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Abstract— We propose and parameterize an empirical model
of the outdoor-to-indoor and indoor-to-indoor distribute d (coop-
erative) radio channel, using experimental data in the 2.4 Gz
band. In addition to the well-known physical effects of path
loss, shadowing, and fading, we include several new aspedts
our model that are specific to multi-user distributed channés:
(i) correlated shadowing between different point to point Inks
which has a strong impact on cooperative system performance
(i) different types of indoor node mobility with respect to the
transmitter and/or receiver nodes, implying a distinctionbetween
static and dynamic shadowing motivated by the measurement
data, and (iii) a small-scale fading distribution that captures more
severe fading than given by the Rayleigh distribution.

I. INTRODUCTION

Cooperative communication is a promising technology 9,

increase coverage, reliability and spectral efficiency éxtn

[4], e.g. some nodes can be used as relays to the base station.
In such networks, especially when the distributed muttli
channel is non-homogeneous, the selection of the best relay
can even provide better performance compared to existing
distributed space-time codes [5].

Yet, before developing algorithms tackling this challenge
the outdoor-to-indoor radio channel, as well as the channel
between the cooperating distributed nodes (i.e. the bigsd
channel) must be measured and modeled. Most of the theoret-
ical work on cooperative communications assumes lognormal
shadowing and Rayleigh fading, where path-loss, shadowing
and fading are all independent from one another. While this
is often true in cellular mobile scenarios, where the Rayiei
assumption is used as a conservative model, this might not
the case in indoor cooperative channels, depending on the
users’ mobility. In this paper, we make a distinction betwee

generation Wire‘!ess ”networks [1], [2]. The basic idea is @ree types of mobility. In the first case, we consider a link
allow nodes to “help” other nodes with their communicatioBetveen a mobile and a fixed terminal, i.e. either the receive

by exploiting the broadcast nature of the wireless chariies

(Rx) or transmitter (Tx) is moving (this case is denoted

approach_can for_example be used to establish collabolagive o single-mobile), and it is expected that fading be mostly
reliable wireless link between a set of indoor nodes to a ba\Q%yleigh distributed, especially in non line-of-sight ditions.
station not necessarily in reach of the individual nodes [31’et, Rayleigh fading might not be prevalent in the two other
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types of mobility. The second type of mobility deals with
moving terminals at both link endslduble-mobile links), and
a preliminary analysis of the data showed that fading in such
scenarios may sometimes be worse than Rayleigh. The last
mobility is the nomadic case, where both terminals arecstati
although they can be located almost anywhere in the region
of interest, most often in non line-of-sight from each other
such channels, also known as fixed, fading is hardly characte
ized by Rayleigh statistics, even in non line-of-sight (N&)O
conditions. Indeed, Rx and Tx are static during any typical
communication, as are most scatterers. So, temporal fading
is only caused by the motion of some scatterers resulting in
a Ricean fading distribution. A further difference to mebil
links is that in mobile propagation, time and space are tinke
through the user’s speed. By contrast, in nomadic systenes, o
must account for both the temporal fading and the nomadic
aspect, i.e. the fact that the terminal can be used at mary fixe
positions, which results in spatial fading adding to thdista
path loss. Furthermore, it is important for nomadic channel
models to account for possible cross-correlations between
path-loss, shadowing, and fading statistics, as measutsme
reveal that such relationships exist.

A further particularity of cooperative systems is that, \@hi



the separation between nodes is large enough to decorrelate channel, we propose to separate static shadowing from
small-scale fading processes, shadowing correlation neay b dynamic shadowing, as suggested by the data analysis.
present and can significantly affect the performance of the The characterization of static shadowing and fading for

network as shown in [6], [7]. nomadic channels also takes into account that space

Therefore, the goal of the present work is to analyze and time variations are caused by different mechanisms.
outdoor-to-indoor and indoor-to-indoor distributed measl This decomposition also permits a better characterization
channels and to infer a global empirical channel model, con- of dynamic shadowing correlation than previously pub-
sidering under a similar formalism both nomadic, singled an lished.

double-mobile indoor links. Our objective is also to derave « For mobile 121 channels, we find that the experimental
model able to fit as closely as possible the observed belsavior fading distribution follows the second-order scattering
of the distributed channels, in terms of e.g. mobility tyjme- fading model presented in [20]. Furthermore, we show
varying vs. space-varying aspects, and shadowing cdomelat that the resulting model parametrization can be related
so that the model can be used for system design. In [8], a to the number of moving nodes in the considered link,
model extrapolated from the present work has motivated the allowing a direct physical interpretation of the model.

research of an appropriate grouping algorithm for coopera-. Despite the fact that complex distributions are used by the

tive indoor-to-outdoor networks. Simultaneously, our @ggh various models, they can always be expressed by means
integrates existing site-specific models, so that desp#ie i  of normal variable generators, which makes them very
empirical nature, our model could be easily extended to simple to use.

different environments. Outline. Sectionll summarizes the experimental set-up.

Related Work. Several papers have analyzed various progection|ll details the general concept we use for the mea-
erties of outdoor-to-indoor and indoor-to-indoor distidd g rement analysis, while Sectidv details the data post-
channels. In [9], [10], the outdoor-to-outdoor channel wasrocessing and the estimation of propagation metricsi®ect
measured for static receivers, and models of the Ricean ¥A and\-B present the extracted empirical models, respec-
factor were proposed. In [11], the long-term statistics Qfyely for the outdoor-to-indoor and the indoor distribite

the fixed indoor channel were investigated. Mobile multichanne|s' Fina”y, SectiotVll summarizes this paper and
link measurements were presented in [12], for indoor MIM@raws conclusions.

channels with two base stations and two users, and in [13]
for outdoor channels. In [14], various properties of indoor Il. EXPERIMENTAL SET-UP

distributed (or peer-to-peer) channels have been analfored This paper is based on channel measurements of the Stan-

static nodes only: fading was modeled by a generalized gamma . :
distribution, which might not be easily tractable. fofd July 2008 Radio Channel Measurement Campaign. More

Shadowing correlation has been studied extensively for no%etalls on the full campaign can be found in [21]. In this sec-

distributed outdoor [15]-[18] and indoor [19] scenarios. Alon, we briefly summarize the most important charactessti

model for both outdoor and indoor fixed wireless channe?é the measurement set-up.

is proposed in [6]. None of these studies take into account
the impact of node mobility. The authors in [6] model thé\. Environments
shadowing between any two nodes as a weighted line integrale measured two kinds of environments: 021, downlink
of a spatial loss field, which in turn is modeled as a widigom a base station to distributed nodes, and 12, between th
sense stationary Gaussian random field. The formulation dlstributed nodes.
lows to calculate the shadowing correlation between any two1) Outdoor-to-Indoor: A representation of the outdoor area
link pairs. However, the model always produces a positive given in Fig.1. At the outdoor location, an array of two dual-
shadowing correlation, whereas our measurements alsalreymlarized WIMAX base station antennas were mounted on a
negative correlations, and it has been shown in [7] that somseissor lift raised to a height of 10 m (location 'Tx1’ on Fig.
cooperative protocols are extremely sensitive to the sfghe 1), the arrow indicating the boresight orientation. The ante
shadowing correlation. 3-dB beamwidth was 90 degrees in azimuth and 8 degrees in
Contributions. The analysis presented in this paper is thelevation. The gain in the direction of the main lobe was 15.5
first one that includes both nomadic and mobile scenari@Bi, and the antenna was tilted to ensure that the indooreoffic
of outdoor-to-indoor as well as indoor-to-indoor disttiéd  was in the elevation direction of the main lobe.
channels. The key contributions of the present paper are aghe indoor environment was a typical cubicle-style office
follows. room (see Fig2), where the indoor terminals were distributed
« We investigate narrowband outdoor-to-indoor (O2I) anodver the various cubicles and along one wall. The room size
indoor-to-indoor (121) distributed channels based on was 34 m by 15.7 m; the ceiling height was 3 m, while the
wideband experimental campaign at 2.4 GHz. Unlikkeeight of the internal partition walls forming the cubiglesp-
previous models, we propose a unified framework thagsented by light lines on the map, was 1.7 m. Cubicle pauntiti
includes both nomadic and mobile links. The differencesalls were constructed from metal frames and fabric-cavere
between the three types of mobility are also clearlyalls. Regarding the indoor receivers, the 8 Rx ports of the
highlighted in the modeling approach. sounder were used in two successive measurements, covering
o While developing a detailed statistical model of tha total of 12 receive locations as represented in Bjgwith



are investigated:

« static measurements, where shadowing was generated by
walking people carrying metal-framed objects (same as
for O21 measurements),

« time-variant single-mobile measurements, where either
all 8 receive or all 8 transmit antennas were moved
randomly within a 2 m radius (inside a cubicle), at a speed
of approximately 0.3 m/s,

« time-variant double-mobile measurements, where 4 Tx
antennas (labeled as 2, 4, 6 and 8) and 4 Rx antennas
(labeled as 1, 3, 5 and 7) were moved randomly within
a 2m radius (inside a cubicle), again at a speed of
approximately 0.3 m/s.

Each of these scenarios was measured twice to increase the
amount of collected data, and to allow for excluding pogsibl
measurement artifacts.

B. Measurement Equipment

The measurements were taken by means of the RUSK
Stanford channel sounder at a center frequency of 2.45 GHz
with a bandwidth of 240 MHz, and a test signal length of 3.2
us. The output of the sounder is the transfer function at each

34 m
— I L
a M= JBH\%N\% = time instant, each frequency tone being separated by 312.5

ey Tea . PXS kHz. Owing to occasional interference (e.g. from WiFi or

8 | \ WIMAX equipments as well as microwave ovens), the channel
e » characterization is actually carried out over the lower 782V
: Rx 2 of the measured spectrum, i.e. the band from 2.33 to 2.40

|T<LT|'LTL°—W T"_”;[TJ;H LTW:L?] o GHz, yielding an initial number of tones equal to 225.
* * * ” g Re1-Tx1

Additionally, a total of 25 frequency tones had to be
- Re4~Txs 1AM R D e RN removed (approximately 4 to 5 tones every 10 MHz), as

45m

\ they were perturbed by narrowband interference caused by
the antenna unequal return loss. Since all evaluations were
done using the frequency domain (without carrying out Isger
Fourier Transforms into the delay domain), the cutting of
frequencies does not have any impact on the channel char-

. ] acterization. This results effectively if' = 200 frequency
circles and stars. The four receivers that are represented;f,eg quasi uniformly spread over the 70 MHz bandwidth.

stars were located at the wall close to the outdoor tranemitt The transmitter output power of the sounder was 3.2W.
and were kept at that position for the later 121 measuremens rypidium reference in the transmit (Tx) and receive (Rx)
To avoid any confusion, they will be referred to as *relaysinjts ensured accurate timing and clock synchronizatioe. T
(with index 1 to 4). The indoor terminals (receivers andysJa sounder used fast & 8 switches at both transmitter and re-
used two different kinds of off-the-shelf vertically paleed  ceiver, enabling switched-array MIMO channel measurement
omnidirectional WiFi antennas matched at 2.45 GHz. Thed yp to 8 x 8 antennas, i.e. 64 links. The Rx sensitivity was
gain is 7dBi and 10dBi, respectively, specified in the range &p gBm. One measurement of the whole MIMO channel at
2.4-2.83 GHz. To measure the distributed radio channellyoin gne time instant is denoted asbhock.

cables. During the measurements, the indoor terminals Weg@ organized in a multi-dimensional arr&ft, f, n, m], with
kept static, while time variations were generated by peopifimensions time (in blocks), frequency tone, receivers| an

walking at a speed of 0.3 m/s and carrying wooden boxestransmitters. We had slightly different configurations the
with aluminum frames. These were similar to briefcases {Rree different scenarios, summarized in Table

size, thus emulating people carrying their computer witnth

2) Indoor-to-Indoor: For the 121 segment, the measure- Ill. GENERAL CONCEPTS OFDATA ANALYSIS
ments used the same WiFi antennas as those described abovEhroughout this paper, the channel coefficients are consid-
and the same 8 (non-relay) receive locations as the 02| sefted to reflect the superposition of the following propawati
up (represented by the circles in Fig). The 8 Tx locations effects, when expressing the channel in logarithmic s (
in the 121 set-up are represented by the stars (this time, the
relays acted as transmitters), and the squares in Zidll ) . )
nodes are in NLOS from each other. Three types of mobility + dynamic shadowing- fading

Fig. 1. Experimental outdoor environment

Fig. 2. Experimental set-up

channel = path loss+ static shadowingr



TABLE |
MEASUREMENT PARAMETERS USED IN THE EVALUATION

| | O2I | 121 (static) [ 12I (mobile) |
bandwidth 2.33 - 2.40GHz
number of frequency tone 200
number of Tx antennas\{) 2 dual-polarized 8 8
number of Rx antennasV\) 8 8 8
number of blocks recorded| 120 120 1200
gap between blocks 250 ms 250 ms 9.83ms
recording time 32s 32s 19.7s

Thepath-lossdenoted as\ in dB scale is classically definedfashion with the corresponding model in COST 231, while
as the deterministic distance dependence of the receiwgéerpo keeping the other parts of our model untouched.
Similarly, shadowing, denoted a$ in dB scale, is usually When path-loss and static shadowing are removed, the chan-
caused by obstruction of the link, and results in the indigid nel becomes at each node a zero-mean variable (in dB) over
path loss to vary with location and time. time. The temporal variations are eittdynamic shadowing or

In the experimental data, a preliminary analysis showet tHading, depending on the involved mechanism, i.e. on the rate
shadowing is not zero-mean over time, but contains a const@hchangeFading, denoted as or r(¢) in linear scale, and as
part. Accordingly, shadowing is therefore expressed by te= —201log, 0(r) in dB, is the classical small-scale fading
addition of two terms, i.e. static and dynamic shadowing. behavior of the channel caused by multipath interference

Static shadowing, denoted asS [dB], is the time-invariant resulting from the small-scale motions of the stations and/
. . : e environment. When fading is averaged out, the remaining
mean shadowing (when expressed in dB) and estimated for. . ) .
. : : . ygriations are due tdynamic shadowing. Represented by the

a given link as the difference between the time-averaged . = . ST )
. , L variable S(t) [dB], it consists in the slow temporal variation
received power predicted by the deterministic path loss OIgf—the static loss around its static mean caused by the mpobili
pendence (for the same range), and the time-averagededcelv y

power on the considered link. For mobile scenarios, it isghe of scatter_ers SPCh as people, or of the statio_n§ themselves.
fore related to time-invariant obstructions of the link, iafn For g given link, the Instantaneous |9SS attinig therefore
can of course differ for each node. For nomadic scenarigdoPortional to {R(t) + A+ S, + 5+ S(t)}-

static shadowing has also an additional interpretationtgpn ~ Our modeling process is as follows:

of time-invariant obstruction-related shadowing, we h&we 1) pre-process the data in order to represent the four sffect

take into account the constructive or destructive commmnat respectively,

of coherent multipaths, such as reflections and diffrastiom 2) analyze the data and, by visual inspection, propose
walls. In that sense, this part of static shadowing, whicly on various statistical models which might fit the data,
exists for static links, has the same origin as spatial, aiveq 3) derive estimators to extract the model parameters from
lently, frequency-selective fading. Since this contribntdoes these data,

not lead to any temporal variation, we have decided to irelud 4) apply these estimators to the three considered envi-
it under the shadowing contribution, rather than into fadin ronments: (i) outdoor-to-indoor static distributed nades
This is a particularity of nomadic links, where temporal and (i) indoor-to-indoor static distributed nodes, and (iii)
spatial (or frequency) fading behaviors are unrelated ag th indoor-to-indoor moving distributed nodes,

are caused by different mechanisms. Therefore, they must b&) choose the best-fitting statistical models among those
modeled on a separate basis, by contrast to mobile scenarios tested, and build the final model.
where static shadowing only represents the classical time-
invariant obstruction of the link (e.g. by fixed furnituresiatic IV. PARAMETER ESTIMATION
eople), and is thus frequency/space invariant. Subséguen . . . . .
peop ) S q yIsp g This section details the data processing that is used to
static shadowing is thereby written as the sum of two termsh .
S s & & . . iancharacterize the channels.
i.e. S =5, + S, where the former is the frequency-invarian
(or space-invariant) obstruction loss, and the latter is th
space/frequency selective fading term which only exists fé. Data Preprocessing

nomadic channels. For static measurements, temporal and frequency-segectiv
It will also be shown later in the paper that the concepading are caused by different mechanisms, as explained
of obstruction-related static shadowing is comparablé wie above. Hence, the whole frequency band is first partitioned
decomposition used by well-known outdoor-to-indoor medeinto subbands ofs,, = 5 frequency tones each, over which
such as the COST 231 multi-wall transmission model [22fhe channel is frequency-flat. This leads to a total number of
Although the model parameters derived in this paper are sit8 = F'/ Fs,p, subbands per time instant and link.
specific, this is not the case of the model formalism, inalgdi For moving measurements, time-, space- and frequency-
the separation into static and dynamic shadowing. In pdaic selective fading share the same cause [23]: the motion of the
our static shadowing model may be replaced in a modulaode causes phase shifts in each multipath. Hence the fading



statistics over time at a given frequency are similar to tHe Dynamic Shadowing

statistics over frequency at any given time. As a CONSeqIeNC Tq estimate the time-variant dynamic shadowing, we first
it is not necessary to treat time and frequency on & separgi@rage the received power over frequency for each time
basis and to divide the whole frequency band, which is thgfsiant and link. Subsequently, we further average over the
considered as a single subband (g, = F). _ small-scale fading by using a moving window spannifg=
Regarding the indoor data, it was mentioned in Sectlon s g ¢ corresponding to either 10 samples for the static mea-

that two types of WiFi antennas were used. Hence, an ante@ements or 160 samples for the moving measurements.
gain correction is implemented to compensate for the gainThig yields

difference, so that the path losses can be rightfully coexgbar

with each other. Ps[t,b,n,m] =

1 t+Ta/2—1 bFsup

B. Path Loss and Static Shadowing 7 Z |H[t, f,n,m])>.  (4)
Let us consider the link between transmitterand receiver slav, 7 o F=1+(b—1)Faun

n. We denote byl = d,,,, the distance between these nodeshe choice of Ty is such that the small-scale fading is
The average received power in thiésubband is then obtainedayeraged out, while still following the slow variations in-

by averaging the power within the subband and over all timg,ceq by the motion of people, or by stations moving in

samples, the environment. In mobile scenarios, the window span is
1 I bFeub roughly equivalent to seven wavelengths. Such corresparade

Plb,n,m] = = Z |H[t, f,n,m]|*, (1) cannot be established in the nomadic case, but it should be

supl” t=1 f=1+(b—1)Faup remembered that fading is very limited in such scenarios, so

withb=1...B, n=1...N, m = 1... M (remember that that 10 samples are largely sufficient to remove any fading.

there is only one subband in the moving case, equal to the':in""l_ly’_We obtain the dyn_amic shadowirit, b, n,m] as
entire 70 MHz bandwidth). the variation ofP;|qg around its mean,

We model path-loss and static shadowing by expressing the S = —[P,|as — E{Ps|ag}], (5)

received powelP|qg at a distancel from the transmitter as )
where the operatofss denotes the conversion to dB{-}

Plas(d) = Polag — 17 - 101logy, (i) -3, (2) denotes the expectation over the time axis, andttten, m]
do dependence is dropped to simplify the notations.
where P, and d, denote the reference power and reference A first inspection of the data reveals that dynamic shad-
distance, respectively. For 12| scenarids,is classically fixed owing is frequency-independent and log-normally distielol
to 1 m [24]-[26]. The static shadowing§, which differs in in agreement with previous results [24]. In other worfisis
each subband in the nomadic C]agm/vmg to the spatial Gaussian distributed, with a meary = 0 by definition. The
fading term S,, is then defined as the difference betweephadowing auto-correlation is also found to follow a negati
the observed power and the deterministic received pow@fponential. The model parameters are therefore the sthnda
Polag — 1 - 10log;, (d/do)- It is a time-invariant random deviationog, estimated using the sample variance [27], and
variable for each link and each considered subband. We defiig sloper of the temporal auto-correlation,
the individual path-losd. as E{§(t)§(t+ )
d _ Rg(At) = 2
L= Ag+n-10logy (d—> + 5, ®3) 75
0 For mobile links, the slope may also be expressed as the
whereA, is the deterministic path-loss at a reference distanggtio of a decorrelation distanaé. to an effective speed,
do. The path-loss and shadowing model parameters are #iresponding to the motion of the nodes.
so-calledpath loss exponent, 7, and the parameters describing An important aspect of distributed or cooperative channels
the distributions ofS, and S;. The path loss exponent s that dynamic shadowing may be highly correlated between
is common for all links and all subbands, and is estimatQﬁﬁerent"nks, which significantly affects the perforntan We

by a least-square fitting using the values®b,n, m]. The estimated the correlation coefficients between litksn) and
obstruction lossS,, is obtained for each link by averaging(n’,m’) by

S over all frequency subbands, and its distribution is found .
to be lognormal, i.e. characterized by the mean and standard Clb,n,m,n’,m'] =

= e 1At/T, (6)

deviation ug and g . Suitable distributions of5, are the Zle S[t,b,n,m]S[t,b,n', m]

same as those investigated to model temporal fading in mobil T = T & T 7
scenarios (see SectitvtD), since spatial shadowing is caused \/thl S, byn,m]2 30 S[t, b,/ m/]

by the same mechanisms. Finally, to simplify further notagi These correlation coefficients are evaluated betweenvall
let us introduce the reference individual path l10ssIas= |inks in one measurement. The resultingh/ (NM — 1)/2
Ao+ ps, - correlation values are then grouped in different sets:

1This is not the case in the mobile scenariés & 0), which is why the 1) I?nks W?th a common Rx (denOted as ,RX’)'
full bandwidth is considered as a single subband in thesescas 2) links with a common Tx (denoted as 'Tx’),



3) links with a common Rx or a common Tx (union of set&i.d. complex normal random variables with zero mean and

1 and 2, denoted as 'Rx-TXx’), unit variance, and is a constant phase angle frdn2~]. The
4) links with no node in common (complement of set 3hree terms can be interpreted as a line-of-sight compoaent
denoted as 'disjoint’), single-bounce Rayleigh-fading component and a two-bounce

5) all links (union of sets 3 and 4, denoted as ’all’). Double-Rayleigh-fading component, respectively. Theghei

For every such set, we then calculated the mean, the standBesfactorswo, w1, w, > 0 determine the relative powers of the
deviation, the minimum, and the maximum value of thérée components. The probability density function ef |G|

correlation coefficients. is then given as shown in [20], [29] by the so-called second-
order scattering fading (SOSF) distribution,
: B 2w Ado(rw) Jo(wow)
D. Fadlng pSOSF(T) - T/O we ™ / 4+w§w2 dwv (10)

Small-scale fading is described by the statistics of the _ _ : _
received signal amplitude;. In our environment, we expectwhereJo is the Bessel function of the first kind and zero-th
all kinds of fading, i.e. Ricean fading for static links, an@rder. Note thali{r?} = 1is achieved whenf +w?+w3 = 1
a smooth transition from Ricean/Rayleigh fading down 80 that the distribution can be specified by two paramet@s [2

Double-Rayleigh fading for mobile links. A mathematically w2

convenient method to approximate all three distributions — =02 +w? +w?’ (11)
with certain limitations — is by using the Nakagami distribu R S

tion. B = el (12)

Before estimating the different kinds of fading, we remove
the effects of path-loss and shadow fading by normalizirfpeawhere («, 5) are constrained to the triangte > 0, 5 > 0,

channel by its respective power as a+ <1,
HIt, f,n,m] The SOSF distribution naturally encompasses Ricean fading
Glt, f,n,m] = = , (8) (a =0, with 3/(1 — 8) being the K-factor), Rayleigh fading
VB[t [/ Fsuol ,mm] (o = B = 0), as well as Double-Rayleigh fadingy (= 1,
where[-] is the ceiling function. The signal amplitude is ther? = 0).
simply defined as = |G]|. Assuming for the moment thaw, = 0, the remaining

To estimate the statistics of we use as ensembles théarameterso;,wz can be estimated based on the method of
data from all tones in each subband, and all time samples. Fa@ments [29] asi, = v/S4/2 — S3 and i, = /S — w3,
the nomadic scenarios, we have therefore model paraméuderesS; is theith sample moment. In our data analysis, we
estimates for each of the considered subbands. Theotgticalse these estimates withy = 0 as starting point for a CDF
one should also consider the fading correlation between d#urve fitting of the SOSF distribution to the empirical CDFs.
ferent links. However, we found that this correlation was 3) Nakagami fading: The Nakagammdistribution is given
practically zero in all cases, owing to the large separatidty [24]:
between antennas. 2 m\m™m

In the following, we discuss the different types of fading Phaka(r) = T (m) (5)
and present their parameter estimators. .
1) Ricean fading: We adopt the formulation of the RiceanWherfeQ is the second moment, (-) _denotes the Gamma
distribution from [28] as function and_ the m-parameter (sometimes k2nown as the shape

parameter) is defined as = Q?/E{ (r* — Q)" ¢, m > 0.5.
k) | <T\/ﬁ> The second momeri2 can be estimated by the unbiased
0 )

T2m—le—mr2/ﬂ’ (13)

A—
Price(r) = 52° (2"2 (9)  maximum-likelihood estimatof) — So, while the estimator
of the m-parameter is the approximation of the maximum-

wherel,(-) denotes the modified Bessel function of the firdikelihood estimator proposed in [30]. Note th&t = 1 if
kind and zero-th ordeRs? denotes the average power of th& {r?} = 1.
non-coherent part, and the K-factor describes the ratiwdst While the Nakagami distribution is mathematically trad¢éab
the powers of the coherent part and the non-coherent partf@f analytical investigations, it has a number of shortawogst
the channel. () in contrast to the Ricean and Rayleigh/Double-Rayleigh

Both K ando? are estimated for every combination of Rxdistributions, it has no physical interpretation, (ii) ftmis
and Tx by numerical curve fitting to the cumulative distrireason, it does not fit the measurements as well, (iii) there
bution function (cdf) of the Ricean distribution. Note tht is no analytical random-number generator for this distidou
E{r?} =1, 0 andK follow the relationship20? = 1/(K+1). (only slow, iterative methods exist).

2) Second-order scattering fading distribution: The Ricean
fading distribution includes pure Rayleigh fading as timeiti
ing case fork = 0. In some measured scenarios, however, w Outdoor-to-Indoor Channels
observe fading that is more severe than Rayleigh fading. ToThe parameters of the Outdoor-to-Indoor (O2l) environ-
model this effect, we assume that the channel can be exdressent were extracted from all channels between the 2 (dual-
as G = wee!? + w Gy + weGoGs, where Gy, Go, G5 are polarized) Tx antennas and all 12 Rx locations (thereby

g

V. CHANNEL CHARACTERIZATION RESULTS
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carried out as described in Sectitn. Relative path loss, [dB]

1) Path loss and static shadowing: The individual path loss
of all 12 Rx nodes is calculated relative to the individugtig 4. K-factor and m-parameter vs. distance for the 02! autimdata
path loss from BS antenna 1 to relay 2. This reference link
corresponds to the shortest range, and also to the bestimtep
point in the room, i.e. at the closest wall. Unfortunatehg t fading correlations follows a Gaussian distribution cuitel.
penetration loss into the building, representediuy in our  3) Fading: Given the facts that Tx and Rx nodes are all
notation, cannot be extracted from the available measuremstatic and randomness was only introduced by people moving
data. Additionally, only twelve O2I links were measured (bsh the building, the temporal fading statistics are expedte
contrast to 64 in the 121 case), implying a reduced number gé strongly Ricean. Our analysis indeed reveals that the K-

data points. Furthermore, a preliminary analysis also shof4ctor is generally very high, and decreases with incregsin
that g, differs between the nodes on the right and left sidgsath loss (see Figl).

of the building, owing to the shadowing effect of building 2 The variation vs. path loss is well fitted by
for six of the left-side nodes (Rx nodes 1, 4, 7 and 8, and
relay nodes 3 and 5). For these three reasons, it was decided Klgg = Kolgg — 0.60 (L — Lo) + ok, (15)

not to estimate; and the statistics of in (2). However, we where K|gs is the Ricean K-factor expressed in dBy

will show later that our decomposition into path-loss ardist i5 5 random variable (approximately Gaussian) of standard
shadowing enables to use existing outdoor-to-indoor pEs | yeyiation equal to 3.8 dB, aniilo|gs is equal to 22.5 dB in our
models to overcome this lack of measurements. experiment. Alternative models df|qs can be found in [9]

2) Dynamic shadowing: Dynamic shadowing' is lognor-  for fixed outdoor-to-outdoor channels. Note however that th
mal distributed, so we consider its standard deviatio, decrease rate inlb) is estimated as 0.24 dB/dB in [9]. This
which is strongly correlated with the path loss in nomadigalue is smaller than our own decrease rate, but once again, w
scenarios. Fig3 demonstrates that the larger the path loss, tR@ess that our measured path loss includes a large shaglowin
larger the dynamic shadowing variance becomes. We moggl neighboring buildings. This explains the discrepancy.
this correlation using an exponential fit When fitting the Nakagami distribution to the data, also

N _ large m-parameters are observed, and the values are ewrsist
log10(05) = 10810(0,0) + 0-02(L = Lo) + 0, (14) with the observed K-factors, which is due to the close match
where o, o = 0.27 dB, ando,_ is a zero-mean Gaussianof the Nakagami distribution to the Ricean distribution for
distributed random variable with a standard deviation.ab. large values of the m-parameter. Far = 1, the Nakagami
The slope of the temporal auto-correlation is estimated dgtribution is equal to Rayleigh fading; for value$ < m <
T =1.74s. 1, the Nakagami distribution resembles fading that is worse

Regarding the correlation coefficients of the dynamic shathan Rayleigh (i.e. favoring smaller amplitude values)téNo
owing, the mean, the standard deviation, the minimum, atitht because the m-parameter is lower-bounded by 0.5, the
the maximum value of all different subsets (cf. S&¢C) apparent standard deviation of as a function of path-loss
are given in Tabldl. It can be seen that very high shadowmaturally decreases with increasing path-loss. In additiib
fading correlations as well as anti-correlations occurhie t values ofm very close to -3dB are relatively rare. Instead,
measurements. In the O2I case, the distribution of shadewtends to concentrate around 0dB for large path loss levels.



TABLE Il

SHADOWING CORRELATION STATISTICS IN ALL SCENARIOS 40 . . :
| Scenario | Subset | Mean | Std. | Max | Min | 351 | o i
[ 02 | al [ 0.02]031]0.098]-0.89] _ 30} I i fed
all 0.00 | 0.27] 0.94 | -0.90 2 el i ’ |
121 Rx 0.02 | 0.30| 0.93] -0.90 2 S
static TX 0.01 | 0.30| 0.94 | -0.89 ‘L 201
Rx-Tx | 0.01 | 0.30| 0.94 | -0.90 g 15l
disjoint | 0.00 | 0.27| 0.90 | -0.88 F
all 0.16 | 0.39] 0.97 | -0.90 S 101
121 Rx 0.29 | 0.36| 0.89| -0.40 = 5l
double TX 0.29 | 0.42| 0.97 | -0.74
mobile | Rx-Tx | 0.29 | 0.39| 0.97 | -0.74 or
disjoint | 0.06 | 0.36| 0.81 | -0.90 . ‘ ‘ ‘ ‘ ‘
- all | 0.05 | 0.38] 0.99 | -0.91 0 Y e 2
single Rx 0.47 | 041 0.99 | -0.79
mobile TX -0.01 | 0.35| 0.80 | -0.83 Fig. 5. Relative path loss vs. distance and linear fiti) (
(RX) RX-TX 0.23 | 0.45] 0.99 | -0.83
disjoint | 0.00 | 0.34| 0.90 | -0.91
all 005 ] 0.41] 0991 -0.93 Ao indoors (this results from the fact thé = 1 m by contrast
.|2| RX 0.00 | 036 081 -0.82 to the O2I case). Interestingly, the valuerpf= 1.75 is smaller
single Tx 037 1050 099 -0.84 than 2, which tends to indicate that waveguiding propagatio
mobile =579 T047 099 084 effects take place. The obstruction l0Ss is found to be
(M) disjoint | 0.01 | 0.37| 0.87 | -0.93 a zero-mean Gaussian distributed variable, with a standard

deviationog = 4.43 dB.

The statistics of the spatial fading part included in static
shadowing for this scenario vary between Ricean fading,
pure Rayleigh fading and worse-than-Rayleigh fading, i.e.
fading in which smaller amplitudes are more probable than

log,o(m) = log;o(mg) —0.052(L— Lo)+ 0, m > 0.5 (16) in the Rayleigh distribution. For some links, the distribat

of s, even approaches the Double-Rayleigh distribution. As
whereo, is a random variable (approximately Gaussian) Qfutlined in SectiodV-D, a smooth transition between Ricean
standard deviation equal to 0.40, ang,,(mo) = 1.88 i our  and below-Rayleigh distributions can be modeled by both
case. As a consequence of the apparent reduction of standggd Nakagami distributiomna (With 0.5 < m < 1) and
deviation at high path loss, this model is not rigoroushidral the SOSE distributiomsosr Consequently, we fit these two
for larger values of path-loss. However, practically, inaill - gjstributions to the measurement data, by normalizing tte d
be used in combination with a rejection method, i.e. drawing satisfy E {|G|*} = 1 and forcing both distributions to
a candidate for,, verifying that the generated meets the gpey this constraint, i.e. we choo&= 1 for Nakagami and
constraint, and if not met, drawing another candidate l'mtilwg + w? + w2 = 1 for SOSF. The Nakagami fitting problem

Still, for the largest part of the range of path loss valubs, t
variation of the m-parameter vs. path loss is fitted by

is fulfilled. then reduces to a one-dimensional optimization with retspec
to m, while the SOSF fitting problem is a two-dimensional
B. Indoor-to-Indoor Channels for Satic Nodes optimization. The fitting is implemented using standard -non

If not indicated differently, the parameters from the indoo linear minimization algorithms, where the., norm of the
to-indoor channels were extracted from the distributedeso CDF deviation plays the role of a goodness of fit measure
environment shown in Fig2, for all channels between the(the smaller the norm, the better the fit). The optimization
8 transmitters and 8 receivers. The parameter estimatian W40Cess is initialized by the moment-based or ML parameter
carried out as described in Sectibn. estimates mentioned in SectiévtD.

1) Path loss and shadowing: We evaluated the relative path When comparing the goodness of fit for the two distribu-
loss as a function of the Tx-Rx distance from the data, #§ns for all links, we find that the SOSF distribution gerligra

highlighted in Fig.5. From the graph, we extract the path-losgchieves a better fit than Nakagami. This is expected, both
model as because unlike Nakagami, SOSF has a physical interpnetatio

d - - and SOSF allows us to tweak two parameters for fitting as
L= Lo+ 1.75-10log;, (d—) + 5, + Ss, (17) opposed to one in the Nakagami case. The derived values of
0 as and s are depicted on Fig6 for all links. The triangle
wheredy = 1m andS; = —201log; 0(55). We further im- is the permissible parameter regidh, = {(as, 3s) | as >
plicitly assume thajig = 0, i.e. that the reference individual0, 3, > 0,a, + 8, < 1}. While there is no discernible
path lossL is equal to the deterministic reference path losrrelation betweeray, 55s) and the individual relative path
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loss, the parameters are clearly distributed along the, &esFig. 7. K-factor and m-parameter vs. distance for the 12| adin data
that the joint distribution ofvs, and s can be represented by

the following bimodal distribution:
deviation equal to 6 dB.

(as, Bs) ~ 0.34 6(cws) - Ny=0.51,0=0.18(5s) A similar trend is found for the Nakagami m-parameter,
+0.66 Unifio 1)(as) - 6(5s), (18) which is fitted by
constrained to the triangl& of permissible(«s, 3s). Here, ] —1.35-0501 i / 21
Unif|y ;; is a uniform distribution ovefo, 1]. og10(m) = 1. Y0810 | g0 tom (1)

2) Dynamic shadowing: For the standard deviation of thepyer gistance. Variabler’, is Gaussian distributed with a

dynamic shadowing, we observed the same effect as in §igngard deviation equal to 0.48. The distribution is relyr

02l case. It is again strongly correlated with the path 10$§,ncated so that > 0.5.
(cf. Fig. 3) and is modeled as in14), ¢/ _ being zero-

mean Gaussian distributed with a standardS deviatiof. 21.

. . C. Indoor-to-Indoor Channels for Mobile Nodes
Furthermore, we may expresg as a function of the distance _ )
as 1) Path loss and static shadowing: Expectedly, the mea-

d sured static shadowing is frequency flat for mobile nodes (so
log,(0g) = log((1.85) + 0.2log, (d—) + ag_é, (19) thatS = S,, andS; =0, i.e. the SOSF parametefs;, ()
0 are equal tq0, 1) corresponding to a Ricean distribution with
Whereogé is a zero-mean Gaussian distributed random vaiifinite K-factor). Both the path loss exponent (estimated a
able standard deviation of 1.13. The slope of the temporhlr7) and the standard deviation §f (estimated as 4.6 dB)
auto-correlation is estimated as=2.5 s. are very similar to the nomadic case. In the proposed model,
Regarding the dynamic shadowing correlation, the resuite will use the above values, as the estimation accuracy is
are summarized in Tabk. For the static 121 scenario, it canexpected to be higher for mobile measurements (because the
only be noticed that all the sets show a very similar behavioumber of realizations is higher).

Furthermore, no clear relationship with the geometry of the 2) Dynamic shadowing: In contrast to the nomadic case,
links could be found. og does not depend on the path loss any more when one or
3) Fading: For static antennas, the channel gain is naturaljoth stations are moving, but is rather constant. We obdétve

found to be Ricean distributed over time, with the K-factoio be similar to that of static shadowing, hence we modek
closely related to the to the Tx-Rx distance, as illustrated os,. The slope of the temporal auto-correlation is estimated

Fig. 7. This trend can be fitted by ast =1.5 s for both single- and double-mobile links, which
d provides an equivalent decorrelation distante= 0.45 m
K|gs = 16.90 — 5.251og;, (d—) + o, (20) considering that the nodes move at 0.3 m/s. Note that the
0 absence of any difference between single- and double-mobil

where d is the Tx-Rx distance in meterg, = 1 m and links regarding dynamic shadowing characteristics is abhp
o is approximately a random Gaussian variable of standadde to the fact that dynamic shadowing is mostly caused by
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A | Ricean casesq ~ 0, and (3) cases where both and
gz 8.03 are larger than zero. Each cluster is modeled with a bivariat
8 ~ N(0.34,0.16) Gaussian distribution, such that the overall distributioin
=08 1 (o, B) results in a three-modal Gaussian. The figure also shows
§ the distribution parameters for each mode, such that tHeagjlo
S o6l p=025 1 distribution of (a, 3) for double-mobile links is
£ a ~ N(0.55,0.14)
8 8~ N(0.19,0.07) (o, B) ~ 0.03 6(c) - Nyy—0.34,0—0.16(3)
0.4r B
) X p=02 +0.72 Ny=o.51,0=0.11 () - 6(5)
= s A N(0.54, 0'11)7 +0.25 V,,—(0.55,0.19],0=[0.14,0.07],p=—0.52(@, #), (22)
- constrained to the triangl& of permissible(«, 3).
of 1 For single-mobile links, similar trends are found [20], and
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ the resulting three-modal Gaussian is then
-0.2 0 0.2 DOFél 0.6 ¢ 0.8 1 1.2
o (R component (@, B) ~ 0.09 5(ct) - Nyu=0.27,0=0.14(5)
Fig. 8. SOSF fitted parametefgy, 3) and multi-modal Gaussian model +0.59 M¢:0.40,a:0.14(a) : 5(5)

for double-mobile links. The ellipses contaii® %, 80 %, and 95 % of all

realizations, respectively, for the non-degenerate mode. +0.32 NN:[0'3970-24J702[0-12=0'09]=P:*0-13(O" f), (23)

again constrained to the triangular §etNote that for double-

. le obstructing the link (and onl tiv by thetf mobile links, thea values are significantly higher than in the
moving people obstructing the fink (and only partly by the asingle-mobile case, indicating more severe fading cooiti
that the antennas might be occasionally shadowed by fuenitu

at both ends). It is of course not possible to separate bottfinally, it is interesting to note that the first mode (with

effects, hence both the decorrelation time and distandebwil @ = 0), i in fact Ricean-distributed, and thus an equivalent

considered in the model. K-factor can be computed. In our measurement, the median
Tablell also provides the results on the correlation coeffgduivalent K-factor (in natural scale) when = 0 is 0.31

cients. In the table, we distinguish between the two types & Single-mobile links, and.69 for double-mobile links, i.e.

mobility previously defined. When at least one of the nodd€se channels are almost Rayleigh distributed.

is moving, it can be seen that the sets for which the moving

node is common clearly show a higher correlation than the

sets for which the moving node is not common to both links.

As an example, for the single-mobile case with moving RX, VI. LINK-LEVEL SIMULATION MODEL

the 'Rx’ set shows a higher correlation than the 'Tx’ set, i@hi

the opposite is observed for the the single-mobile case with

moving Tx. For the double-mobile case, the 'Rx’, 'Tx’ an

'Rx-Tx’ sets (all containing a joint moving node) show sianil

values, while the 'disjoint’ set has a significantly lower ane

This behavior is actually quite intuitive, as the joint mogi

node is a source of positive correlation across the linksti@® . differentiate between the different types of mobility: no-
s_eq_uel, we will thus partition _the set of links into two sutsse madic, single-mobile and double-mobile, as the analysis
(i) links with a common moving node (the set Rx-Tx for the 55 revealed that the channel behavior is very dependent
double mobile case and the set Rx (resp. Tx) for the single on the mobility scenario; that implies to correctly iden-
mobile Rx (resp. Tx) case) and (ii) links with no moving node tify which mechanisms are space-varying and/or time-
in common (the complement of (i)). varying,

3) Fading: The small-scale fading statistics for this sce- | ajiow for integration of site-specific models, especially

nario vary between Ricean and Double-Rayleigh fading.rAfte regarding the 021 segment, which is significantly influ-
fitting both the Nakagami and the SOSF distributions, we  gnced by the outdoor environment

find that .the Iatter_ aphieyes a much better fit. .In order t0 | include a model of dynamic shadowing correlation, as

characterize the distribution parametgrs (3), we first note this parameter largely affects cooperative system perfor-
that there is again no discernible correlation betweenethes mance,

parameters and the individual relative path loss (analsgou e}y as much as possible, and in agreement with the data,
Ss, which is not surprising). Hence, we take again a stochastic 5, Gaussian-based distributions (e.g. Rayleigh, Rice, log

approach and distinguish between single-mobile and deuble ,5:mal SOSE etc.), since random generators are then
mobile links. casily built.

Fig. 8 shows the distribution paramete(s, 3) for all
double-mobile links. We identify three clusters in the dimi- Hereafter, we describe the models for both O2I and 12l
tion: (1) non-line-of-sight caseg, ~ 0, where the distribution channels. Tabl#l provides the values of the parameters used
is a mixture of Rayleigh and Double-Rayleigh fading, (2by the models.

This section integrates the results of the previous settion

uild channel models for both O2I and 121 scenarios. Before
doing so, let us summarize the main requirements which
cooperative channel models should meet:
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A. Outdoor-to-Indoor Channel Model where g, and g, are both time series of length, whose
values are drawn independently form a normal distribution

The narrowband complex chanrig) from the outdoor base V (0, 1). This ensures an autocorrelatifz (t)x(t + At)} =

station to the indoor node is described by e~ 1A4/7 and similar fory(t). We finally generate the standard
1 deviationssg andog , as a function of the respective ranges
hn(t) = = - gn(t) (24) d, andd,,, and correlate both time series at each tiaes
10Ln/20 . 10Sn(¢)/20
where L,, is the combination of deterministic path logs, { Sn(t) } _
and static shadowingS,; S, is the real-valued dynamic S (t)

shadowing; and,, is the complex normalized fading channel. o= 1 Cln, n'] 1/2 a(t)
All these contributions are modeled based on the analysis of { " } © { o ’ } { y(t) } , (30)

SectionV-A. We summarize here the main steps required to
model h,,. where © is the Hadamard element-wise product. Note that

1) Path loss and static shadowing: The path loss and staticWhen.n.]UItIple links are concern.ed, the full corr(_elat|or.1 _nxat
ontaining all correlation coefficients should satisfy aipive

s_ha_ldowmg have not been anglyzed in this paper due to tg]emi-definiteness constraint. FOF nodes, there aréV (N —
limited number of O2| scenarios. We recommend to mod f

them by using the approaches of [22], [25], wheg is ?/2 links, so that the porrelaﬂon matrix IN(N —1)/2 x _
. N(N — 1)/2 and contains the various cross-link correlation
generally represented for LOS scenarios by

coefficients randomly generated by the model. One practical
way to build a valid correlation matrix is the rejection medh

i.e. drawing a candidate, verifying the constraint, andaf n
[net, drawing another candidate until it is fulfilled.

' 3) Fading: The amplitude ofg,, is modeled for static Rx
nodes by a Ricean distribution whose K-factor is related to
H’le relative path-losé,, — Ly as outlined by 15). Generating
complex Ricean variables relies on using two normal vagiabl

~ /
Sn’ n? n ] 1

dy, -
L, = Ao +n-10log;, <d_> + S, (25)
0
where A is the equivalent outdoor path-loss at the best wal
do is the distance from the BS to the best wall, ani$ given
in Tablelll. S, is modeled as the sum of two ternts, ,, and
Ssn. The first term$, ,, is a Gaussian variable, whose mea

is given b . . . L
9 Y random variables, i.e. any realization @f is given by
pg, = Lo2i +max[L; 1, L o], (26) e 1
" ,
where Lya; = L. + Ly(1 — cos ¢)? is the outdoor-to-indoor I =\jgr7® T KT D) (uw+jv)  (31)

excess path-loss, witlh. being the path loss through the
external wall at normal incidences(= 0), and L, is the where 6 is a random phase (fixed over time, but different
additional external wall loss incurred at grazing incidendor each link), andu and v are normal variables\V (0, 1).
(¢ = 7/2); Li, is the indoor path loss proportional to thelhe fading processes between different links are taken as
indoor distance, uncorrelated.
Li,l = 05(d — do), (27)

andL; o = n., L, 1S the excess attenuation causechhyinter B. Indoor-to-Indoor Channel Model

1,2 — Nwlw - .
nal walls. In NLOS cases, the expression is slightly modified Th? narrowband.complex channiel,,, from indoor node
to include a floor gain [22]. Values for the above parameters’d to indoor noden is described by
2.45 GHz are detailed in [31]. Note thAt + L,o; represents B (1) = 1 ] () (32)
what we denoted ag, in SectionV-A. nm 10Lnm/20 . 10Snm(t)/20 TN

The standard deviations and the parameters describing The various contributions are modeled as follows.
the statistics ofS; ,, = 5, ,,|as are given in Tabldll. 1) Path loss and static shadowing: The path loss and static

. . . L shadowing combined ii.,,,,, are modeled as outlined b{7)
2) Dynamic shadowing: Dynamic shadowing is modeled nd by considering that obstruction lo§s is a zero-mean

as a zero-mean Gaussian variable, whose standard deviafion "2 . - -
N . .~ (Gaussian variable of standard deviatiof , thats, is SOSF-
is given by (4). The shadowing temporal auto-correlation is;. " . ~ ° . .

. . .. distributed for static nodes, antl, = 0 for mobile scenarios.
modeled as a decreasing exponential, whose decay-tiise ~

listed in Tablelll. The correlation coefficient[n, n’] between 2) Dynamic shadowing: Sym(t) is & time-varying zero-
= 5 . ... mean Gaussian variable, whose standard deviatignis
S, and S, is given by a truncated Gaussian distribution

N (1> o), whose parameters are given in Table modeled differently for nomadic and mobile links (see Table
[—1,1](kC,0C),

. .~ ~ [l1). The shadowing temporal auto-correlation is modeled as a
Hen(;e, to mode! the dynamic shadowislg(t) and.S"’ (t) on decreasing exponential, whose decay timis listed in Table
two links overT time samplest(= [1,.. ., T]), we first use the

followi ; . ‘ : toctas| Il and is also given alternatively hy,v—! for mobile links,
oliowing aulo-Tegressive process to generate auto using the decorrelation distance value also listed in THble
dynamic shadowing values,

and the node speed The shadowing correlation coefficient
z(t) =e VTa(t —1) 1—e2/7g,(t), (28) Cln,m,n’,m/] is a function of the mobility scenario and

the number of joint moving nodes, as detailed in Talble
—-1/7 —2/T . .. . . . .
y(t) =e Tyt — 1) + V1 —e2/7g, (1), (29)  Hence, for two links, joint shadowing time series are oledin
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TABLE Il
MODEL PARAMETERS

| | o2I1 [ 121 (nomadic) | 121 (single mobile) | 121 (double mobile)
n 2.27 [25] 1.75 1.75
us, [dB see 26) 0 0
oz, [dB] 8-10 [22] 4.6 4.6
(s, Bs) see(8) see(8) =(0,1)
oz [dB] see (4) see (9 =05,
7 [S] 1.74 2.5 1.5 (speed of 0.3 m/s)
de [m] non-applicable| non-applicable 0.45 (speed of 0.3 m/s)
common mov.| no (mov.) common| common mov.| no (Mmov.) common
(nc,oc) | (0,0.31) 0.0.27) (0.28.047) ((o.oo),o.sa) (0.29.039) ((0.06),0.36)
K see (5 see R0) non-applicable
(o, B) non-applicable| non-applicable see R3) | see P2
similarly to (30). Note that the correlation value for the 12I- component is significantly stronger when both Tx and
single mobile-common moving case in Tallé cannot be Rx nodes are moving as opposed to only one of them
found directly in Tabldl, as we have aggregated single mobile  moving. This implies that the popular Rayleigh fading
Rx and single mobile Tx cases to build Talle assumption, believed to be pessimistic, might in fact be
3) Fading: The small-scale fading,., is best described in too optimistic for the actual fading in cooperative double-

amplitude by a Ricean distribution in nomadic cases (the K- mobile scenarios.
factor being related to the distance, s2@)), while in mobile
scenarios, the SOSF distribution is used to model the fading REFERENCES
amplitude, with(«, 3) randomly distributed as given in Table _ _ . N
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