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Abstract 

A requirement for the performance evaluation of wireless 
systems by means of simulations is the knowledge of the 
path loss between transmitters and receivers. In this 
paper a new indoor path loss model for large-scale 
attenuation is proposed. The Multi- Wall-and-Floor 
( W F )  model considers the nonlinear relationship 
between the cumulative penetration loss and the number 
of penetrated floors and walls. The model has been 
derived j?om ray tracing simulations in diflerent 
scenarios and respective parameters are provided for 
5.2 GHz. For validation purposes measurements and 
extensive comparisons with results found in literature 
have been performed. 

Because of the simple structure of the M F  model it is 
an interesting alternative to ray tracing for system 
simulations in indoor environments. 

1. Introduction 

The indoor radio channel has been subject of extensive 
investigations and much effort has been spent to develop 
appropriate models [ I ,  2, 31. With the rapid deployment of 
wireless multimedia systems and new technologies for 
digital signal processing in combination with intelligent 
antennas, current research focus on directional wideband 
channel models. These models are important for the 
design and performance evaluation of advanced receiver 
structures but they are very complex and many times they 
do not provide information on the path loss that is a 
prerequisite for system simulations. For the latter 
application many measurements have been performed [7- 
161 and appropriate path loss models have been derived 
[l, 17-22]. Still, for the performance evaluation of 
Wireless Local Area Networks (WLAN) like 
IEEE 802.1 l a  or the European HIPERLAN type 2, 
appropriate models for the indoor radio channel at 5 GHz 
are very rare. 
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Next to the power decay index’ the penetration losses 
owing to walls and floors between the transmitter and 
receiver have a significant impact on the overall loss. 
Especially, for interference calculations the penetration 
loss plays an important role and has a considerable impact 
on estimating the overall system capacity. 

In this paper, a path loss model that takes into account 
multiple penetrated walls and floors is presented and 
described in Section 2. This Multi- Wall-and-Floor 
(MWF) model has been derived from ray tracing 
simulations. The used ray tracing method is based on an 
enhanced ray-launching approach that is briefly described 
in Section 3. In Section4 the resulting parameters for 
5.2 GHz are presented. For validation purposes radio 
channel measurements in the frequency and time-domain 
have been performed. Furthermore, results from literature 
are quoted and are compared with the simulation results. 

2. The MFW Model 

First path loss models for the large-scale attenuation for 
the indoor radio channel are based on simple models, e.g. 
where the path loss exponent accounts for all propagation 
phenomenon. One example is the one-slope model [20] 
where the free space loss term is modified. 

Lo denotes the path loss in a distance of one meter, d is the 
distance between transmitter and receiver and n is the 
slope factor (power decay index), which becomes 2 for 
free space propagation. Models that try to account the 
increasing path loss owing to penetration of walls/floors 
and/or obstacles vary the power decay index with the 
distance (see [ 11). 

A more sophisticated model has been developed by 
Motley and Keenan [21]. This model takes into account 
all penetrated walls and floors by individual penetration 

Lone-s/ope = L o  +10 n log@) 

’ The power decay index is also referred as “distance power 
gradient” [3] or “slope factor” [20]. 
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losses depending on their thickness and material. Walls or 
floors of the same category (thickness and material) 
contribute a constant loss no matter whether other walls or 
floors have been penetrated before. 

Recent measurements and ray tracing simulations 
indicate a nonlinear dependence of the overall penetration 
loss and the number of penetrated floors of the same 
category. In the multi-floor model proposed in [20] an 
empirical exponent has been introduced that contains the 
number of penetrated floors. Similar to the attenuation 
owing to traversed floors it has been found that the 
attenuation caused by the first traversed wall is greater 
than the incremental attenuation caused by each additional 
wall [IO]. 

So far, no model exists that comprises both effects of 
multiple penetrated walls and floors. Furthermore, the 
derivation of the empirical exponent for the penetrated 
floors as described in [20] requires the validation by 
means of other models or measurements for new scenarios 
and material characteristics at different frequencies. 

The MWF model proposed in this paper takes into 
account the decreasing penetration loss of walls and floors 
of the same category as the number of traversed 
walls/floors increase. The walls and floors that have to be 
considered are determined by the Obstructed Line-Of- 
Sight (OLOS) path. 

i=l k=l j=1 k=l 

where 
to = path loss at a distance of 1 m 
n = power decay index 
d = distance between transmitter and receiver 
LIVik = attenuation due to wall type i and k-th traversed 

L J ~  = attenuation due to floor type j and k-th traversed 

I = number of wall types 
J = number of floor types 
K,, = number of traversed walls of category i 
Ka = number of traversed floors of categoryj. 

The parameters of the model have been derived by 
means of ray tracing simulations and can be extracted 
from results found in literature. In the following sections 
the ray tracing technique and various model parameters 
are presented. 

wall 

floor 
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3. Ray Tracing 

Ray tracing methods are based on Geometrical Optics 
(GO). Rays are followed until they hit an object, where a 
reflectedtransmitted ray is initiated in the next 
reflectiodtransmission depth [23,24]. The direction of the 
new ray is determined by Snellius' law. Losses due to 
reflections and transmissions take into account the 
thickness of the hit walls/floors and the material 
characteristics at the respective frequency. Furthermore, 
diffracted rays can be considered by means of the 
Uniform Theory of Dzflraction (UTD). In the target 
frequency range of 5 GHz diffracted rays are neglected 
since they only have a minor contribution. 

Ray tracing can be distinguished in ray launching and 
ray imaging techniques. Applying the imaging method 
where new image sources are constructed of all existing 
(image) sources in the current reflectiodtransmission 
depth for all planes, each ray (path) from the transmitter 
to the receiver is exactly determined. 

Altematively, a computational efficient solution, 
especially for a high number of reflections and 
transmissions, is provided by the launching method. Rays 
are homogeneously emitted from a unit sphere centered 
on the transmitter location and all regions are covered 
uniformly by rays. Rays that intersect an imaginary 
detection area (reception sphere) around the receiver after 
a number of reflections, transmissions, and diffractions 
will account to the received signal. 

Increasing the number of rays reduces the probability 
for a detection error, but as long as the detection area is a 
sphere, rays will miss the receiver owing to detection gaps 
(sphere is too small) or a ray hits the area that normally 
will not reach the antenna (sphere is too large), resulting 
in an inflated count of received power. 

In a new twofold detection algorithm, it is first 
checked whether a circular detection area around the 
emitted ray hits the receiver, which increases with 
traveling distance and therefore defines a cone [23]. In 
case of success, in the second step the triangular detection 
area is used to check whether a ray hits the receiver. 
Triangular detection areas result from subdividing the 
sides of an icosahedron. 

Owing to the twofold recursion, the quick and 
computational optimal circular detection area is used to 
select a small subset of potential rays that hit the receiver. 
The circular detection areas are dimensioned to preclude 
detection gaps. In the second step, double counts are 
eliminated due to the triangular detection area that is 
covered by the circular detection area. 

To avoid systematic errors owing to ray launching in 
combination with circular detection areas, the new two- 
fold detection routine has been used to gain the MWF 
model parameters that are presented in the next section. 
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4. Scenarios and Model Parameters 

material I For evaluation of the parameters of the MWF model ray 
tracing simulations with two different tools have been 
performed and for validation purposes reference 
measurements have been done in typical scenarios. 
Furthermore, values found in literature that are fitted to 
the parameters of the proposed model are presented. 

I 

4.1 Parameters derived by means of ray tracing 

Material 
Concrete M, (dry concrete) 
Concrete M2 (porous concrete) 

Measurements and ray tracing simulations have been 
performed for different rooms with up to 2 penetrated 
walls and floors. The ray tracing tool has been developed 
at the chair of Communication Networks (ComNets) at 
the RWTH Aachen and comprises the advanced twofold 
detection routine as described in the previous section. 

The ray tracing simulations in an office building have 
been validated by means of measurements with a 
frequency-swept analyzer. The simulations in rooms of a 
university have been compared with measurements done 
with the vector channel sounder RUSK ATM in the time 
domain [27]. Measured and simulated values are in good 
agreement. 

Different rooms with various sizes have been 
investigated. Up to 1000 values with a separation of more 
than one half wavelength to avoid correlation have been 
considered in each room. For rooms in an office with 
0, = 13 sqm, O2 = 29 sqm, and 0, = 94 sqm power decay 
indices between n = 1.96 and n=2.03 have been 
observed. It is found that there is a correlation between 
the attenuation and the room size. The power decay index 
increases as the room becomes larger. 

Dependent on the material each traversed wall 
contributes an additional propagation loss. Table 1 holds 
complex permittivities for some common building 
materials. 

Table 1: Complex permittivities 

Er E, tang 6 
5.1 0.23 
2.2 0.14 

Material I E, I E, t a w  6 
Concrete 16.95 10.74 
Brick 0.004 
Stone 

0.004 
Glas 

For the penetration of one concrete wall (k  = 1) and a 
second concrete wall (k  = 2) each with thickness 20 cm 
and the permittivities found in Table 1, a loss of 29 dB 
and 24 dB is encountered, respectively [25]. The results 
for the attenuation of walls of 10 cm and 20 cm thickness 
in the OLOS conditions are summarized in Table 2. 
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Table 2: Penetration loss values for MWF model 

I Walt I Thickness I k = 1 l k = 2  I 

I Concrete I 20 cm I Lw2, = 29 dB I Lw22 = 24 dB I 
Comparison with the simulated values indicate a 

standard deviation of approximately 5-6 dB for small and 
medium sized rooms and approximately 8-9 dB for large 
rooms. 

More ray tracing simulations have been performed 
within different rooms in an university building. It is an 
regular scenario with one corridor and rooms on one 
floor. Interior walls, which are made of concrete, are 
assumed to be 24 cm thick. Next to different complex 
permittivities for glass (E, = 6.3; E, tang 6 = 0.06) and 
wood (E, = 1.85; E, tang 6 = 0.235) the parameter for 
concrete has been changed according to Table 3. The 
material parameter MI considers dry concrete, whereas 
the material characteristic M2 accounts for porous 
concrete. 

Table 3: Complex permittivities for concrete 

The resulting penetration losses for the different 
material characteristics MI and M2 are summarized in 
Table 4. 

Table 4: Penetration loss values for different material 
characteristics 

The loss exponent is found to be n = 1.998. For the 
attenuation of the first wall with thickness 24 cm a value 
of 35 dB has been found. The second wall accounts for an 
additional loss of 29 dB. 

4.2 Parameters derived from literature 

Further values for the penetration loss, which are 
comparable to the results in Table 2 and Table 4, can be 
found in [26]. The values are based on the summary report 
on Building Shielding Loss at 5 GHz which was presented 
by the Radio Technology and Compatibility Group of the 
UK Radiocommunications Agency. 

The penetration losses for different material types and 
measurements at 5.8 GHz are summarized in Table 5.  The 
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results have been derived from measurements for 
perpendicular polarization. 

Wall material 

Gypsum wall -plastered 
Plywood 

Thickness k = 1 

13.5 cm 
0.4 cm LltS// = 0.9 dB 

LnP2/ = 3.0 dB 
gypsum wall with 1 mm 
max. thickness of plaster 
Rough chipboard 

For building facades with 50 % window area and 50 % 
wall material an average penetration loss through the 
exterior wall of 5 dB can be expected for single-glazed 
windows and 10 dB for double-glazed windows. 
Comparable results have been found in [13]. 

In the following Table 6 values for measurements at 
5 GHz are summarized [26]. 

Table 6: Wall and floor penetration loss values for 
MWF model for 5 GHz and n = 2 [26] 

1.5 cm L,& = 1 .O dB 

Wall material 
Breeze block - hrniture 
included desks, wooden 
and metal bookshelves 
and metal filing cabinets 
Floor material 

- no W h e r  details 
Office building 

A power decay index n = 2  is assumed. Again, the 
second wall accounts for less penetration loss than the 
first wall. 

To consider the excess loss as function of the number 
of sections traversed the following non-linear model is 
suggested in [lo]. 

L, = L,n, [3] 
The number of traversed walls in the direct path is 
denoted by ns. The factor b is an empirical factor and is 
estimated to b = 0.5. The average loss per wall Ls is found 
to be 6.9 dB. With this equation the penetration losses for 
the first and second wall become LIvll = 6.9 dB and 
LWl2 = 6.0 dB, respectively. With a higher penetration loss 
for the first wall of LnS2, = 29 dB the loss for the second 

k = l  k = 2  
Lwll = 7.1 dB LllPl2 = 5.4 dB 

k - 1  k = 2  
Ly/ = 19 dB 

wall becomes LWQ2 = 25 dB and is in good agreement with 
the results found by means of ray tracing, cfg. Table 2. 

5. Conclusions 

in this paper a novel path loss model called Multi-Wall- 
and-Floor (MWF) model has been described. It considers 
the non-linear cumulative penetration loss of penetrated 
walls and floors. Several values for the penetration loss 
for one and two traversed walls are presented. The 
proposed model is appropriate for realistic system 
simulations since it is easy to use and accounts for the 
discontinuities at the traversed walls or floors, which is 
relevant for interference calculations. Because of the 
simple application of the model to complex scenarios, 
which only needs the number of walls and floors traversed 
by the obstructed line of sight, it is appropriate for fast 
system simulations. 

The results motivate to develop a further model that 
takes into account the inter-action of penetrated walls and 
floors. It is expected that the penetration loss of a wall 
decrease as the number of floors increase, which have 
been penetrated beforehand, and vice versa. In this model 
the indices of the number of penetrated walls and floors 
will not be independent anymore. 

Acknowledgement 

The authors would like to thank Michael Salzmann for his 
spontaneous help in simulating with the ray tracing tool 
RaIn. 

References 

[I]  

[2] 

H. Hashemi, “The Indoor Radio Propagation Channel”, 
Proc. ofthe IEEE, vol81, No.7, July 1993, pp. 943-968. 

B.H. Fleury, P.E. Leuthold, “Radiowave Propagation in 
Mobile Communications: An Overview of European 
Research”, IEEE Communications Magazine, Feb. 1996, 

[3] K. Pahlavan, A.H. Levesque, “Wireless Data 
Communications”, Proc. ofthe IEEE, vol. 82, No. 9, Sep. 

pp. 70-8 1. 

1994, pp. 1398-1430. 

Measurements: 

[7] G. I. Janssen, et al., “Wideband Indoor Channel 
Measurements and BER Analysis of Frequency Selective 
Multipath Channels at 2.4, 4.75, and 11.5 GHz,” IEEE 
Trans. on Comm. vol. COM-44, no. 10, Oct. 1996, 

J. Mac Lellan, S. Lam, X. Lee, “Residential Indoor RF 
Channel Characterisation,” in Proc. IEEE 43rd VTC, 1993, 

pp. 1272-1287. 

[8] 

pp. 210-213. 

0-7803-6728-6/01/$10.00 02001 IEEE. 467 VTC‘O I 



D. A. Hawbaker, T. S. Rappaport, “Indoor wideband 
propagation measurements at 1.3 GHz and 4.0 GHz,” 
Electronics Letters, vol. 26, no. 21, 11 Oct. 1990, 

P. Karlsson, C. Bergljung, E. Thomsen, H. BBrjeson, 
“Wideband Measurements and Analysis of Penetration 
Loss in the 5 GHz Band”, in Proc. IEEE VTC Fall, 
Amsterdam, Netherlands, Sept. 1999, pp. 2323-2328. 

J. Kivinen, X. Zhao, P. Vainikainen, “Wideband Indoor 
Radio Channel Measurements with Direction of Arrival 
Estimation in the 5 GHz Band”, in Proc. IEEE VTC Fall, 
Amsterdam, Netherlands, Sept. 1999, pp. 2308-23 12. 

U. Kauschke, H. Schatte, “Wideband Propagation 
Measurement for Wireless ATM in the 5 GHz Band,” in 
Proc. EPMCC‘99, Paris, France, March 1999, pp. 160- 
166. 

G. Durgin, T.S. Rappaport, H. Xu, “Measurements and 
Models for Radio Path Loss and Penetration Loss in and 
Around Homes and trees at 5.85 GHz”, IEEE Trans. on 
Communications, vol. 46 No. 11, November 1998, 
p. 1484. 

C. Bergljung, P. Karlsson, F. Malmstrom, “Indoor 
Propagation Characteristics in the 5 GHz Band”, ETSI EP 
BRAN, 3TRS072A, Feb. 1998. 

P. Karlsson and J. Pamp, “Propagation measurements and 
spatial channels for HIPERLAN 2”, COST 259 
TD(99)067, 1999. 

J. Kivinen and P. Vainikainen, “Indoor propagation 
measurements at 5 GHz band”, COST 259 TD(99)067, 
1999. 

pp. 1 800- 1802. 

Channel models: 

A. A. M. Saleh, R. A. Valenzuela, “A Statistical Model 
for Indoor Multipath Propagation,” IEEE Journal on Sel. 
Areas in Comm., vol. 5, no. 2, Feb. 1987, pp. 128-137. 

D. Molkdar, “Review on radio propagation into and 
within buildings.”, IEE Proceedings, vol. 138, no. 1, Feb. 

V. Perez,, J. Jimenez, ”Final Propagation Model”, RACE 
UMTS Code Division Testbed (CoDiT), 
R2020/TDE/PS/DS/P/04O/bl, 1994. 

COST Action 231, Digital mobile radio towards future 
generation systems, final report, European Commision, 
Brussels, 1999. 

A. Motley, J. Keenan, “Radio Coverage in Buildings” 
British Telecom Tech. J., vol. 8, no. 1, Jan. 1990, pp. 19- 
24. 

J. Medbo, “Radio Wave Propagation Characteristics at 5 
GHz with Modeling suggestions for HiperlanD”, ETSI EP 
BRAN, WG3, Jan. 1998. 

1991, pp. 61-73. 

Ray tracing: 

[23] M. Lott, “On the Performance of an Advanced 3D Ray 
Tracing Method, In Proc. of European Wireless & ITG 
Mobile Communication, Munich, Germany, Oct. 1999. 

[24] A. Falsafi, K. Pahlavan, G. Yang, “Transmission 
Techniques for Radio LAN‘s - A Comparative 
Performance Evaluation Using Ray Tracing”, IEEE J. on 
Sel. Areas in Comm., vol. 14, no. 3, April 1996, pp. 477- 
49 1 

Model parameters: 
[25] M. Lott, Y. Fifield, D. Evans, S. Hulyalkar, “Radio 

Channel Caracteristics for Typical Environments at 5.2 
GHz”, in ACTS Mobile Communication Summit, 
Aalborg, Denmark, Oct. 1997, pp. 252-257. 

[26] European Radiocommunications Committee (ERC), 
“Compatibility Studies Related to the Possible Extension 
Band for HIPERLAN at 5 GHz: Annex 2: Summary of 
Indoor Propagation Measurements at 5 GHz”, Draft, 
SE24H(99)3 rev1 , 1999. 

[27] M. Lott, “The Indoor Radio Channel at 5.2 GHz: 
Prediction by Means of Ray Tracing and Measurements”, 
in Proc. 50th IEEE VTC‘99 fall, Amsterdam, Netherlands, 
Sep. 1999. 

0-7803-6728-61011$10.00 02001 IEEE 468 VTC’O I 


