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 The main target of this article is to study the provision of indoor service (coverage) using 
outdoor base station at higher frequencies i.e. 10 GHz, 30 GHz and 60 GHz. In an outdoor 
to indoor propagation, an angular wall loss model is used in the General Building 
Penetration (GBP) model for estimating the additional loss at the intercept point of the 
building exterior wall. A novel angular wall loss model based on a separate incidence angle 
in azimuth and elevation plane is proposed in this paper. In the second part of this study, 
an Extended Building Penetration (EBP) model is proposed, and the performance of EBP 
model is compared with the GBP model. In EBP model, the additional fifth path known as 
the “Direct path” is proposed to be included in the GBP model. Based on the evaluation 
results, the impact of the direct path is found significant for the indoor users having the 
same or closed by height as that of the height of the transmitter. For the indoor users located 
far away from the exterior wall of building, a modified and enhanced approach of ray 
tracing type is proposed in this article. In the light of acquired simulation results, the impact 
of a modified ray tracing approach is emphasized.      
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1. Introduction  

This article is an extension of research work originally 
presented at International Wireless Communication and Mobile 
Computing (IWCMC’17) conference [1]. In reference [1], studies 
were made at 10 GHz only; whereas in this article the impact of 
different propagation models is also analyzed at 30 GHz and 60 
GHz. Additionally, two different ray tracing approaches are also 
analyzed in this article. 

Outdoor to indoor propagation in a small cell environment 
involves Line of Sight (LOS) and Non-LOS (NLOS) propagation. 
It includes path loss computation, determination of reflection and 
diffraction loss, penetration loss, and other indoor losses. The 
penetration loss can be divided into four major categories i.e. 

building exterior wall penetration loss also known as building 
penetration loss, floor (ceiling) penetration loss, indoor 
propagation (room penetration) loss, and angular wall loss [2]. 
Several propagation models are given in literature e.g. General 
Building Penetration (GBP) model provides and evaluates the 
candidate paths, Berg’s recursive method for micro cell path loss 
[3], and the linear attenuation model for indoor propagation. The 
frequency dependent penetration loss models are presented at [4].  

The angular wall loss model presented in [2] and used in [4] 
depends on a single three-dimensional incidence angle. This paper 
presents a new angular wall loss model based on a separate 
incidence angle in azimuth and elevation plane. An Extended 
Building Penetration (EBP) model is proposed in this article. Path 
gain is used as a metric to compare the performance of different 
angular wall loss models and building penetration loss models. 
Section II provides the details about the GBP model, frequency 
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dependent penetration models, angular wall loss model, and ray 
tracing. Whereas Section III explains the proposed angular wall 
loss model and extended building penetration model. Section IV 
gives the description of the simulation environment and provides 
the details about the assumptions and simulation parameters. 
Section IV discusses the results in detail. Finally, Section V 
concludes the paper. 

2. Background Theory 

2.1. General Building Penetration (GBP) Model 

The General Building Penetration (GBP) model is based on the 
COST231 building penetration model presented at [2]. The model 
considers a path from each exterior wall of the building. A top view 
of a single building scenario with a Transmitter (TX) located in an 
outdoor environment is shown in Figure 1. For each Receiver (RX) 
point located inside the building, there exist four candidate paths. 
A path coming from the front face of the building without any 
diffraction is called the “LOS path”, and the paths which are 
reaching the receiver point after diffracting from the corners of the 
building are known as “NLOS paths”. For the NLOS paths, the 
Berg’s recursive model is used to capture the additional path loss 
due to the diffraction around the building, before entering the 
building, whereas the outdoor to indoor and other indoor losses are 
determined from the COST231 building penetration model as done 
in [4]. Each multipath has two propagation parts; the first part 
comprises free space propagation between the transmitter and the 
building’s exterior wall intercept point. The second part is the 
propagation of a path in an indoor environment after penetrating 
through the exterior wall to the receiver point. 

 
Figure 1. Illustration of propagation paths from outdoor base station to indoor 

location (top view). 

A well-known Friis free space path loss model is used to find 
the path loss in the first free space propagation part. For the 
second part of the propagation path, along with the free space path 
loss model, the building penetration loss model, an indoor wall 
loss model, and an angular wall loss model is used to compute the 
additional loss due to indoor propagation. The received signal 
strength at the receiver location inside the building is the sum of 
four paths as shown in Figure 1. 

Figure 2 shows the side view of the paths entering the building 
for the two receiver points RX1 and RX2 located on the Floor 1 
and Floor 4, respectively. The signal path intercepts the building 
wall at the same height as that of a receiver height; therefore the 
ceiling penetration loss is not taken into account. It is important 

here to mention that in GBP model both the LOS path and NLOS 
paths do not penetrate through the ceiling. 

 

 
Figure 2. Illustration of LOS paths entering the building (side view). 

2.2. Building Penetration Loss (BPL) 

 The signal experiences a penetration loss while penetrating 
from the outdoor environment to the building. Outdoor to indoor 
penetration loss is generally termed as Building Penetration Loss 
(BPL). The building penetration loss relies heavily on the 
frequency and on the material characteristics of the building; 
therefore the BPL can be significantly different for different 
material types at different frequencies. Generally, the old houses 
are composed of plane standard glass windows and concrete wall, 
while the Infrared Reflective (IRR) glass windows are commonly 
used in the new modern energy saving houses. In reference [4], the 
old buildings are assumed to have 30 % of the standard glass 
windows and 70 % of the concrete wall. Similarly, the assumption 
for new modern building type corresponds to the 70 % of the IRR 
glass windows and 30 % of the concrete wall. 

A simple model structure has been proposed in [4] to model a 
single material frequency dependent penetration loss. The 
penetration loss for different material types is provided at 
references [5-9].  

 LSingle glass,dB = 0.1 ∗ FrequencyGHz + 1, (1) 

  LDouble glass,dB = 0.2 ∗ FrequencyGHz + 2, (2) 

    LIRR glass,dB = 0.3 ∗ FrequencyGHz + 23, (3) 

The penetration loss for the concrete wall is modeled as 

LConcrete,dB = 4 ∗ FrequencyGHz + 5, (4) 

As the buildings are composite of windows and concrete wall, 
the building penetration loss for old buildings and new buildings 
is modeled as shown in (5) and (6), respectively [10]. 

LOld building,dB = −10Log10 �0.3 ∗ 10
−LDouble glass,dB

10  

+ 0.7 ∗ 10
−LConcrete,dB

10 �, 
(5) 
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LNew building,dB = −10Log10 �0.7 ∗ 10
−LIRR glass,dB

10

+  0.3 ∗ 10
−LConcrete,dB

10 �, 
(6) 

The building penetration loss as a function of frequency for 
different types of building is shown in Figure 3. 

 

Figure 3. Building penetration loss as a function of frequency. 

2.3. Indoor Propagation Loss 

In an indoor environment, generally the indoor walls are made 
up of standard glass alternatively plaster. In [4], two different 
indoor wall loss models are presented as a function of the 
frequency assuming an average wall distance of 4 m. The Indoor 
Loss Model 1 assumes an indoor wall of standard glass, whereas 
Indoor Loss Model 2 is based on the measurements performed in 
[5]. Two indoor wall loss models are modeled as shown in (7) and 
(8). 

LWall loss,dB/m
(1) = LSingle glass,dB,                        (7) 

LWall loss,dB/m
(2) = 0.2 ∗ FrequencyGHz + 1.7, (8) 

Indoor loss as a function of frequency for two different indoor 
wall loss models, expressed as db/m is shown in Figure 4. 

 

Figure 4. Indoor loss models as a function of frequency. 

2.4. Body Loss as Function of Frequency 

In reference [10], the frequency dependency of the body loss is 
modeled as given in (9).  

LBody,dB =
FrequencyGHz

60
+ 3, (9) 

Equation (9) shows that frequency has a negligible impact on 
a considered body loss model at 10 GHz or lower frequencies, as 
traditionally the body loss is assumed to be 3 dB. However, 
equation (9) gives additional 0.5 dB and 1 dB body loss at 30 GHz 
and 60 GHz, respectively. 

2.5. Angular Wall Loss Model Based on a Single Three-
dimensional Incidence Angle 

In addition to the building penetration loss and indoor wall 
loss, there exists an angular wall loss. An angular wall loss model 
presented at [2, 4] is used to include the angular loss that can be 
experienced at the building’s exterior wall intercept point. The 
angular wall loss model is given by (10), 

Langular,dB = 20 ∗ [1 − Cos(θi)]2, (10) 

where 𝜃𝜃𝑖𝑖 is the single three-dimensional incidence angle. 

 
(a) 

 
(b) 

Figure 5. Illustration of incidence angles at intercept point on wall in, 
a) Azimuth (horizontal) plane, and b) Elevation (vertical plane). 

To understand the geometry and the computation of  θi , 
consider an example scenario in an azimuth plane (top view) as 
shown in Figure 5(a). The receiver point is located inside the 
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building and the transmitter is located in an outdoor environment. 
The distance between the transmitter and the receiver point along 
the x-axis and the y-axis is given by x_length and y_length, 
respectively. HYP1 is the distance between the transmitter and the 
incidence point on the wall, and is given in (11). 

HYP1 = �x_length2 +  y_length2, (11) 

 In Figure 5(b), z_length is the difference of height between the 
transmitter and the receiver point, and HYP2 is the three 
dimensional distance between the transmitter and the wall 
intercept point. HYP2 is calculated as follows: 

HYP2 = �HYP12 +  z_length2, (12) 

The single three-dimensional incidence angle 𝜃𝜃𝑖𝑖 can be computed 
as 

θi = cos−1 �
y_length

HYP2
�, (13) 

Considering the geometry shown in Figure 5, the equation given 
in (13) can also be re-written in a simplified form as  

Langular,dB = 20 ∗ �1 −
y_length

HYP2
�
2

, (14) 

2.6. Ray Tracing (RT) 

Ray tracing techniques can be used for estimating the 
received signal level and for the characterization of the radio 
propagation environment. Finding the multipath components 

between the transmitter and receiver is the first step towards the 
computation of the received electric field or power at the receiver 
point. By using Image Theory (IT) algorithm, all multipaths with 
the given finite number of reflections and diffractions can 
theoretically be found between the transmitter and receiver. An 
Image theory algorithm shows a high level of accuracy and 
precision. Determination of multipath components by image 
based ray tracing technique may require large computation time. 
The complexity and the computational time of the ray tracing 
algorithm increases with the increase in number of supported 
reflections and diffractions [11-13]. Reflection losses are 
determined by reflection coefficients. The reflection coefficient 
depends upon the polarization and on the material permittivity. 
For perpendicular and parallel polarization, the reflection 
coefficients are given in (15) and (16), respectively. β is the angle 
between the incident ray and the reflected surface, and εr is the 
material permittivity of the reflecting surface.  

|Γ⊥| =
Sin(β) −�εr − Cos2(β)
Sin(β) + �εr − Cos2(β)

 (15) 

�Γ∥� =
−εr Sin(β) + �εr − Cos2(β)

εr Sin(β) + �εr − Cos2(β)
  (16) 

 

There are several ways for computing the diffraction loss; 
however a recursive method proposed in [14] is used in this article 
to compute the diffraction loss. 

 
 

 

Figure 6. Illustration of ray tracing, (a) Two dimensional view of sample building scenario, (b) Three dimensional view of sample building scenario, (c) Two 
dimensional view of ray tracing, and (d) Three dimensional view of ray tracing. 
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Figure 6(a) shows the sample building scenario in two-
dimensional environment with transmitter and receiver locations 
marked with TX and RX, respectively. Figure 6(b) shows the 
three-dimensional view of a sample scenario with TX height at 
31.5 meter. The receiver point is located inside the central 
building at the height of 10.5 m. Figure 6(c) illustrates the ray 
tracing in two-dimensional view, whereas Figure 6(d) shows the 
three-dimensional view of ray tracing. Blue lines show different 
propagation paths with finite number of reflections and 
diffractions, and LOS path. 

3. Proposed Models 

3.1. Angular Wall Loss Model based on Separate Incidence 
Angle in Azimuth and Elevation Plane 

In this article, a novel angular wall loss model based on a 
separate incidence angle in azimuth and elevation plane is 
proposed. It is proposed to compute the total angular loss as a sum 
of the angular loss in an azimuth and elevation plane. Unlike the 
single three-dimensional angle, in this proposed approach the 
incidence angle in the horizontal plane and vertical plane should 
be computed separately. The azimuth angular loss and elevation 
angular loss is given in (17) and (18), respectively.  

LAzimuth ang,dB = 10 ∗ [1 − Cos(α)]2, (17) 

LElevation ang,dB = 10 ∗ [1 − Cos(β)]2 (18) 

The angles α and β used in (17) and (18), respectively, are 
shown in Figure 5. The angles α and β are the incidence angles 
computed separately in an azimuth and elevation plane. Now, the 
total angular loss is given by (19).  

Langular,dB =  LAzimuth ang,dB +  LElevation ang,dB  (19) 

While considering a fixed x_length of 50 m for a geometry 
shown in Figure 5, the Figure 7 shows the angular loss based on 
a single three-dimensional incidence angle as a function of 
y_length and z_length. 

 
Figure 7. The angular loss based on single 3D incidence angle. 

Figure 8 shows the angular loss based on a separate incidence 
angle in azimuth and elevation plane. The first approach of the 
angular wall loss model based on a single three-dimensional 
incidence angle gives higher angular loss at the lower values of 

y_length and z_length. The angular wall loss model based on a 
separate incidence angle in azimuth and elevation plane considers 
the change of angle of an incident ray in both domains separately, 
and therefore it can be seen in Figure 8 that the angular loss 
increases with the increase in z_length which is not the case in 
Figure 7. The impact of change of z_length especially at the lower 
values of y_length, is minimal on the angular loss based on a single 
three-dimensional approach, whereas Figure 8 shows that dual-
angle model has greater dependency on the change of angle in the 
elevation plane compared with the single three-dimensional angle 
approach. 

 
Figure 8. The angular loss based on separate incidence angle in an azimuth 

(horizontal) and elevation (vertical) plane. 

3.2. Extended Building Penetration (EBP) Model 

The extended building penetration model is the extension of 
the general building penetration model. In this model, the 
additional fifth path known as the “Direct path” is proposed to 
include as shown in Figure 9. In 3D environment, the direct path 
is the shortest path between the transmitter and the receiver and it 
can penetrate through the building wall and through the ceilings 
of the floors. Figure 10 shows two receiver points RX1 and RX2 
located inside the building at Floor 1 and Floor 4, respectively.  

 
Figure 9. Illustration of direct path along with other paths (top view). 

In Figure 10, the LOS paths are shown with the red arrows and 
the direct paths are shown with the black arrows. It can be seen 
that the direct ray follows the shortest path between the 
transmitter and the receiver, and intercepts the building wall at 
different height compared with that of a receiver height. In Figure 
10, it can also be seen that the direct path to RX1 penetrates 
through the single ceiling, whereas the direct path to RX2 
penetrates through the ceilings of two floors. Therefore, the 
ceiling penetration loss needs to be taken in to account for the 
direct path. 
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NLOS NLOS
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Figure 10. Ray path entering the building while penetrating through the ceiling 

(side view). 

Generally, the ceilings are made up of concrete. Therefore, the 
ceiling penetration loss model is assumed to follow the concrete 
penetration loss model as given by (20). The given ceiling 
penetration loss model provides the ceiling penetration loss of 45 
dB, 85 dB, and 125 dB at 10 GHz, 30 GHz and 60 GHz, 
respectively. 

LCeiling,dB = 4 ∗ FrequencyGHz + 5, (20) 

4. Simulation Environment and Simulation Results 

For the first and second part of research work, a single twenty-
one stories building with an average floor height of 3 m is 
considered for simulation as shown in Figure 11. An outdoor base 
station is located at a distance of 10 m away from the building as 
shown in Figure 11. 

 
(a) 

Figure 11. Two-dimensional map of a single building scenario with transmitter 
10 m away from the building. 

 The transmission power and the height of the base station 
antenna are 33 dBm and 31.5 m, respectively. The simulations are 
performed at the frequency of 10 GHz. The indoor location points 
are placed on each floor with the separation of 5 m among them. 
An old building type was assumed with indoor wall loss model 1. 

 In the first part of this research work, the impact of angular 
wall loss models is analyzed. In case of an angular wall loss model 
based on a single three-dimensional incidence angle, the incidence 
angle 𝜃𝜃𝑖𝑖 was set to 60° for the NLOS paths. Similarly, in case of 
an angular wall loss model based on a separate incidence angle in 
azimuth and elevation plane, the incidence angle in an azimuth 
plane ‘𝛼𝛼’ and the incidence angle in an elevation plane ‘𝛽𝛽’ were 

also set to 60°  for NLOS paths. Therefore, both models give 
similar results for NLOS paths. 

 

 
(b) 

Figure 12. Path gain, a) Angular wall loss model based on single three-
dimensional incidence angle, and (b) Angular wall loss model based on separate 

incidence angle in azimuth and elevation. 

Figure 12 shows the heat map of a path gain achieved with 
two angular wall loss models. The difference between the two 
angular wall loss models is evident and visible. In Figure 12(b) as 
we move away from the centre point of the building wall, the path 
gain starts to fade (deteriorate) in a perfect circular pattern. 
However, in Figure 12(a) the change of the path gain with the 
change in an azimuth and elevation angle is not in a perfectly 
circular way. 

 
Figure 13. Difference of angular wall loss models. 

Floor 0

Floor 1

Floor 2

Floor 3

Floor 4

Floor 5

Floor 6

LOS

LOS

Direct

Direct

http://www.astesj.com/


M. U. Sheikh et al / Advances in Science, Technology and Engineering Systems Journal Vol. 3, No. 2, 58-68 (2018) 

www.astesj.com     64 

The difference between the two angular wall loss models is 
computed by subtracting the received signal power at each point 
using angular loss model based on separate incidence angle in 
azimuth and elevation plane from the received signal power 
calculated using angular wall loss model based on a single three-
dimensional incidence angle. The difference was computed 
assuming only LOS path. The NLOS paths were neglected for 
calculating the difference, as both models show similar results for 

NLOS paths. Figure 13 shows the CDF plot of difference between 
the two angular wall loss models. It can be seen in Fig. 10 that the 
difference between the two angular wall loss models has values 
up to 7 dB. The CDF curve with the large number of positive 
values shows that the angular wall loss model based on a single 
three-dimensional angle provides aggressive angular loss 
compared with the dual-angle based angular loss model. 

 
             (a)                                       (b) 

 
             (c)                                       (d) 

Figure 14. Path gain at 10 GHz, a) GBP model, (b) EBP model without any filter, (c) EBP model with 3 dB filter, and (d) EBP model with 7 dB filter.    

 In the second part of this research work, the impact of the direct 
path in the extended building penetration model is analyzed, and 
the performance of the general building penetration model is 
compared with the extended building penetration model. The 
angular wall loss model based on a separate incidence angle in 
horizontal and vertical plane is assumed, and the separation 
between the building wall and transmitter is set to 35 m. 

Figure 14 shows a heat map of path gain for different cases. 
Figure 14(a) shows a path gain for GBP model, and while going 
from front to the back of the building an almost similar path gain 
is achieved on all the floors of the building. In Figure 14(b), a 
direct path is included. Now, due to an additional path a higher 
path gain is obtained. It is interesting to see that an additional 
direct path improves the received signal level of the users located 
on the floors which are close to the height of the outdoor 
transmitter  

 It can be seen in Figure 14(b) that due to higher ceiling 
penetration loss at higher frequency, the impact of a direct path 
diminishes as the difference between the outdoor antenna height 
and the user height increases. However, the impact of a direct path 
is clearly evident to the users located deep inside the building at 
the same floor height as an outdoor antenna, or on one floor above 
and below. On the other hand, it can also be observed that in Figure 
14(b) the path gain is overestimated at the front face of a building, 
as the “LOS path” and the “Direct path” are almost identical, and 
they are both included in the modeling. Therefore, a filtering 
threshold of 3 dB is used in Figure 14(c) to filter out the direct path 
if the difference between the LOS path and the direct path is less 
than or equal to 3 dB. An impact of simple 3 dB filter can be seen 
in Figure 14(c) as the front face of a building is showing now 
almost similar results as in Figure 14(a).  Similarly, a filtering 
threshold of 7 dB was used in Figure 14(d). The direct path has 
quite significant impact on the floors close to the outdoor antenna 
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height even with 3 dB filtering threshold.  Therefore, it will 
improve the model of outdoor to indoor propagation by including 
a direct path along with the certain filtering threshold, as we have 
used in this study.  

 For ray tracing simulations in order to acquire reflected and 
diffracted multipaths a multiple building scenario is considered as 
shown in Figure 15. 

 
Figure 15. Two-dimensional map of a multiple building scenario with transmitter 

35 m away from the building. 

 In this scenario, a single twenty stories building surrounded by 
four other buildings of the same height are considered. However, 
the focus area is the central building, and therefore indoor location 
test points are distributed in the central building only. An outdoor 
base station is located at a distance of 35 m away from the central 
building as in the case of a single building case.  

In the third part of this research work, two different ray tracing 
approaches are considered for the indoor users: 

Ray tracing type 1 (RT type 1): In this case, an Image Theory 
(IT) based ray tracing technique is used to find the propagation 
paths between the outdoor transmitter and the indoor receiver point. 
A smooth building surface is assumed, which acts as a perfect 
reflecting surface. For the transmitter and the receiver points at 
different heights, the incidence ray path does not intercept the 
building wall at receiver height. Therefore, for the paths which 
pass through the ceiling of a floor as shown in Figure 10, the 
ceiling penetration loss model is used to include the ceiling 
penetration loss. 

Ray tracing type 2 (RT type 2): It is the modified approach of 
ray tracing type 1. In this case, the propagation paths between the 
transmitter and receiver in an azimuth plane are found by using the 
image theory. However, in an elevation plane for the transmitter 
and receiver at different heights the incidence ray path “always” 
intercepts the building wall at receiver height. It means that the ray 
path would never penetrate through the ceiling of a floor. 
Therefore, the ceiling penetration loss model is not used in this 
case. 

 
(a) 

 
(b) 

Figure 16. Path gain at 10 GHz, a) Ray tracing type 1, (b) Ray tracing type 2. 

Figure 16 shows a path gain map for different cases. It is 
interesting to see the results obtained by ray tracing type 1. In 
Figure 16(a), the acquired results from ray  tracing type 1 for the 
indoor users located 6 m or more deep inside the building are quite 
pessimistic in comparison with the results obtained with ray 
tracing type 1. As explained earlier, that in case of ray tracing type 
1 approach, the ray path entering the building intercepts the 
building wall at different height compared with that of a receiver 
height. For the users located deep inside the building the most of 
the ray paths reach at the receiver point after penetrating through a 
single or through the multiple ceilings of the floor. Due to high 
ceiling penetration loss, the signal power attenuates significantly 
after passing through the ceilings.  

Therefore, the ray tracing type 1 is found not suitable for the indoor 
users located far away from the exterior wall of the building. 
However, the results obtained with ray tracing type 2 seem more 
optimistic and realistic in comparison with the ray tracing type 1. 
It is critical here to mention that in ray tracing type 2, the incident 
ray always intercepts the building wall at the same height as that 
of a receiver height, and therefore the ceiling penetration loss is 
ignored in ray tracing type 2. 
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Figure 17. CDF plot of path gain for different propagation models at 10 GHz. 

Figure 17 shows the CDF plot of path gain for different 
considered cases. For an extended building penetration model, a 3 

dB filtering threshold was used. For the top nearly 14.5 % of the 
samples, the ray tracing type 1 shows an almost identical result as 
ray tracing type 2. Those 14.5 % of the samples mainly represent 
the receiver locations from the front row and few from the second 
row i.e. receiver points at the front face of the building. Again, for 
the same top 14.5 % of the samples the general building 
penetration model provides an almost similar result like that of an 
extended building penetration model and other  ray tracing 
approaches. Then, the path gain starts to drop significantly for the 
receiver points located deep inside the building. A large portion of 
samples have the extremely pessimistic values of the path gain 
with a ray tracing type 1. For the considered cases, the ray tracing 
type 2 was found the most optimistic approach. For ray tracing 
simulations, all the possible ray paths with two reflections and two 
diffractions were considered.  

 Therefore, there is a large number of considered ray paths in 
case of ray tracing compared with the GBP and EBP. The results 
provided in Figure 14 and Figure 16 reveal that ray tracing type 2 
is a better and realistic approach compared with ray tracing type 1 
for estimating the received signal level, especially for the indoor 
users located deep inside the building. 

 
          (a)                                       (b) 

 
         (c)                                       (d) 

Figure 18. Path gain at 30 GHz, a) GBP model, (b) EBP model with 3 dB filtering threshold, c) Ray tracing type 1, and (d) Ray tracing type 2. 

Figure 18 shows a heat map of path gain for different models 
assuming old building type at 30 GHz and indoor wall loss model 
1. Path gain is the function of frequency and a significant impact 
of frequency of operation can be seen between the results 

presented in Figure 16 (at 10 GHz) and Figure 18 (at 30 GHz). In 
Figure 18(b), the path gain for EBP model with 3 dB filtering 
threshold is shown, and the impact of the direct path is even  
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          (a)                                       (b) 

 
          (c)                                       (d) 

Figure 19. Path gain at 60 GHz, a) GBP model, (b) EBP model with 3 dB filtering threshold, c) Ray tracing type 1, and (d) Ray tracing type 2. 

visible at 30 GHz frequency for the center floors. The impact of a 
direct path is not prominent in overall results. Again, the ray 
tracing type 1 is found as an inadequate approach for estimating 
the path gain, and it provides the extremely low values of path 
gain at 30 GHz. However, it is interesting to see the results 
acquired with ray tracing type 2. It is fascinating to compare the 
results of two ray tracing approaches, as ray tracing type 1 clearly 
shows lack of indoor coverage with the outdoor base station 
except the front wall of the building. On the other hand, the 
simulation results of ray tracing type 2 show that the low indoor 
coverage can be provided with the outdoor base station. Similarly, 
GBP and EBP models show lack of indoor coverage at 30 GHz. 
These results leave an open discussion that the results acquired 
from the ray tracing type 2 are more realistic or the results 
acquired with ray tracing type 1 are more realistic. As we don’t 
have any measured reference data therefore it is hard to make a 
clear statement. 

Figure 19 shows a heat map of path gain for old building type 
at 60 GHz assuming indoor wall loss model 1. At 60 GHz, all of 
the considered propagation models show that due to high 
propagation and penetration losses the indoor coverage cannot be 
provided with the outdoor base station. Higher antenna gain at 
higher frequencies can compensate the high penetration and 

propagation losses. Otherwise, an indoor coverage with the 
outdoor base station at 60 GHz can be provided if new buildings 
are constructed with the material having better signal penetration 
properties. 

5. Conclusion 

In this paper, the outdoor to indoor propagation at higher 
frequency is studied. Furthermore, a novel angular wall loss model 
based on a separate incidence angle in azimuth and elevation plane 
is proposed. In the proposed angular wall loss model, the total 
angular loss is the sum of loss due to the change of angle of an 
incident ray in both azimuth and elevation plane. The simulation 
results show that the angular wall loss model based on a single 
three-dimensional angle provides aggressive angular loss 
compared with the proposed dual-angle angular wall loss model. 
In the second part of this study, an Extended Building Penetration 
(EBP) model is proposed, and the performance of EBP model is 
compared with the COST231 building penetration model. In an 
extended building penetration model a fifth path known as a 
“Direct path” is added. Through the simulation results, it is shown 
that the direct path has a significant impact on the indoor receiver 
points located close to the height of the transmitter. Therefore, the 
extended building penetration model can be considered as a better 
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approach for modelling the outdoor to indoor propagation at higher 
frequencies. 

The ray tracing is a promising and precise technique for 
estimating the received signal level and for channel modeling. In 
this study, a performance comparison between the general building 
penetration model and the ray tracing model is done. It was found 
that the traditional ray tracing technique provides good 
approximation for the users located close to the wall of the building. 
However, the traditional ray tracing approach was found in-
efficient for modeling the outdoor to indoor propagation especially 
for the indoor users located far away from the exterior wall of the 
building. A new approach of ray tracing is also proposed in this 
study. The simulation results show that ray tracing performance is 
significantly improved by the proposed recommendation. With the 
proposed ray tracing approach the results of a path gain were fairly 
better compared with the other models. Later, the performance of 
different propagation models was compared at 10 GHz, 30 GHz 
and 60 GHz frequency of operation. It was found that for the 
considered simulation scenario the adequate coverage can be 
provided for the indoor users with the outdoor base station at 10 
GHz. However at 30 GHz, the general penetration model clearly 
showed the lack of indoor coverage. Whereas the proposed ray 
tracing type 2 approach showed a fair indoor coverage at 30 GHz. 
The propagation and building penetration losses were quite high at 
60 GHz; therefore the simulation results show no indoor service at 
60 GHz. 
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