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Abstract— Computer simulations are a common procedure for
assessing the performance of new algorithms. To adurct a valid
and accurate study, the models employed in such sihators need
to be carefully selected. Regarding shadowing modef, one-
dimensional models are fairly commonplace in the tiérature.
While simple and with low computational costs, thessmodels can
not produce correlated fading values for mobiles tat are in
nearby positions and, besides, do not include therass-
correlation effect. To overcome these limitations,this paper
presents a bi-dimensional shadowing model which imduces
both the spatial correlation and the cross-correlabn present in
real systems. Finally, the impact of considering ffierent aspects
of shadowing modeling for system level investigatis is
evaluated. For that purpose, the UMTS radio accesgchnology
has been considered as a case study.

|. INTRODUCTION

models, analyzing their effect on the system perforce
evaluation, specifically in downlink UMTS.

With this aim, the shadowing characteristics amstlfi
analyzed. Starting from this study, several modeith an
increasing level of realism, hence complexity, presented.
Next, the results obtained considering each ofethresdels
are compared. Analysis of such results leads t@seusision
on the most adequate complexity level of a shadgwindel
for system-level simulation of UMTS and similar &yss.

Il. CHARACTERISTICS OFSHADOWING

Several experimental studies have shown that #iestatal
distribution of shadowing can be approximated by a
lognormal law (e.g. [1],[2]) with zero mean and an
environment-specific standard deviation. In additi@ther
works have demonstrated that shadowing is a rargtooess

The mobile radio channel is usually modeled as ayijth a certain spatial autocorrelation, which mesahat

combination of three effects: mean path loss, shadp
(referred to also as large-scale fading or slovinfg)dand fast
fading. Of all the effects that exist in the actwdlannel,
usually fast fading effect is included within linlevel
simulations whereas mean path loss and shadowieg
modeled for system level analysis. Since mean pagh
depends simply on the distance between transméttet
receiver, the random variability of mobile radioadnels is
mostly affected by shadowing in system level sirtioies. For
that reason, a careful selection of the simulateadswing
models is required to provide an appropriate anclirate
system evaluation [1].
This paper proposes a realistic and complete shadow

model which simultaneously implements two very imiaot

shadowing between transmitter and receiver in eifipe
position is correlated with the shadowing experéhc
between the same transmitter and the same or i@beiver in
a neighbor location. Gudmundson [2] suggested a- one

ardimensional model of its autocorrelation functidollowing

the user-specific trajectory.

The relevance of second-order statistical properié
shadowing is widely accepted and Gudmundson’s mbdsl
been extensively used in test beds and simulatiodies of
wireless communications. However, this model isitéoh in
the sense that it independently considers the stiadofor
each mobile unit, thus resulting in uncorrelateddsiwing
even for receiver units that are in close vicingyeach other
and their surrounding obstacles are identical. Bseoved in

characteristics of ShadOW|ng that Saunders [1] anddiﬁerent measurement Campaigns (eg [3]’[4]) sladdk of

Gudmundson [2] formulated by means of direct conspar
with measurements. Moreover, this paper comparfésrefit
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correlation does not happen in real networks.

Neglecting the shadowing correlation can become an
important flaw when evaluating the performanceechhiques
that strongly depend on the radio link quality ctinds (e.g.
soft handover, macro-diversity and link adaptatioii
overcome this limitation, different studies (seg. ¢4]) have
proposed a bi-dimensional shadowing model thatltegu a
unique shadowing map for each transmitter. The i)



maps relate each geographical point to a partiailadowing
value and, consequently, their use allows generatin
correlated shadowing values for neighboring motilgs.

Another aspect of shadowing modeling is Shadowing
Cross-Correlation (SCC), which considers the refati
between the shadowing components experienced éyedver
from two different transmitters at a given positideveral
experimental results (e.g. [3][5]) have confirmbd existence
of such cross-correlation and, in spite of sugggstiifferent
values for it depending on the terrain morpholagy studies
agree in the fact that this SCC has a decisiveckefia the
final system performance. It is generally underdttimat the
more two radio links share a common propagatiom, pizie
higher the correlation coefficient is. Therefor€Ghas been
modeled as a function of two variables [6]: the kengf-
Arrival Difference (AAD) and, optionally, the relae
distance difference. From the measurements camgaigied
out by Graziano, Saunders proposed a model coigider
jointly both variables [1]. For its simplicity aratcuracy this
model is in common use.

In this context, [4] presents a bi-dimensional siveidg
model capable of representing both spatial coicelaand a
constant site-to-site cross-correlation. This papteps
forward and proposes a model which allows for d ful
characterization of shadowing including more compBCC
models, such as Saunders’.

I1l.  COMPLETE SHADOWING MODEL
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Figure 1. Parameters of Saunders’ SCC model
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Wherer, is the smallest path length between base stations
and the mobile terminal and is the other one. The AAD is
denoted by ¢ and all three parameters are graphically
represented in Fig.j represents a threshold angle and is

related to the decorrelation distance f2] in this way:
2

¢l’ =
sin| L
2r,

Finally, the parametely takes into account the particular
structure of both terrain and buildings and vaiiegractice
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The complete shadowing model presented here prvide gepending on the heights of terrain and base sttiBased

two-dimensional shadowing maps for each base statio
included in the cellular layout; each map covetthg entire
simulation area. It deals with SCC in the firstggland, next,

it introduces the spatial autocorrelation. Giveatttihe major
contribution of this paper is the specific inclusiof SCC
modeling, this aspect of modeling will be addresseate
fully in this section.

A. Shadowing Cross-Correlation

The shadowing experienced by signals transmittech fa
set of N base stations to a specific poifit,y) can be
calculated as a realization of a setMfGaussian random
variablesS (i =1,2.... N). It is assumed that these variables
have the same mean and standard deviatign since all
propagation paths occur within the same type ofrenment.
The value of the correlation coefficieng, , of each pair of
variables,{s, §} , is specified by the selected SCC model.
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Specifically, Saunders [1] modeled the SSC coefficas:

on measurements realized by Graziano [3] this pat@nwas
adjusted to be equal to 0.3.

The problem of generating adequate samples fogatlan
be mathematically solved by means of the Cholesky
factorisation (see e.g. [6]) as follows. If the matontaining
the correlation coefficients for every pair of tsamitters
received at a certain location (the correlationrmabereon),
R :{ pij} , iIs symmetric, what is always true, and positive
definite then its Cholesky factorisation results Rn=CC",
where C is a lower triangular matrix and the supersciipt
means transposition. The matri€ can be utilised to
transform a vector containing N statistically independent
random variables with the same distribution intopther
vector s of N equally distributed random values (shadowing
values, in fact) satisfying all correlation condits between
links as follows:

s=Cr 4)

The main limitation of this model is thaR must be
positive definite. In case matriR is actually not satisfying
this positiveness, what happens often for scenasibls a
large number of transmitters that result in higteor
correlation matrices, one solution is to find thearest
diagonalizable correlation matrix through the altging
projection method [7].
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Figure 2. Map generation process of complete shaxpmodel

The procedure is repeated for each geographicait.poi
Finally all the shadowing maps are obtained, oneefach
base station, satisfying the desired SCC.

B. Spatial Autocorrelation

In order to introduce also the spatial autocorietateach
shadowing map corresponding to one transmitterassgd
through a two-dimensional filter, thus providingetldesired
autocorrelation function. Detailed information dretdesign
and characteristics of this filtering method carfdaend in [4].
In Fig.2 the whole the process followed to credte two-
dimensional shadowing maps with both cross-coiimiatnd
spatial autocorrelation is summarized.

IV. SYSTEM PERFORMANCE

A. Simulation Scenario

As explained before, performance evaluation of the
complete shadowing model has been carried out ansef
a downlink UMTS simulation platform. In these sirtibns
only web browsing service has been considered,guie
model described in [8] with a non-strict deadliri€0s.

The scenario consists of seven cells with radids Kin,
with the cell under study in the centre. The maxmu
available power is 43 dBm, and the transmitted poviehe
interfering cells is 40 dBm (a 50% load factor @sidered).
The path loss for thé -th user is calculated using the model
described in [9].

Users are on the move with a constant speed ofnd@.k
The thermal noise power level is -102 dBm. The
orthogonality factor p is set to 0.5. The scheduling
algorithms are run every 0.5 seconds.

The maximum power load factor is set to 0.6 for tled
being studied. Users are multiplexed over a common
Downlink Shared Channel (DSCH) and, therefore, iwithe
code tree one branch of spreading factor 256 mrved per
user for signalling. Finally, five additional brdres, also
having a spreading factor equal to 256, are rederfoe
common and broadcast channels. The rest of awailabl
branches determine the total maximum bit rate, ibgain
mind that one code of spreading factor equal tot8iks a bit
rate of 256 kb/s. The set of possible bit ratessictared is
{256 kb/s, 128 kb/s, 64 kb/s, 32 kb/s, 16 kb/s,bdsk The
corresponding required,/N, ratios are {5.6 dB, 4.4 dB, 4.62
dB, 4.55 dB, 4.55 dBpe dB}, as proposed for web service in
[10].

B. Reference Shadowing Models

Four modeling techniques with an increasing level o
complexny and accuracy have been investigated:

Model 1 - One-dimensional with spatial correlation
This model fits with the proposal of Gundmundsoh [2
and is widely used by the research community. Each
user is characterized by means of a specific one-
dimensional shadowing model with  spatial
autocorrelation. The user trajectory has not any
influence on the model but the distance run byuther.

+  Model 2 - Two-dimensional with spatial correlation
The correlation model distance-dependent is theesssm
in the case of the first model. However, a two-
dimensional filter is used, allowing the creatiofi o
shadowing maps corresponding with each transmitter.
The SCC is not considered.

+  Model 3 - Two-dimensional with constant cross-
correlation This model was proposed in [4] and is
similar to the previous model excepting that a dixe
cross-correlation coefficient equal to 0.5 is assdm
among all transmitters.

« Model 4 - Complete shadowing moghebposed in this
paper and previously described in Section Ill.



Fig. 2. Main Paramenters of the Shadowing Maps

Number of Nodes-B 7
X size 1000 m
y size 1000 m
Number of points per map 200 x 200
Sampling distance 5m
Decorrelation distance 20m
TABLE I. AVERAGE RESULTS
M1 M2 M3 M4
Qutage probability (%) 1.75 1.12 0.42 0.346
Total power (W) 12.85 12.83 11.53 11.4p
Number of active users 14.1] 13.95 10.63 10.88
Effective throughput (kbps) 1026.4 1028{4 1083.4 9dR
Throughput per usefkbps) 77.58 78.39 103.64 106.38
Object delay (s) 121 1.22 0.875 0.8511
Web page delay (s) 7.12 7.17 5.1 5.0p
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Figure 3. CDF of the normalized throughput

For those models based on shadowing maps, nham8ly 2,
and 4, Table | summarizes the main parameters derms in
their generation.

C. Numerical Results

For each of the considered shadowing models, tstersy
level simulations executed with different randoredse have
been run during one hour of emulated time. All g
results have been obtained averaging over the vdatlef 10
simulations. A fixed number of 70 web users havenbe
introduced in the system. It is worth noting thih@ugh 70
users are in the system they are not active asdhnge time
due to the bursty traffic pattern of web service.

the useful signal are correlated in accordance &ébnders’
model. In models where SCC is not included (M1 MR)

the outage probability is highly increased. Besidetween
models which only implement the spatial correlatiagain
models 1 and 2, the two-dimensional approach sogmifly
reduces the outage probability.

Concerning the average power, it can be obsenadttie
usage of the classical Gudmundson’'s model entais a
overestimation of the consumed power of about 12.88%6
compared with the most accurate shadowing mode).(M4

Table Il also shows that the reduction of the oatag
probability comes with an important improvement thre
performance of the resource allocation tasks, whahe end,
entails a lower number of users with data pendiog f
transmission and a remarkable reduction in the nodgect
and web page delay. According to these results, etsod
considering cross-correlation produce performandeators
significantly different from those models only inding
spatial correlation.

Fig. 3 depicts the experimental distribution, sfieaily,
the cumulative distribution function (CDF), of tledfective
throughput allocated in the central cell normalizedth
respect to the maximum data rate achievable irsylséem.
Again, results demonstrate that cross-correlatifece must
be included in the shadowing modeling since itesisive to
assess accurately system performance. Models aloding
cross-correlation tend to make a pessimist analybithe
system capacity. Regarding models 3 and 4, althahgh
more realistic and accurate complete shadowing (ddi4)
provides the best results, the little differencecamparison
with the two-dimensional model with constant cross-
correlation (M3) questions the necessity of inahgdwith so
much precision SCC.

Last, Fig. 4 represents the service response fimethe
period elapsed since the instant of the data reéque# the
complete message reception, as a function of the pege
size. Again, the complete shadowing model preseintekis
paper, which represents more accurately the rdevier of
shadowing samples, exhibits more optimistic results

D. Analysis and Discussion

Intuitively, effect of shadowing model on simulatio
results should vary significantly depending on ¢basidered

Table Il shows a set of system performance metrics Radio Access Technology (RAT). If the RAT is basedink

obtained with the four shadowing models. From amalig
the analyzed parameters, the outage probabilitithout
doubt, the one that is mostly affected by the $eleof the
shadowing correlation model. The reason for thiectfis
that, intuitively, the more correlation the lowdretoutage
probability since an increasing correlation favatsannel
stability and therefore power control is able ttofe changes
in the signal to noise plus interference ratio.

In agreement with the previous reasoning, the lowes
outage probability is achieved by the complete shéng
model, which is two-dimensional and with a moreadetl
SCC modeling. Recall that in this model all inteefs and

adaptation techniques, as for instance GPRS or ASLtRe

variations of channel quality have an importaneefffon the
success of the transmission and, therefore, oreffeetive
throughput and quality of service. Shadowing madgls of
paramount importance in these cases [4].

Moreover, in systems implementing handover algorith
the decision on handover to a new base statiormderon the
basis of the relative power level of the currend ahe
candidate base stations and depends highly onattigbvity
of channel quality. Once more, a proper shadowingeting
will have a significant effect on the handover @bitity and
therefore on the macro-diversity process relatad[ig.



In contrast, within this paper a downlink UMTS systhas
been taken into account. UMTS is not based on link
adaptation and, besides, in this case no macraosiiye 5ol
occurs since handover is not modeled. Neverthetessijts
have demonstrated that the choice of the shadowiodel 20
affects the outcomes of the system analysis, evsenwhe
systems are not based on link adaptation. In daexplain
this, the following aspects must be taken into aoto
« The scheduler has to maximize the resource uiizat 20¢

i.e. power and number of codes in UMTS. Once a
certain resource allocation has been decidedidtkispt 107
fixed until the next run of the scheduler. Durihg time
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conditions or interferences can vary due to usdilinp ) o
Figure 4. Average delay per web page as a functidats size

or load fluctuations. The lower the shadowing
correlation the higher the channel quality varigpénd ) . ) ) .
consequently more mistakes will be made by theesyst Fln_ally, it |s_worth noting _that, since base statppsnmns
. UMTS executes a fast power control mechanism (1500 &€ flxgd during 'aII the S|mulat|o'n, the generatioh the
times per second). This technique allows followsfgyv shadowing maps is always an off-line process. Thezethe
channel variations provided that these changesiare ~ burden cost added in the simulation by the usagehef
abrupt. However, if either channel conditions cleang complete shadowing model is null. In consequence,gven
too quickly or the system becomes congested, powerthat the complete model is the most accurate dseysage

control is not able to follow the channel and, #ifere, seems the most adequate option among the otheeinher
the required signal to interference ratio is ndfilfed. analyzed.

In these cases users do not experience the adequate

quality of service and are in a situation of outaige ACKNOWLEDGMENT

which packets are not properly received. If paclkets
not delivered then the amount of data pending for
transmission in the buffers increases hence augmgent
the packet delay too.
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