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Abstract—An integral aspect of radio propagation especially outside to be adopted when simulating3jeneration mobile cellular net-
of buildings is the loss due to shadow fading (also known as long- works based on wideband code division multiple access (WCDMA)
term fading). This is caused by the presence of obstacles which lie as in [3]. But the model treats all links independently on each
in the propagation path of the radio waves. While modeling the - . \
shadow fading loss, the spatial, angular and temporal correlation of Other, i.e. the correlation is only based on the user's movements
the shadow fading values has to be considered. By that, it is taken into through the scenario on a time basis. If multiple links have to be
account that an obstacle which lied in the propagation path during considered in parallel as in the so-called soft handover state of
the last measurement of the radio wave cannot simply disappear 5 \;ger equipment (UE) or also while measuring the neighbouring

at the following measurement. Moreover, signals coming from the lls' pilot signals. this model can not provid rtain correlation
same direction experience a similar shadow effect and the location cells” piiot signals, this model can not provide certain correlatio

dependency of the shadow fading values makes sure that another Properties between the different links.
mobile at the same location also gets the same signal attenuation. In [5], the model is extended in order to also capture cross-
This article aims at generating shadow fading profiles which can be correlation of shadow fading variables for links to multiple base

used in simulations of realistic mobile radio network scenarios. The . - . - :
focus is on achieving two-dimensional spatial correlation of the shadow stations. Thus, a single user experience realistic shadow fading

fading values. Methods for introducing the angular and temporal effe(?ts to t.he Surr.ou'nding base stations and not only to the
correlation are explained in addition. Simulations with the different ~ serving station. A similar approach has been already given by [6]

shadow fading profiles are run and comparisons between quality-of- where the angular correlation is modeled with an exponentially
service (QoS) aspects obtained with these profiles are presented.  jgcaying function dependent on the angle between the links under
I. INTRODUCTION consideration. _ _
. . . - . . Whereas these models are focussed on shadow fading calculation
For emulating and simulating realistic mobile radio networks

. ) L on a per-link basis, [7] proposes a two-dimensional model where
the propagation of electro-magnetic waves inevitably has to H?

full deled. An int | t of radi tion besid e shadow fading values are location-based. This kind of shadow
careully modeled. An integral aspect of radio propagation besi Fasding map also captures the effect that identical or at least similar
path loss and multi-path fading is the loss due to shadow fadi

. . i lues are seen by mobiles at the same position within the scenario.
also known as shadowing or long-term fading. This is caused by t €1 this paper, we describe a shadow fading model which com-

presence of obstacles which lie i'n the propagation path of the ra%'l%es the advantages of the different models presented before, i.e.
}/vz(aj\_/es, €.0. houtses_, trelefsl, fturntl_ture, etc. [é]’th[z]' Hence, Sqﬁdl%\%al and time correlation of the shadow fading values, cross-
ading represents signal fiuctuations around the average pamn ‘a3 o 4tion (or angular correlation) between multiple links and

due to man-made (buildings, cars, walls, etc.) or natural (h'”aEpendency on the absolute position of a mobile in the simulation

rain, tre_es, etc.) obstructions in the way of a propagat_lng electrso'enario. Moreover, the generation of random variables that adhere
magnetic wave. Thus, waves are prevented from traveling the mo

. . . étsuch a location-based correlation is the main objective of this
direct and shortest path (usually also the path with least attenuatl%}]t ribution
be_trvgeenha éravr:/s;nlctjtiir a\r:dl aELreciewer. v characterized b The remainder of this paper is organized as follows. The different
€ shadow fading value, 1S usually characlenzed by a ., q|ation properties under study are highlighted in Sec. Il. We
Gaussian (norm_al) distribution n Fhe _Ioganthmlc _scale with zer o focus on the application of the generated variables for mobile
(rjnean ;mdt certf#]n stan_dard de\:latlon in the ngr;'mdelof %_1(_7_ twork simulations with respect to temporal and local interpola-
ependent on the environment as recommended in [1], [3]. 6n. In Sec. IV, performance differences in a simulated universal

probability density function (PDF) is given by mobile telecommunications system (UMTS) network example are

1 _w evaluated taking into account differently generated shadow fading
p(Ls) = 7 T (1) maps. By means of such dynamic system-level simulations the
oL, V2T effects of outage durations as a result of shadow fades are addressed

with standard deviatioar, and mean..,. In linear scale, shadow not only in an analytical manner as in [8] but also with reference
fading follows a log-normal distribution. For this reason it is als¢o the location within the simulated scenario. Certain network and
called log-normal fading. link-based quality-of-service (QoS) criteria can be evaluated.

It is obvious that the shadow fading values depend on the terrain
and the surrounding property in the vicinity of the mobile. These
values have to show a spatial correlation due to the fact thatWhen generating random variables for the shadow fading the first
terrain and morphology structure do not change abruptly. Moreoveriteria is that the variables in the logarithmic scale must follow a
another user should experience similar shadow fading effects wHeaussian distribution as in (1). The variables should be distributed
passing by the same location. Hence, one of the most difficift such a way that their meai, is 0 and the standard deviation
aspects of shadow fading is to find an accurate correlation mode},, is 10dB [3] in case of urban scenarios for UMTS networks.
Several methods have been used to generate random shadow fadifidne two-dimensional shadow fading values are subject to three
variables in order to achieve certain autocorrelation and have betkffierent kinds of correlation processes. Spatial correlation consid-
used in past simulations. ers the fixed location of obstacles, angular correlation reflects the

Based on measurements conducted in urban areas, a link-badiegction to or from the base station(s) relevant for a user in the
autocorrelation model is proposed in [4]. This model is supposadenario, and temporal correlation prevents from sudden changes in

II. CORRELATION MODEL FORSHADOW FADING
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Fig. 1. Autocorrelation functions plots of random (uncorrelated), splinéig. 2.  Example two-dimensional shadow fading map with random

interpolated, and convoluted shadow fading variables (uncorrelated) shadow fading variables
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environment. For the urban vehicular test environment (VTE), ) ) ) ) ]
[3] proposesdeor = 20m. This correlation works satisfactorily - 3- ~ Example two-dimensional shadow fading map with spline

. . lated shadow fadi iabl
for distances up to approximately 500 m. Although the secoﬁrgerpoae shadow fading variables

derivative at the origin of this autocorrelation function is not
defined (as requested by [8]), it does not lead to sharp changes 8%
of shadow fading values when embedded into a two-dimensional 1500 %'
map with finite resolution. Moreover, an interpolation process as 1400 [ &
described in Sec. II-C prevents from such effects. 1300 &
In the following, three different methods of generating two-
dimensional shadow fading variables are discussed. The resulting
autocorrelation functions and a cut-out of the generated shadow
fading map are given in Fig. 1 and Fig. 2 to Fig. 4, respectively. 1000,
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1) Random Variables:For a simulation scenario with locally
dependent obstruction effects, we will need to somehow obtain a
matrix of shadow fading variableg,(z,y) that depends on the
size of the scenario and a given resolution as illustrated in Fig. 2.
However, it is not possible to generate truly random numbers
with the help of computer processors. They can be supplied
by external sources like radioactive decay. Such sequences Ritg 4. Example two-dimensional shadow fading map with convolutional
available (e.g. on magnetic tape), but clumsy to use and often motrelated shadow fading variables
sufficient in terms of speed and number [9]. For most purposes,
it is sufficient and much easier to rely on pseudo-random number
generators. Pseudo-random numbers are a sequence of numbe2y Spline Interpolation: To improve the correlation properties
generated by an algorithm in a way that the resulting numbeo$ the variables, a spline interpolation method is used. What the
look statistically independent and uniformly distributed. This ispline interpolation does is basically to connect two adjacent points
the prevailing method used for computer simulations. with a smooth curve considering as well the neighboring points

By examining the autocorrelation function properties of theelated to the two that are joined. Therefore, the shadow fading
variables, we see that the variables show no correlation at albp is created with lower resolution and then spline interpolated
(see Fig. 1). The correlation properties of (2) are not fulfilled foto Es(x,y) achieving the same resolution as before. Here we have
randomly generated shadow fading values. chosen the resolution of the preliminary map to be equal to the
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decorrelation lengtldcorr. The resulting interpolated shadow fadingC. Temporal Correlation

map (Fig. 3) looks less noisy compared to uncorrelated values. |y order to achieve temporal correlation of the shadow fading
_ Fig. 1 once again shows the autocorrelation of these spligg es, the base values of the tiles have to be interpolated in a
interpolated variables. We can see that they indeed do show a bet{ggoth way. With a precedent valiig (7, ) at a given time instant

correlation. However, after the interpolation process the mean a:’%‘,dthe subsequent value at tirket- 1 is recursively determined by

the standard deviation of the variables had to be corrected by using
k modn

~ = oL, L = Ls ————————(Ls,new— Ls , (5
L (2y) = <Ls(x,y) ~(pg, - MLS)> . 703 3) (Th+1) (Te) + 5 — (k mod n)( new (7x)), (5)
Ls . . .
where L; new is the shadow fading value at a target location. After
an update interval ofi measurement cycles, the value has to be

3) Two-Dimensional ConvolutionAs observed in the previous re-determine_d. The length of the update inten_mals_dependent
sections, the generated variables do not meet the autocorrela 5'ntpe durgtlont. of afn;gasurement Cyf‘%aé Wht'.Ch |sfeg:16u7al to.
criteria. The two-dimensional convolution method of generatin %Drs/lrze lt”a IEntI: lms.tor e\f/etﬂ slot dura Ic?Tho lnf. ina
the shadow fading variable aims at fulfilling the desired criteria. ¢ th nehw(;)r ’ ¢ g_ velocl yvl o de USer, a(;]b € resolution

Since the shadow fading map is two-dimensional, we Wi@s of the shadow fading map. It is determined by
need to employ the two-dimensional convolution. Consider two _ As ©)
(N x Ny)-matricesLs andCs, whereLg are randomly generated U - tmeas
shadow fading variables an@s contains one row and column |t js important to reset if the velocity of the user or the

of autocorrelation coefficients determined with the help of (Zjeasurement interval changes, i.e. when entering a different road
respectively. The resuling matriks = Ls « Cs after a two- category or perform an inter-system handover e.g. between GSM

in order to stay in line with the requirements of [3].

dimensional convolution is given by its elements and UMTS.
= . s E
7 - , ‘ . SIMULATION ENVIRONMENT
Lo(z,y) =D Y Ls(i,/)Cs(w =i+ 1y —j+1). (4) . ATTOT ERVIR - .
i=1 j=1 The event-driverGeneric Object Oriented Simulation Environ-

To achieve the autocorrelation between the variables, we fif8€Nt(GOOSE) is used for simulation purposes which has been
calculate a set of autocorrelation coefficients using (2) wikre extensively used for the simulation of UMTS networks including
varies betweer to the dimension of the scenario by the desireg°ft handover, fast power control and radio resource management
resolution. Gaussian distributed random variables are generated i§84es [10]-[12]. Fig. 6 depicts the graphical user interface of

convoluted two-dimensionally with the calculated autocorrelatiofi€ tool developed at ComNets. As a simulation scenario, a real
coefficients. network deployment in the urban area of Amsterdam is recreated

Convolution does not alter the distribution of the variables #Pnsidering 7 sites each equipped with three sectors. The figure
it acts like a finite impulse response (FIR) filter. Thus, the neRhows the best server areas (by different colors) and we can clearly
variables still follow the Gaussian distribution. However, the medfentify the 120 degree sectors of the Node B. Moreover, the
and the standard deviation of the variables change and have taPgichwork of best server areas at the cell borders due to the location

corrected using (3). and direction based shadow fading variables is visible.
This method of generating variables has shown an autocorrela .
tion that almost matches (2). The corresponding curve in Fig. miston_sgocil_gpies i
confirms the correlation. From the shadow fading map in Fig. 4 f— ax
is visualized that there is a clear correlation between the variabl s
B. Angular Correlation =
If a shadow fading map is generated as described above, angi ‘ s
correlation can be considered with the help of neighbouring tile I,' |
To achieve correlation for a certain range of directions, we c e ||
simply take the neighbouring shadow fading value laying in thi =
direction instead of the one the mobile is actually on as illustrate
in Fig. 5.
Matrix of shadowing values
h ! (Xpos = 1.390 km / ypos = 0463 km ) [17]
/ Fig. 6. GOOSE graphical user interface
IR il ¢ Propagation characteristics, user’s mobility along streets or rail-
[ Mobile Terminal™= . ways with velocities between 3 and 50 km/h and certain turning
Base Station properties at intersections, and antenna patterns follows the guide-
/ } lines as given in [13]. Power control inaccuracies and channel

estimation errors are combined in a Gaussian distributed random
Fig. 5. How to achieve angular correlation of the shadow fading variabl&§ror with standard deviation of 1 dB.
Traffic is circuit switched speech service at 12.2kbps with an
The resulting angular autocorrelation function is defined stepetivity of 50% [3]. Estimation of the user bit error ratio (BER) in
wise with the resolution o7 /9 and the correlation propertiesorder to determine for satisfied users follows the analytical studies
are determined by the spatial correlation of the shadow fadimg[14]. The results vary with respect to the differing shadow fading
variables. variables used for the radio propagation modeling.
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Fig. 8. Shadow fading process for the three strongest CPICH signals of
Fig. 7. Simulation scenario comprising GSM and UMTS with CPICHIlifferent Node Bs in GOOSE
measurements of one particular mobile

The above results can also be explained when looking at the
Fig. 7 illustrates the mobile users traveling through a realistitumulative distribution function (CDF) of the downlink carrier-
scenario of Biel, Switzerland. The window for the pilot measurdo-interference ratio (CIR) as plotted in Fig. 10. A large fraction
ments of a particular UE are included in this screen shot. of the CIR measurements are substantially lower when using the
Fig. 8 illustrates the shadow fading process exemplarily for tH@ndom map as compared to the correlated or spline interpolated
three strongest common pilot channel (CPICH) measurementssbdow fading. With respect to a minimum CIR-e20dB where
this UE in the center of the scenario. Fast fading and chanrf@nnection can still be considered satisfactory, we observe almost
estimation errors in this example are turned off. We can see tHe3% of the measured values below this limit for the random values.
the serving base station experiences smooth shadow fading whildhe case of the correlated and spline interpolated shadow fading
the UE is traveling through the scenario. One CPICH signal whidf®lues, it is only about 7%.
at the beginning shows the weakest reception level follows a similarThe plots in Fig. 11 and Fig. 12 show the transmission power
shadow fading process. These two signals belong to differe?ftr channelization or spreading code, i.e. connection, in uplink
sectors of the same site and experience the same shadow fadifig downlink direction with respect to the distance to the serving
due to the angular correlation of the direct links. Another CPICNode B. For the downlink transmission power we did not consider
signal can be seen which shows a different behavior becausetlst power necessary for the common control channel (CCCH) and
opposite link directions. The graphical representation offers onlpe common pilot channel (CPICH).
the three strongest pilot signals and we can't go into the detailsThere is an average of about 10-20dB difference in the trans-
for the weaker links but we can conclude that the above describ@ssion power between the correlated and spline interpolated

model provides satisfactory results. maps. With the random variables, no reasonable communication
is possible because power control is simply adjusting to the upper
1V. SIMULATION RESULTS limits. The higher transmission powers necessary at close distance

to the Node B are due to the antenna characteristics which shows

The interests of network operators is if they are able to providgynificant losses between the main lobe and the first side lobe.
a certain quality of service (Q0S) to their customers. Thus, bas@g, increasing distance the average uplink transmission power

on criteria set out in [3], the satisfaction of a user dependepl,ys towards the maximum level of 21 dBm and leaves almost no
on call admittance, connection quality (no failure and sufficiefasqroom to compensate for fast or long-term fading.
voice quality) and handover success (no call abort) is examined.

Fig. 9 shows the fraction of satisfied users at different offered V. CONCLUSION
traffic. The three curves in the result plots correspond to thein conclusion, we have described the generation of two-
random shadow fading (Random), the spline interpolated valugitnensional correlated shadow fading variables and examined in
(Spline), and the convolutional correlated (Correlated) shadaoser detail their effects on network simulations. An appropriate
fading variables, respectively. model of a shadow fading map is of great importance to obtaining
It can be observed that there are only a very small number afcurate results.
users who are satisfied if shadow fading is a random process. ThigVithout consideration of shadow fading correlation properties,
means that neighboring points of a map may have a sudden chang#&vork simulation results are useless. In the spline interpolated
in total path loss due to shadow fading. This eventual drastic changap, we observe the best overall system performance due to the
in the path loss may result in calls being aborted because thetter correlation at close distances which means a smaller change
network is not able to adjust the transmission power or to perforim the total path loss as a user moves from one location to an
a handover fast enough. adjacent location where measurements are taken. However, it may
In the case of the correlated and spline interpolated values, e questionable if the results are indeed realistic if we were to
expect no sudden change in shadow fading values at adjacent potatisulate the path loss based on these interpolated variables. Usage
and thus it is realistic to expect that at low loads, the netwoid two-dimensional convoluted shadow fading values gives the
should be able to satisfy almost all of its customers. At high loadsost realistic fading characteristics, but network performance is
however, there will always be a certain amount of unsatisfied usaignificantly affected.
due to call blocking and high interference [13]. It is relatively clear This can be looked into more closely as well as to portrait the
that for simulation purposes where shadow fading is consideredsame characteristics in different simulation scenarios. Future work
random shadow fading map is not very useful. can additionally examine the difference in system performance if a
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different decorrelation length or scenario resolution is assume?s]
Moreover, with respect to beamforming algorithms as a majo
topic for next generation networks, the inclusion of location-based
correlated shadow fading is a key issue in propagation modelin]
for radio network simulations.
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