@(t) can be expressed in terms of
the LCRNx (r) of the received signal envelof(t) asNc(r) = Nx ( (2r—-1) /Vs)
(see Section N. A for the proof). However in order to find theR.Sc(r) of the
capacityC(t) of MIMO channels, we first need to find the joint PRz (z, 2) of
the channel capaci(t) and its time derivativ€(t). The joint PDFpcc(z 2) can
be obtained as

e (ZZI;;S(Z))ZpE; <22£17 ZZ'ZIVZ(Z))

2Z_

_ 10(2%In(2))* (22— 1) 32 [y e i toemnt
VYinano pAr(a) Jo K(Z2y)
_ (Z%In(22)?
Z_ 2
g IO ( >dy, 2>0,|Z < . (15)

The LCRNc(r) can now be obtained by solving the integraNa(r) = [y Z pe (1, 2)dZ
After some algebraic manipulations, the LOR(r) can finally be expressed as

r a 1/2 a+1/2 o, z
Ne(r) — 10(2" - VALEN / <) . VSYﬁK(Zyll,y>

(ygB) nln 10)o.I (& A

_ (10logy—m; )

xe 2 >0, (16)

The ADF of the channel capacity denotes the average duratibme over which
the channel capacity is below a certain threshold level T8le ADF T¢(r) of the
channel capacitg(t) can be obtained using [9]

Fe(r)
Ne(r)

Te(r) = 17)
whereFc(r) andNg(r) are given by (10) and (13), respectively.
A. Approximation of the statistical properties of the chalhrapacity using Gauss-
Hermite integration method

By letting (10logy — m|_)2 = 20|_2x2, we can express the equations (13), (14),
and (16) as
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2@ 2 -1it e
pc(r) = (VB)E VAT (&) /_we fa(r,x)dx, r >0 (18)
1 ® 2
Fc(r):\/ﬁTr(d)/me fo(r,x)dx 1> 0 (19)
= (Zr_l)d_%\/zys ” i d
Ne(r) (%B)dﬁ(é>/¢ﬁ[we 2(r,x)dx, r >0 (20)

respectively, wherd (r,x), f2(r,x), and f3(r,x) are given by

r _ V20 x+m . \/EoLx+m|_)
71\ o g YeoxEm
f1(r,x) = e<_W)1O 10 a< N

r _g [ Y2oam
fz(r,x):r<d,w>lo ( w0 ) (22)

ﬁoLx+m|_
10

(21)

V20| x+m , V20| x+m
_21 *_|1'0_|‘ —(a-1)( =L 21 V20 x+m
(%) = el )10 10 2)( fo >K( . ,10750“) (23)

S

respectively. The integrals= [ e* fi(r,x)dx (i =1,2, and 3 in (18)—(20) can
now be approximated using the Gauss-Hermite integraticdhoad24] as

o M
l; :/ e fi(r,x)dx = z Win fi (1, i) (24)
—oo0 m=1

wherewn, Wiy, andM are the roots, weighting factors , and the order, respdgtive
of the Hermite polynomial$iy(x) = (—1)Ne¥* dM / dxV (e*"z). Here dM /dxM
represents th&ith order differentiation of the exponential functien® with re-
spect tox. The approximation in (24) yields many advantages. Firditllows to
get rid of the cumbersome integrals in (18)—(20), which peguthe complexity of
the results. Secondly, it is observed that using only a smatiber of the term

in (24) provides a very good fitting with the exact resulteafically for Rayleigh-
lognormal MIMO channels (i.e., famy = 1) with smaller dimensions (e.g., 2x2).
Moreover, the values of the rootsx,) and weighting factorgWy,) for a givenM
are constant irrespective of the integrad” fi(r,x) (i=1,2, and 3. The tables
containing the values ody,, andW, can easily be found in literature (see, e.g.,
[1]), or can be obtained numerically using numerical commpah softwares, such
as MATLAB and MATHEMATICA.
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IV. NUMERICAL RESULTS

In this section, we will discuss the analytical results ot#d in the previous section
and their validity will be tested by simulations. In orderinwestigate the influence
of shadowing on the capacity of OSTBC NLN MIMO channels, weehstudied
the results for different values of the shadowing standawikdiong; , ranging from
1 dB to 10 dB. Specifically, the results for = 4.3 dB (urban environment [7]) and
oL = 7.5 dB (suburban environment [7]) are shown. For comparisopgaes, we
have included a special case, namely the OSTBC NakagaMIMO channels
(oL — 0 dB). Moreover, we have also presented the approximation eefulthe
statistical properties of the channel capacity given by<@@) and (24). It is ob-
served in all cases that the approximation results matcbxaet theoretical results
very closely. Furthermore, we have also studied the impattteoMIMO dimen-
sion on the statistical properties of the channel capaoitypbtho; = 4.3 dB and
oL = 7.5 dB.

The Nakagamim distributed waveformsh;(t)| (i = 1,2,...,NgrNy) are gener-
ated using (9). In order to simulate Gaussian procegse$) (n=1,2,...,2m)
andv(t) in (9) and (4), respectively, we have applied the sum-ofisids model
[17]. The model parameters are calculated from the gezerhlinethod of exact
Doppler spread (GMEDS [19]. The number of sinusoids used for the generation
of the Gaussian distributed waveforms was selected td be21. The maximum
Doppler frequencymaxwas 91 Hz, the SN was chosen to be 15 dB, aaé =1.
Finally, using (2), (4) and (8), the simulation results floe tstatistical properties of
the capacityC(t) of OSTBC NLN MIMO channels were obtained.

Figures N.1 and N.2 present the PDF of the capacity of OSTBGI NMIMO
channels for different values of the shadowing standarihtien g and for differ-
ent MIMO dimensions, respectively. Itis observed that amease in the shadowing
standard deviatioo increases the spread of the channel capacity, while it has no
influence on the mean channel capacity. Moreover, an iner@athe MIMO di-
mension results in an increase in the mean channel capatigreas the spread
of the channel capacity decreases. This fact is specifibalylighted in Figs. N.3
and N.4, where the mean channel capacity and the varianbe chinnel capacity,
respectively, are studied for different values of the sknadg standard deviatioa,
and for different MIMO dimensions. We have also analyzedfiaence of sever-
ity of fading on the mean channel capacity and the varianteeothannel capacity.
The results show that as the fading severity increases, gaamohannel capacity
decreases. However, this effect has an opposite influend¢keowariance of the
channel capacity. For the sake of completeness, we havdllastoated the CDF
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Figure N.1: The PDFpc(r) of the capacityC(t) of OSTBC NLN MIMO channels
for different values of the shadowing standard deviatipn
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Figure N.2: The PDFpc(r) of the capacityC(t) of OSTBC NLN MIMO channels
for different MIMO dimensions.

of the capacity of OSTBC NLN MIMO channels for different vakiof the shad-
owing standard deviatioa; and for different MIMO dimensions in Figs. N.5 and
N.6, respectively. The results presented in Figs. N.5 aldchin be studied to draw
similar conclusions regarding the influence of shadowiagdard deviatiomw, as
well as the MIMO dimensions on the mean channel capacity lamdgdriance of the
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Figure N.3: The mean channel capadit{C(t)} of OSTBC NLN MIMO channels.
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Figure N.4: The variance VE&E(t)} of the capacity of OSTBC NLN MIMO chan-
nels.

channel capacity as from Figs. N.1 and N.2.

Figures N.7 and N.8 highlight the influence of shadowing ant® dimen-
sions on the LCR of the channel capacity. It is observed thaherease in the
shadowing standard deviati@an or the MIMO dimension results in a decrease in
the maximum value of the LCR of the channel capacity, whike spread of the
LCR increases. Moreover, at low and medium signal levglse channel capacity
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Figure N.5: The CDH(r) of the capacityC(t) of OSTBC NLN MIMO channels
for different values of the shadowing standard deviatipn
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Figure N.6: The CDH=(r) of the capacityC(t) of OSTBC NLN MIMO channels
for different MIMO dimensions.

of systems with smaller MIMO dimensions has a higher LCR aspared to the
ones with larger MIMO dimensions. The ADF of the channel citgdor different

values of the shadowing standard deviatiprand for different MIMO dimensions
is presented in Figs. N.9 and N.10, respectively. It is okesethat at higher sig-
nal levelsr, an increase in the shadowing standard deviatiodecreases the ADF
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Figure N.8: The normalized LCRc(r)/ fmax Of the capacityC(t) of OSTBC NLN
MIMO channels for different MIMO dimensions.

of the channel capacity. However, the converse statemeniasfor lower signal
levels. Moreover, an increase in the MIMO dimension has alairnmfluence on
the ADF of the channel capacity as the shadowing standaidtt@vo, . The an-
alytical expressions are verified using simulations, whyr@n excellent fitting is

observed.



OSTBC MIMO NLN Channels 329
0 dB /[
(Nakagaml m cﬁannels)\ ' /

g gy, = 1 dB g 5

g O’L = 2 dB i VA
- 10 ¢ (Urban area) JL = 4. 3 dB "" 4 / E
: BNy |
S oL ="T1. ‘ =9 dB|
&~ (Subu%ban area) JLU:L 10 dB |
=3 0 =

A 10 ¢ T E
< e ]
g=!

& N, x N, =2x?2

2 407 i :
5 : —Theory
~ - Simulation| |

-2 I I
10 0 5 10 15

Level, r (bits/s/Hz)

Figure N.9: The normalized ADW:(r) - fmax Of the capacityC(t) of OSTBC NLN
MIMO channels for different values of the shadowing stada#eviationoy .

(Ufban afea) o; = 4.3 dB

N, xN;=1x1
(Nakagami-lognormal channels
N, xN; =2x2

=
o
N

Normalized ADF, TC (T) . fmax

ol =T7. 5dB &
Suburban area)

10 .

10 'l —Theory 3

- Simulation| |

10_27 | | | | | 7
00 2 4 6 8 10 12 14 16

Level, r (bits/s/Hz)

Figure N.10: The normalized ADF:(r) - fmax Of the capacityC(t) of OSTBC NLN

MIMO channels for different MIMO dimensions.

V. CONCLUSION

This paper studies the statistical properties of the capatiOSTBC NLN MIMO

channels for various levels of shadowing and for

differeti® dimensions. We

have derived exact analytical expressions for the PDF, COR, and ADF of the

capacity of NLN MIMO channels.

It is observed that an inceeasthe MIMO
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dimension or a decrease in the severity of fading results iimerease in the mean
channel capacity, while the variance of the channel capdeitreases. On the other
hand, the shadowing effect has no influence on the mean dhaapezity; however
an increase in the shadowing standard deviation increbhsesptead of the channel
capacity. Itis also observed that an increase in eitherithé®vy standard deviation
or the MIMO dimension decreases the maximum value of the LCReochannel
capacity. Whereas, this effect decreases the ADF of thenghaapacity only at
higher signal levels. We have also presented approximegsuits for the statistical
properties of the channel capacity obtained using the Gldessite integration
method. It is observed that the approximation results redioe complexity as well
as fit very closely to the exact results. The correctnessehtialytical results is
confirmed by simulations.

N. A Relationship between the LCR of the Received
Signal Envelop in SISO Channels and the LCR
of the Channel Capacity

Consider the received signal envelop in a SISO system dethgt&(t). The corre-
sponding channel capacity can be expressétigs= log, (1-|— ysXZ(t)), whereys
denotes the average received SNR. The INgRr) of the channel capacit@(t) is
defined as [8]

N(F) :/'zpbc-(r,'z) dz r>0 (A1)
0
wherepge(z, 2) denotes the joint PDF @(t) andC(t). By applying the concept of
transformation of random variables [16, Eq (7-8)], thejd?DF p:(z,2) can
be obtained usingacc(z 2) = (2%In(2 /ys) Pyaxz ((22—1)/ vs, (222In(2)) / vs),
wherepy2y2(2,2) = (1/(42) ) pxx (v/Z,2/(2\/2) ). By substitutingo¢ (z,2) in (A.1)
and lettingy = (2%zIn(2),/¥s) / (2v/22— 1), the LCRN(r) can be finally expressed

r) :/v'vpxx (1/2;1,\/\/) dv = Ny ( 2;1) (A.2)
0

whereNx (r) is the LCR of the received signal envelogé).
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