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1.301 1 Aou

In the context of Femtocell deployment, the important issue of interaction between outdoor
macrocells and indoor femtocells needs to propose some efficient tools to simulate the behavior of

radio waves at the interface between those to kind of environments: large scale outdoor and smaller
scale indoor.

In this report, we propose a new hybrid modeling method for indoor-to-outdoor or outdoor-to-
indoor radio coverage prediction. The proposed method is a combination of a ray-optical channel
modeling approach and the frequency domain ParFlow method. While the former is widely used for
modeling outdoor propagation environments, the latter is computationally efficient and accurate for
modeling indoor environments.

The proposed hybrid method is evaluated by comparing the simulation results to the real-world
measurements.

2. $AOAOEDPOETT 1T & OE

1. Introduction
The ubiquitous deployment of various wireless namication networks, particularly in urban

areas, requires careful planning of new wireless networks, as well as optimization of the existing
ones. Successful accomplishment of these tasks calls for efficient radio network design tools.

Unavoidably, any ebate about merits and demerits peculiar to a concrete tool, or more precisely,
to an underlying electromagnetic wave propagation modeling approach, leads to a discussion
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about the tradeff between the computational load and the achievable accuracypkttietion.
To a large extend, the compromise between efficiency and accuracy depends on the modeled
propagation environment.

It has been demonstrated that the rma$iolution frequency domain ParFIgMR-FDPF) method

[20] is an efficient and accurate radio network design tool for indoor and itile@nvironments.

Yet the computational load associated with this method quickly becomes excessively large due to
the size increase of the propagation environment as, for exaimglutdoor wave propagation
scenarios. On the other hand, the welbwn rayoptical approachd4.0] are widely used for

modeling the outdoor as well as indoor environments. Even so, using tbpti@al methods for

accurate prediction of the electridield strength inside a building might not be as

computationally efficient as employing the MOPF method. Moreover, MRDPF method is

usually more accurate since it does not restrict the number of reflections to be computed as it is the
case in rayoptical approaches.

For scenarios where both the indoor and outdoor wave propagations have to be considered, a
combination of the MRFDPF and the ragptical methods promises advantages in providing
accurate prediction results without sacrificing the contmrial efficiency. Indeed, performing

the simulation of the whole indoto-outdoor scenario based on M®PF only would require

too much memory.

The combination of the ragptical and the MREDPF methods for predicting the electrical field
strength in owdoorto-indoor wave propagation scenarios has been first explofé&yl in

Afterwards, we proposed a new method for combining th@ptigal and the MREDPF

approaches in order to accurately and efficiently predict the field strength in-tosdmatdoor

wave propagation scenarios.

The rest of theeportis organized as followdn Section 2 we present the advantages and
drawbacks of different deterministic approaches for radio coverage prediction. Then in Section 3
we propose the combination iafy-tracing and MRFDPF for outdoor and indoor €mulation,

with the associated implementation for outdtmmdoor scenario. Measurements setup is

described in Section 4 and the results detailed in Section 5. Finally the reverse problem of indoor
to-outdoor simulation is studied in Section 6, with both principle and evaluation.
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2. Approaches for deterministic radio propagation
As explained in the introduction, the context of the present work is to compute envirepeeific
radio coveragenaps thatake as accurately as possible into accoungéoenetries of the
environmentApproaches for determinist&@mulation of radio waves can be divided into two main
families, depending on the theoretical laws on which #greybased on

* Ray Optical (RO) modsluse Descartes laws, where the reflections and diffractions of the
signal on the obstacles are computed by tracing all the possiblebpatieen the emitters and
the receivers.

» Finite Difference (FD) models use partial differential equations in ordeuneerically solve
theMa x w eelquatiorss on a discrete grid.

In the following, properties related to these two familiemotiels will be investigated.

2.1 Ray Optical based models

RO models, has beeamidely used for predicting radio propagati@n 10]. At eachreceiving point, the
signal levelis computed as the sum of all the rays (due to transmiss@testions, diffractions)
passing through this point.

RO models are nowadays a common approach for determiaigitccoverage simulation, hence they
have beemmplemented in commercial software such as [11, 12].tlWoemost common
implementations are Ray Tracing aRdy Launching where:

* Ray Launching emits the rays from the transmifégnal strength degenerates as the rays
propagate anddditional loss is added when rays reflect or difffem walls.

* Ray Tracing traces the rays backwards, i.e it seamhdése possible pathariving at each
receiving positions.

It is important to notice that the complexity of such modals be vey high in scenarios where the
number of wallss high, thus where numerous reflections/diffractions occur.

This is especially the case in #dvironments. That iwhy most of the recent research has been
focused on the reductiamf the complexity of ROnodels. Recently, a Rayaunchingmodel called
IntelligentRay Launching (IRLA)13] has been proposed in which the following optimizatines
used:

* A cube approach where the initial environment is divihtol cubes. In thigpproach the rays
betweenfaces of cubes are computed, thus avoiding to comalitde rays between all the
points inside the cubes [13].
» An optimized approach for reducing the angular dispensitioh is often a concern in Ray
Launchingwhen the distance from the emitter becofaege,since the number of rays to be launched
has to be limited14].

* A parallel implementation where the computatiortha# rays is distributed among processes
thus reducinga lot the simulation time [15]IRLA is one component of the combined
approactproposedn thisreport
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2.2 Finite difference based models

The most common approach is thell-known Finite DifferenceTime Domain (FDTD)proposed in

[16] which numericallys 0l ves Maxwel | ' s e g Wightaccaracg. Havever,at hus pr
disadvatage is that the size tfe pixels of the spatial grid has to be very small comparéue
wavelength of the signal, leading to a high compleiityarge scenarios. That is why, due to its high
memory requirementspuch FD models used to be applietiydo antennalesign or electronic
circuits.Nevertheless, since comput&escome more and more powerful, researchers $tavied to

use such models for radio coverage predictasaell, andnore especially for indoor areas [17, 18].
Moreover,and in oder to reduce the complexity, another Fiddel called ParFlow has been proposed
[19]. In this approachestricted to 2D, the magnetic fields are approximatittal a unique scalar field
thus reducing the numbef variables (there is only one field to takéo consideratiomstead ofe

andH fields).Recently, a similar approachlledMulti Resolution Frequency Domain ParFlow
(MRFDPF)based on a transposition of the ParFlow equatiotise frequency domain has been
proposed [20], in whickhe following gtimizations have been proposed:

e A multi-resolution approach, in which most of teemplexity of the resolution of the
equations is gatheradto a unique preprocessing. Therefore the time duration for simulating
each source becomes very festmpared tasual FDmodels in the time domain [20].

e An calibration of the parameters of the model in orttermake it suitable for indoor
simulation even if thenodel is restricted to 2D [21].

* An improvement of the model in order to perfo@rthogonalFrequencyDivision

Multiplexing (OFDM) simulationswhich is out of scope of thigport[22].

MR-FDPFmodel is the second component of the combayguatoach of thiseport

2.3 Comparison

RO models and FD models are very different and bothesh have advantagasd drawbacks.
Comparisons betwedghem have been developed in [23], the main propestiedesummarized as
follows depending on 3 criteria:

»  Complexity: For FD models it depends mainly on ¢iee of the scenariayhereas folRO
models it dependsainly on the number of walls.

* Accuracy: FD is in generahore accurate because thember of reflections/diffractions is
not limited unlikeRO.

« 3D extension: RO is in general less computational demanbargFD, that isvhy 3D RO
models are commonlynplemerted in 3D, whereas FD models arsually in 2D in order to
simulate large enough scenarios

3. Combination of 2 models for outdoor -to-indoor

3.1 Concept
Taking into consideration the properties described in 2appears as an optimehoice to select the
most appropriatapproach depending in the location, i.e.:

* Indoors: The scenario is not very large, and mafdeumerous walls that is why the number
of reflections/diffractions is very high. Moreover, in casenailti-floored buildings, the
scenario at &h floor isquite flat i.e. a 2D approximation of the propagatisra suitable
assumption. Hence in this case a 2D mbDdel such as MIRDPF appears to be the most
favorable.
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e Outdoors: Thesnvironment is not flat and caot beeasily approximated with 2Dmodel, in
particular inscenarios with high buildings where antennas carlobated on the roofs.
Furthermore, there is more opspace areas and the number of reflections to compute
smaller than indoors. Finally the size of the scenirimo largeto be computed with a FD
model. That isvhy in this case a 3D RO model such as IRLA is preferred.

Hence the newnodel for outdoor to indoor predictions proposethis paper combines IRLA (for the
outdoor propagatiopart) withMR-FDPF (for the irbuilding propagation).

It is to be noticed that, in the literature, other combiR&IFD models such as [226] have been
proposed.

However thesenodelswere restricted to indoor, and a Riddel was used only for the parts of the
scenariaequiringmoredetails.Thus, at the knowledge of the authorscombinedRO/FD approach
for outdoor to indoor has beeaiready proposed.

Diffracted Rays

Direct
Paths

Considered

Reflected Rays Elooe Lol

Figure 1: Schematic representation of the combined approaélrst the
outdoor part is simulated, then the incominghdoor flows arecomputed and
used for the indoorsimulation.

3.2 Implementation
The method is illustrated in Fig.1 and can be dividedtimtdollowing steps:

3.2.1 Outdoor IRLA Prediction

The outdoor IRLA prediction is performed. 3D rays latnched in all the directhsand recursively
reflected andliffracted on the obstacles. The tool is based on a maximumber of 15 reflections

and 15 diffractions, whicprovides high accuracy. Since IRLA has a cube appreaasolution of

5cm is chosen, i.e. the received sigmaweris computed every 5 centimeters. The 3D antenna pattern
is generated from horizontal and vertical 2D antenna paitgained from the data sheets [15].
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3.2.2 MR-FDPF equivalent sources computations

In each cube located on the borders of the mdldat theneight corresponding to tHieor), the
amplitudes and directiortf all theN rays reaching the cube are storfedcharriving ray is
represented by a vecterand the equivaler®arFlow sourcéflows are represented by complex

numbers [20]tan be computed from the vector V correspondinail the rays,i.e0 B 0. In
this case, thamplitude of the equivalent source corresponds to the ampéfuodand the phase of
the equivalent source corresponadshe direction of V

3.2.3 Indoor MR-FDPF Prediction

The indoor radio coverage is computed in(2bcmresolution2D cut of the scenariat the height of
the floor is takenysing the MRFDPF model and using the previously calculagqdivalent sources.
It is to be noticed that, due the properties dIR-FDPF model, the complexity of simulatingany
sources (i.e. all the borders of the buildinghishe same mler than for one source only.

3.3 Calibration
In the case when the parameters corresponding to the madeeialst perfecyl well known it may be
useful to calibratéhe model. This is the common approach used hyraflagation tools and most of
commercial network planningpftware such as [11, 12]. Since the number of matexialsl be high
it is not possible to test all¢lpossiblevalues in a short time. That is why meta heuristic methass
been implemented:

» Calibration of IRLA is based on Simulated Annealj@d].

e  Calibration of MRFDPF is calibrated using the Diregtarch algorithm[28].
The choice of a searchethod is due to the fact that IRL@as few parameters to optimize (since the

buildings araepresented by a single material) which can be solvadghort time using Simulated
Annealing. On the contratR-FDPF models all the materials of the differemiia/(for example in
the later scenario there are 3 kinds of wailh 2 coefficients for each of them) which cannot be
optimizedin a short time using Simulatéhnealing. Therefor®irect Search is chosen providing a
less accurate resudut in a shortetime. Let us remind that threodel we proposm this paper is
aimed at wireless network planneirs, the calibration of thematerials has to be performed isteort
time, and since all the elements of the scenario (@sigfassing users, furnitureparot simulated,
reaching thebsolute global minimurs not ofpractical use.

The function to minimize during the calibration is tReot Mean Square Error (RMSHgfined as:

RMSE= -8 0 'Y (1)

Where:
N is the number of comparison points,
Mi is themeasured received signal at location i,
Siis the simulated received signal at location i.

Typically, calibration of IRLA takes few seconds (sincetladl rays as stored in theemory it is not
required to rumumerous simulations), whereas NHRPF is calibrateth few minutes because
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multiple independent predictiofsve to be run. Based on our experience, calibration is important
mostlyoutdoorswhere database informatiaf theenvironment is limited, and éuo more frequent
unpredictablgghenomena such as moving vehicles and fast fading.

4. Scenario and Measurements for outdoor -to-indoor
The scenario for the evaluatiohthemodel is the INSAuniversitycampus in Lyon, France (see
Fig.2). The size of thecenario is 800x560meters.The sizeQIT | building (surroundedh red in
Fig.2),where the indoor radio coveragesimulated, is approximately 110 x 100 meters.

&ECOOA ¢q AAT AOET 8 )1
i AAOOOA K A %p OADOAOA
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x AOA b1 EI

The combinednodels requiréo work at two scales i.@an outdoor scale where a database of the
buildingswithouttheir content is used, and an indoor scale where the deft#lils building to
simulate are taken into consideration.

Hence two databases of the scenario were generated:

* The outdoor database, required by IRLA, was creas#dg Googlemaps for &tracting the
shapes ofhe buildings, and a laser meterm@asure the heiglaf each building. Hence it is
not a real full 3Ddatabadeut a 2.5D database, in a .dat format similar toahe used by
commerciaRO softwareA uniqguematerialcoefficientwas used for all the buildings.
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» The indoor database containing all the walls offthers used byMR-FDPFwas generated
from the .dxfformat architect files. A 2D cut of the floor in the horizontal plane was used. The
environment was modeled using 3 different materials for the obstacles: concrete for the main
walls, plaster for the internal walls agthss for the windows.

To validatethe model, two measurement campaigndifferent frequencies amdmi t t er s’
locationswere performedh the same scenario, as detailedab.l1. The two frequencies chosen
for the validation(i.e. 3.5GHz and 2.4GHz) correspond respectiteihe frequenes of
Worldwide Interoperability for MicrowavAccesgWiMAX) and Wireless Fidelity (WiFi) in
Europe.

Experiment 1 Experiment 2
Frequency 3.5GHz 2.4GHz
Position on map El E2
Emitting ETS-Lindgren Stella Doradus
antenna Horn antenna | Parabolic antenna
Model 3115 Model 24 SD21

4AAT A vd -AAOOOAI AT O AAiI PAECI

The directive antennasimulating sector aéxternal macrocells, located at approximately &igtit,
were pointing orCITI building in the directions representiedrFig.2 (represented by arrows).

The equipment for the measurementisased on an Agilent generator ESG4438C and3840A
Handheld RF Spectrum Analyzek total of 104 measurement points were chosenn@a@ors and 72
outdoor s). At omrideectiorealenennaseveré sedsMoraver, in ordeavioid
fading effects, these antennas were slightly maratithe mean value after continuous 20 second
measurementsas recorded.

Before running the MAFDPF simulations, IRLA hakeen calibrated for both measurement
campaigns, providing RMSE of 8dB, which is acceptable consideringattggiments given in section
3.3 and also the fact that theints where distributed in the scenarios and some of filuefrom the
building of interest (see Fig.4.b for the locat@frthese points).

5. Results
As an illustration, the rays and the coverage map computedRLA and corresponding to
experiment 1 arplotted in Fig3. The simulated signal inside the CITI buildibgsed orthe new
combined model is plotted in Fg(Experimentl) and Fi§.(Experiment 2), as well as the comparison
betweersimulation and measurements for the received sigbafsre calibration of MFEDPF). It is
seen on thedigures that theffects of thavindows arewell taken into accoungnd that the
measurements and simulation are wetccordance.

In order to evaluate the accuracy of the model modeiails, theRMSE values are plotted in Tab.2
dependingn if MR-FDPF is calibratedand depending on the numlaémpoints used for the
calibration.
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X Experiment 1 | Experiment 2
No calibration 2.80dB 2.28dB
Calibration (4 points) 2.61dB 1.77dB
Calibration (all points) 2.39dB 1.17dB
4AAl AAogl Of AT AA 1T &£ OEA 11T AAT g AAAC

It is verified that, even without calibration (default matevilues for the indoor walls) the model
performs wellless than 3dB RMSE whidatorresponds to the accuratyat MRFDPF reaches for
indoor simulations only [21]).

Moreover, and as expected, calibratingrtmel using fewpoints (4) improves the accurads an
illustration of whats the best possible accuracy the model could reheRMSE after calibrating
using all the points is also given.

However and as said bellow, the aim of such model is tsbd by radio engineers in order to save
time due to radioneasurement campaigns that is why such calibration aflitfte pointshas no
practical meaning. Neverthelesss proven in this experiment that only few measurerpeirits
suffice to improve the model and reach a high accuflaeys than 2dB in the caseWiFi). Finally,

let us justotice that in practice it makes sense to reach lower valuafsaccuracy (typically less
than 2dB), since the accuragfythe measurement equipment (even after the salé fading is
removed)may have larger variations.
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The time durations ohe simulations are given inTala8d it is showrthat the total simulatiotime
(once theMRFDPFpreprocessing has been already done) for one outiolaedoor prediction is less
than 2 minutes on a standard computer. Let us remind here that the prepradddstrigDPF does

not need to be run if the walls are nmdified, sincehe ParFlow scattering matrices doesdegpend
on the location of the sources.

X IRLA | MR-FDPF | Total
Pre-processing Os 41s 41s
Simulation 58s 57s 115s
4AAT A xdg OAOA&EI Of ATAA T &# OEA 11T AAI 4 OEI Ol A

5.1 Advantages of the model

It is important to notice that, without combining MRFD®RFh IRLA, it would not have been possible
to computehe whole scenario with MIRDPF only, due to higmemory requirements during the
preprocessing steplowever, by supposing that this amount of memory is langigh, it is then
possible to interpolate thésulationtime duration it would take for simulating the whole scenario
with MR-FDPF. Indeed, and as detailed in [20], thenplexity of the propagation phase of NHRPF
variesin O(log2(N).N2), where N is the smallest dimensiothef scenario in pixel§.hus a

simulation of the full environmer{660 meter large) at the same resolutianld be
10g2(560/100).(560/100)2 = 78 times slower, i.e. it waake approximatel2.5 hours instead of less
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than 2minute$115s) with the proposed combined model. Furtiere,such simulation would only
simulate a 2D cut, where theight of the outdoor emittevgould not be properly takanto account;
hence it would provide a low accuracy, comparethe approach we use where the outdoor signal
effectsare simulatedin@.Consequently, theewmaodel proposeth this studyis advantageous both in
term of spee@nd accuracy.

6. Indoor to outdoor hybridization
As it has been mentioned above, the-MBPF methoatannot be directly interfad with the ray

optical methods, eveior the reverse problem of indeto-outdoor propagation.

6.1 Principle of MR -FDPF to IRLA link
In this section, we propose a method that allows combthimghe MRFDPF method and the ray
optical methods imttempt to efficiently model indogo-outdoorpropagatiorenvironments.

At every point characterized by the raditector r, thecomplex scalar electrical field strenggfr, f)
predicted bythe MRFDPF method at the frequencl B, where Bdenotes the signal bandwiglth
satisfies the wave equatic2(].

Thus, it is eligible to approximate the field strength e sum of plane waves arriving at the point
from differentdirections, i.e.,

N
E(I', f) = Z gTbe_j2ﬁane_j<kn‘r> + 'LU(I', f)

n=1

)

where each of the N plane waves is characterized byothelexvalue amplitude g propagation
delayt,, and thevave vector kpointing in the direction of the wave propagation.

The operatof8tlenotes the scalar product of two vectors.
The termw (r, f) in (2) (the approximation error) corresporidghe difftse wave component (seeg.e.
[20)).

In spite of the deterministic nature of the NHRPF methodwe assume that the field strengifn, f)

(2) predicted by th&IR-FDPF method is a single available realization of the correspostbobastic
process. To some degree, this assumptEombe justified by observing that multiple uncertainties are
inherent in modeling of any complex propagation scenario.

For example, adjustments (corrections) made to the ngedelraphical database, would resultin a
new realization othe predicted fielgtrengthE(r, f).

We also presume that the tewnr, f) is a realization of theandom zeranean Gaussian process

uncorrelated with respetd the frequency and the spatial position.
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The task is to estimate the parameters from the values of the eldiglicatrength predictelly the
MR-FDPF method at the point r and its vicinity.

For this purpose, we employ the spadternating generalizegkpectatioamaximization algorithm
(SAGE) [9], [10].

~ ~ 3 N
Note that undethe assumptions made above, ¢ésémates 1ns s KnJoimy asymptotically
approach the maximum likelihodIL) estimates.

As the parameter { GnsTns f{n }3«:] estimates are determinéat all points along the
border of the propagation environmentovered by MRFDPF method, the rays
can be launched in tlbrections defined by the wa vectorsQ pointing outside ofhe indoor area. A
further propagation of the rays is controll®dthe rayoptical method, where the rays are propagated
in theoutdoor environment, thus allowing to compute the recesigithl in the whole scenario. the
next section a measuremeaimpaign is performed in order to evaluate the performainiteés
approach.

6.2 Performance evaluation
The propagation scenario considered in this section [sattme as previouslyNSA university campus
in Lyon, Francealreadyshown in Fig. 1.

Thesize of the environment is 800 B0 m. Marked in reth Fig. 1 is the CITI building. The CITI
building dimensionsire approximately 110 k00 m.

The electrical field strength(r, f) inside the CITI buildingand itsimmediate surroundings has been
computed with a spatiatsolution of 5 cnin the frequency band B = 60 MHz.

The power of the electrical field obtained by the MBRPFmethodat the central frequency f =53,
GHz is shown irFig. 6.

The eletrical field at every 40 cm (8 timé&scm) interval locatedt 2 m outside the walls around the
CITI building ismodeled by the sum)®f N = 20 plane waves propagatiiigm the inside of the
CITI building. Note that the choice tie number N oftte plane waves in (Ris mainly dictatedy the
tradeoff between the prediction accuracy and¢benputational load associated with estimating the
parameters

of the plane waves. Thesefulparameters for eadf the intervals are estimated by using the SAGE
algorithm. The estimated amplitudesd thepropagation directions in the horizontal plane defined by
the estimated wave vectors are then supplied tmtbkigent ray launching algorithm (IRLA) [12].

The rays constructed based on the estimated paranwmtdre tonsidered propagation scenario are
visualized in Fig7. The coverage map computed with the IRLA for the out@ngironment is
depicted in Fig. 8
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In order to evaluate the performance of the new combimetkel a measurement campaign has been
carried out. A transmittexquipped with a dective antenna has been deplojreide the CITI
building. The transmitting antenna has bkmrated approximately 10 m above the ground. The
positionof the transmitter (Tx) and the orientation of transmitingt enna’' s di agram ar e
Fig. 6. Radio measurementsave been performed at the locations marked with ther&ig.8. The
omnidirectional antenna has been used atgbeiver. The height of the receiving antenna is
approximatelyl.5 m. To reduce the effect of uncertainties inherentémtbdeling and measurement
processes, the calibration of #R®LA has been conducted. It is to be noticed that, duestnicted

details in the outdoor buildings database, alldhiédings have been modeled using the same unique
material.

Hence, duringhe calibration process, the path loss coefficiémtseflection and diffraction for both
LOS and NLOS casdsave been optimized. The approach is based on a hill clinabgogithm whose
cost function to minimize is the root mesquare error (RMSE) betwr the measurements and the
simulations. In order to avoid the algorithm stopping lacal minimum, a random change of
parameters is regularperformed.

In Fig. 9the comparison between the measurementsiamdation results (after calibration) is
plotted.A relatively large discrepancy between the simulation reaulisthe measuremerdgbserved
in Fig. 9can partly beexplained by the fact that the transmitting and the receamtgnnas have been
positioned at different heights. The questidrantenna height compensation for the indtmoutdoor
model will be considered in the followivgorks
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This deliverable summarizes the development of a link between two different radio propagation

tools: IRLA and MR-FDPF. This work permits to evaluate very complex scenarios such as 120 and 02|
propagation, enabling the evaluation of radio link quality for heterogeneous networks combining
macrocells and femtocells.
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