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Abstract: Uncertainty in structure geometry is a fundamental limitation of ray-tracing methods of 

simulating urban propagation, exacerbated by performing analysis which pass into buildings of unknown 

configuration. Empirical models provide an alternative, but do not incorporate the full impact of the 

neighboring urban structures. Presented is a hybrid approach using ray-tracing methods to arrive within 

the building and applying empirically derived loss factors to incorporate the effect of unknown interior 

layouts. This approach is compared with a more typical empirical implementation to demonstrate the 

benefits of hybridization. 
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1. Background 

 

Simulating outdoor to indoor propagation can be done quickly with empirical modeling or in great 
detail with site specific modeling with use of a ray-tracer.  Empirical modeling applies a single decay 

constant based on distance and free space where the constant was derived from a particular site or 

collection of sites. In the “European Co-operation in the field of Scientific and Technical research” 
(COST) report 231 [1], one such empirical model is presented for estimating the loss within buildings of 

unknown layout. This COST model [2] does not require complex geometry inside buildings because the 

decay factor is applied as a general loss factor.  It cannot account for complex paths outside a building 
other than by a fixed empirical loss parameter.  The COST model estimates the loss from a transmitter to 

an exterior wall of a building as free-space propagation, and then calculates a path perpendicular to the 

incident wall into the building, using a decay factor to calculate the loss. Any multiple paths to a single 

receiver location are summed without regard to phase.  The COST model uses a handful of constants to 
represent the loss of the incoming transmission through the exterior wall, the width of streets, and the 

obstruction of the building. The fine tuning of the model is a complex task for which the COST 231 

report provides loose guidance more so than specific rules.  
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Site specific modeling uses exact geometry of the location of interest.  Wireless InSite® [3] uses a 

highly accurate physics-based model with full 3D ray-tracing and full implementation of a Uniform 
Theory of Diffraction (UTD) formulation.  Outdoor to indoor modeling becomes more cumbersome with 

site specific modeling because it requires each room, hallway, and floor to be accounted for. These 

details, which are often unknown, exponentially increase the number of geometry facets in the scene.  The 
benefits of site specific modeling are that where the configuration and materials of the urban scenario is 

known it is possible to estimate physics-based propagation without the need to fine-tune model 

parameters. One impact of this is that multi-path situations are able to be handled with estimates of 

electric field values allowing correct cancelation of correlated paths which are out of phase.  
Creating a hybrid from a site specific and empirical model allows the user more detail without 

ignoring the known geometry.   

 

2. Approach 

 

The hybrid modeling approach was created by meshing Wireless InSite X3D ray-tracer with a 

modified COST equation.  X3D was used from the transmitter to right inside the wall of a building of 
unknown layout.  The COST model was then modified to only calculate the loss once inside the building.  

 

A. COST Model and Its Modifications 
To use the COST model in our approach we must determine the loss created by each path from just 

within the exterior wall to the interior receiver.  The original equation from the COST model [2] 

calculates loss from a Line-of-Sight transmitter point outside a building, loss from the wall, and then loss 
inside a building based on the perpendicular distance from the wall.  

 

 

 
 

Fig. 1.  Diagram of COST model variables in relation to building. 
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The first term of the equation includes free space path loss from the transmitter to the wall.  

Frequency, f, is in GHz.  The second term, We, is the exterior wall factor that accounts for loss during 

transmission.  The third term is used if the   (in degrees) is near grazing angle.  It incorporates WGe 

which is an additional loss factor for transmission through the exterior wall at grazing angles. 
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where   is the product of the number of interior walls, p (unit less integer), and the average for an interior 

wall, Wi (in dB). Alternatively,    can be represented by the average loss per meter,   in units of dB/m, 
multiplied by the interior distance, d, as 

 

                      (2) 

 
When calculated beyond 2 m inside the wall, and when the interior of the building has few obstructions, 

the    term can dominate: 
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 is in units of dB/m and all distances are in meters.   
However, since the COST model will be used in conjunction with X3D, and the outside calculation 

will already be accounted for, the COST model is modified slightly.  Only part of the first term is left 

after removing the free space terms.  The exterior walls factors are also removed to be as follows: 
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The equation for   remains the same, even for a building of unknown layout because if unknown, p is set 

to zero and uses   .  If the user does have more information about the building, p can be used to increase 

accuracy if   is then larger than   .   

 
B. Hybridization with Ray-tracing 

The hybrid method first associates each receiver on the interior of a building with the external walls 

of that building. When those receivers are an active part of the scenario their building will detect rays 

being traced to its exterior walls and produce a verified ray-path to all unshadowed interior receivers. This 
final ray-path will use Uniform Theory of Diffractions (UTD) [4] to compute the power up to and 

including the transmission through the exterior wall. A final loss factor is then applied on a per ray-path 

basis for each interior receiver as described in the preceding section. In particular, this enables the use of 
the UTD model to compute the transmission loss and the summation of the multiple ray-paths entering 

from the same point using phase.This more correctly handles effects such as ground bounce, while still 

gaining the key benefits of the COST model in estimating building interiors. 
 

C. Model Assumptions 

This hybrid model assumes the transmitter is located outside any building of unknown layout.  The 

presence of a transmitter within the volume of interest would cause the path loss to be improperly 
calculated.  Rather than calculating path loss directly from transmitter to receiver, it would force every 

path to include an exterior wall.  It is also assumes that no rays enter the unknown building through the 

roof, as the equations of the COST model do not directly include this.   
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3. Examples 

 
Two cases were considered to demonstrate the improved results from the X3D / COST model hybrid 

based on the geometry shown in Fig. 2.  The first case considered is a concrete walled building 20 x 10 m 

with a transmitter placed 5 m away, centered on the 20 m long wall, at a height of 5 m.  The concrete 
building is filled with a 2D grid of receivers spaced 0.5 m apart at the same height as the transmitter.  This 

single building case focuses on direct rays from the transmitter to the building wall.  The second case 

includes terrain interactions, so both a direct and ground bounce path occur.  This second case 

demonstrates a multi-path case which the original COST  model does not handle; results are shown for 
the X3D / COST model hybrid showing the impact of interference.  

 

 
Fig. 2.  Two views of the simple example scenario. 

 

 

4. Results and Discussions 

 

For the first case of a direct path, the received power obtained from the COST model, X3D on its own 
and the hybrid all show that the most power is received directly entering the building before 

concentrically tapering off. Figure 3, (a), (b), and (c) respectively, visually show how the power is 

affected by angle of transmission and distance into the building.  For the second case, Fig. 3(d) visually 

shows the peaks and nulls that occur from path interference due to the addition of ground bounce in the 
X3D / COST model hybrid.  It shows how the distance into the building affects power received, but that 

multiple paths create striations over the concentrically decreasing pattern. Table 1 shows the statistical 

results from each of these cases.  
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Figure 3. Power Received Plots from  a) COST model for direct path case, b) X3D ray-tracing only with a 

transmission through the exterior wall, c) X3D / COST model hybrid for direct path case, d) X3D / COST 

model hybrid for direct and ground bounce paths. In each case the transmitter is 5 m from the center of 
the right wall. 
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Table 1.   Statistics of Received Power (dBm) from all four Cases. 

 

 Hybrid Direct Only  Hybrid Direct with GB X3D only 1 trans. Matlab COST direct 

max -48.67 -48.98 -48.17 -55.96 

min -73.81 -75.18 -59.15 -93.57 

mean -61.92 -61.95 -55.15 -75.71 

median -62.12 -62.22 -55.55 -76.17 

std dev 5.6250 5.6170 2.3991 8.9895 

 

Table 1 demonstrates how these approaches capture the variability of received power 

differently. A frequency of 1 GHz was used throughout. In X3D and the hybrid model we assumed a 0.3 

m concrete wall and computed loss using X3D’s ray-tracing and UTD calculation codes. The COST 

model used has  of 0.6 dB/m,  of 1.0 dB/m, We of 7.0 dB, and WGe of 20.0 dB, typical values as 
recommended in [2]. From these the COST model generates angle-dependent loss.  

 
Figure 3(a) shows that the COST model predicts a significant loss of power before the interior of the 

building. Most likely this is due to the particulars of the urban scenes used to determine the COST 

model's various loss factors. The default case assumes some notional city which effectively reduces the 

power arriving at the exterior wall. Since this is a one building scenario, these loss factors do not 
accurately represent the contribution of the exterior scene.  

 

In contrast, Fig. 3(b) shows what happens if we use X3D and assume an empty building. The power 
at the wall is based on the calculated transmission loss and the remainder of the loss is simply free space 

propagation. Figure 3(c) shows the loss if the transmission is replaced by a COST model loss using the 

X3D / COST model hybrid approach. As such the loss pattern matches that of the original COST model, 
but the initial power at the exterior interface is significantly higher since this was calculated directly from 

the much simpler geometry than the COST model assumes. With the hybrid, changes to the urban 

geometry and the materials of the building are accounted for in the interface power calculation and do not 

need to be estimated by modifying the COST model parameters. 
 

In the last case, Fig. 3(d) demonstrates the effect of a single alternate path on the power received 

within the building using the X3D / COST model hybrid approach. The addition of a ground bounce 
causes interference patterns in the interface power which translate into peaks and nulls in the received 

power. This capability is extensible to an arbitrary number of different paths incident on the building, 

extending the potential space of applications for which the hybrid model can be used. In particular, urban 

multipath is accounted for, since propagation outside of the building is handled by the X3D ray-tracer.  
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5. Conclusion 

 

Empirical models, such as the COST model for unknown interiors, face the limitation that they cannot 

be easily improved by the addition of scenario information, such as surrounding buildings and specific 

materials. Likewise a fully analytical outdoor to indoor approach requires the interior floor plan of the 

buildings to be known and entered into the model.  By combining these two approaches we present a 

hybrid approach to handle outdoor propagation into an unknown interior, using ray-tracing and UTD up 

to transmitting through the external wall, and a modified COST model for the remaining loss caused by 

the internal structure of the building. The benefits of the hybrid empirical / ray-tracing approach derive 

from more analytical handling of a wide-variety of effects, including coherent multipath and accounting 

for material variations within the urban environment.  

 
To further explore the potential of hybrid modeling of unknown layouts by comparing against known 

floor plans, a sensitivity study is required to determine the different statistical impacts of varying interior 
floor plans. Building on this study we would be able to compare the COST model as well as other indoor 

models, such as wall counting, to estimate their accuracy compared to known interiors.  
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