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Abstract 
 
In this thesis it is investigated to what extent it is possible to accurately model path loss in indoor 
environments using a simple empirical approach. Two kinds of radio access antenna deployments 
are investigated: 1) standard dipole antennas and 2) leaky cables.  
 
For the case of standard dipole antenna deployment, a few well established empirical models are 
integrated in order to account for the main observed propagation mechanisms. One important 
propagation mechanism is wave guiding in corridors. It has been shown that a model designed for 
street microcells (“The recursive model”) combined with the power law model (combined model) 
well describes this wave guiding propagation. Some inaccuracies have, however, been observed 
when the direct pathway is dominating. In this master thesis it is therefore investigated if the 
model accuracy may be improved by integration of the Keenan-Motley and the Devasirvatham 
model (modified combined model) accounting for loss due to obstructions along the direct 
pathway. 
 
In this work, the primary models used for the case of leaky cable antenna deployments are the 
Keenan-Motley model (for short distances) and the modified combined model (for large 
distances). 
 
In order to improve and evaluate the modeling, propagation measurements have been carried out 
at the 2.44 GHz band in an indoor office environment. The measurement data, i.e., the calibrated 
frequency response of the channel, is obtained using the network analyzer measurement 
technique by sweeping the frequency over a range of 80 MHz around the center frequency. 
Hence, the path gain measured in dB-scale is obtained as the difference between the transmitted 
power and the received power. 
 
The combined model and the modified combined model are evaluated and parameterized based 
on the conducted measurements. The accuracy of the combined model is improved by the 
implemented modifications. In our case, the standard deviation error is reduced from 5-19 dB to 
2-4 dB. Moreover, the measurements show that using leaky cables results in a better coverage in 
rooms alongside the corridor compared with using dipole antennas. Also the interference into 
adjacent cells is reduced using leaky cables compared with using dipole antennas. 
 
Keywords: indoor propagation, indoor propagation modelling, indoor path loss, the power law 
model, the Devasirvatham model, the Keenan-Motley model, the recursive model, leaky cables. 
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1 Introduction 
 
The rapid growth of indoor users in mobile communications systems has led to an increase of the 
importance of indoor electromagnetic propagation knowledge in different environments such as 
office buildings, shopping centers, airports and factory environments. In mobile communications 
it is complicated to model and predict the wave propagation in indoor environments mainly due 
to the diversity of objects and structures present inside a building. For example, the furniture, the 
people moving around, doors that are open or closed, the geometry and the materials of the walls, 
windows, ceilings and floors, etc. add uncertainty to the predicted propagation channel. 
Moreover, the wavelength corresponding to the frequency of operation of mobile communication 
systems is short compared to the objects inside a building; therefore, the characteristics and 
placement of these objects may severely affect the distribution of the field which in return may 
result in misleading system performance prediction and dimensioning.   
 
The propagation modeling is a useful tool for prediction of coverage areas in mobile cellular 
systems, wireless communication systems, network and link performance evaluation. Physical 
models and empirical models are commonly used to characterize the indoor wave propagation. 
Physical models require solving Maxwell’s equations taking into account the complex topology 
of indoor propagation which needs considerable computations. The empirical modeling, on the 
other hand, can result in accurate indoor propagation models while keeping simplicity. This 
thesis focuses on the empirical modeling approach. The output of the model is the transmission 
path loss. Empirical indoor propagation modeling is based on creating a path loss model that fits 
the measurement data obtained in a specific environment. Specific parameterization for a number 
of different classes of propagation scenarios may significantly improve the accuracy.  
 
The goals of this thesis work are: 
 

• To evaluate and parameterize the empirical model (the combined model). 
• To improve the combined model by using the Keenan-Motley model and the 

Devasirvatham model. 
• To investigate the usage of the leaky cable for in-building radio access deployment. 
• To model path loss for leaky cable in-building deployments. 

 

1.1 Propagation Models 
 

Simple propagation models are needed to predict coverage areas in mobile cellular systems. 
There are three classical types of cell structures in cellular radio systems. 
 

• Macrocells 
• Microcells 
• Indoor cells (Picocells) 
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Macrocells are designed to give mobile services to rural, urban and suburban areas. The coverage 
of a macrocells has radius from 1 kilometer up to tens of kilometers. In this system, the antennas 
are usually mounted on high masts and on building roof tops.  
 
Microcells are medium range in terms of cell size and they are designed to operate in areas with 
cell radii up to 500 meters. In contrast to the Macrocell antennas, here the antennas can be 
mounted at different heights, both above or below the roof top. Traffic density is large in these 
systems.  
 
Indoor cells (Picocells) are designed for high traffic density and high data rates. Picocells are 
commonly used for indoor coverage such as office buildings, shopping centers, etc. The coverage 
area is commonly less than 500 meters. 
 
This thesis focuses on indoor propagation modeling in an office building. We will present 
different propagation models for path loss in indoor environments.   
 

1.2 Empirical Models 
 
Empirical indoor models are designed based on actual path loss measurements. To parameterize 
the model curve fitting can be used. Free space path loss model (Section 2.2.1), the power law 
model (Section 2.2.2), the Keenan-Motley model (Section 2.2.3), the Devasirvatham model 
(Section 2.2.4), the recursive model (Section 2.2.5) and the combined model (Section 2.3) are 
commonly used for indoor propagation. In chapter two, these empirical models will be explained 
in more details. 
 

1.3 Thesis Outline 
 
This master thesis is outlined as follows: Chapter 2 starts by introducing the commonly used 
indoor path loss models. Starting with the free space path loss, the power law model, the Keenan-
Motley model, the Devasirvatham model, the recursive model and the combined model, then the 
proposed modified combined model and the leaky cable model are presented. This chapter ends 
by the evaluation method of the models. In Chapter 3, an overview of the measurement technique 
and the characteristics of the environment where the measurements have been conducted are 
provided. This chapter is followed by the radiation characteristics of the leaky cable and the 
measurement scenarios. The measurement results and analysis are presented in Chapter 4. 
Finally, conclusions and future work are given in Chapter 5. 
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2 Indoor Path Loss Models 
 

2.1 Introduction  
 
The free space path loss, the power law model, the Keenan-Motley model, the Devasirvatham 
model, the recursive model and the combined model are explained first in this chapter. The 
chapter is followed by improvements of the combined model by accounting for alternative 
propagation paths. An introduction to the leaky cable and the leaky cable model are presented at 
the end of this chapter. 
 

2.2 Propagation Models 
 

2.2.1 Free Space Path Loss Model 
 
In telecommunications, when the transmitting antenna and the receiving antenna have a line of 
sight in free space, the loss in signal strength of the transmitted electromagnetic wave is called 
Free Space Path Loss (FSPL). The FSPL does not include any of the factors such as transmitting 
or receiving antenna gain. Free space path loss is defined for ideal isotropic antennas and is given 
by 
 

������ �  20��10����
� � � 20��10�����

� �   (1) 

where � is the distance between the transmitting and the receiving antennas expressed in meters 
(Fig. 1), � is the wavelength of the transmitted electromagnetic wave (in meters), �is the signal 
frequency (in Hertz) and � is the speed of light in vacuum (� � 2.9979 � 10� ��

�  ).  
 
In free space, where no obstacles between the antennas to cause reflection or diffraction are 
present, the received signal strength is given by the Friis equation. 
 

!" ��# �  !$ %  &" % &$ ' ���    (2) 

Where !$ and !" are the transmitting power and the receiving power respectively, &$ and &" are 
the transmitting antenna gain and the receiving antenna gain respectively.  
 
 !$  &$                                        !"  &"   
 
 
 
 � 
 

Figure 1: Free space path loss model 

() *) 
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The Friis equation only applies in the far-field of the antennas, i.e., when the antennas are 

separated by a distance � >  ,-.
� , where � is the largest dimension of the antennas [1].  

 

2.2.2 Power Law Model  
 
The power law model is a commonly used empirical path loss model in indoor environment. It is 
a simple model that represents the loss in the signal strength of a propagating electromagnetic 
wave in an indoor environment. The equation below shows the logarithmic loss derived from the 
power law model 
 

�/��� = �����0� + 101 × ��10� �
�2�    (3)  

where �0 is a reference distance, � is the distance between the transmitting and the receiving 
antennas and 1 is the path loss exponent. In general, the characteristics of an environment 
determine the value of the exponent.  
 
In an indoor environment with straight corridors, the corridor can act as a waveguide due to 
reflections from walls, ceiling and floor which contribute to an increase in signal strength. 
Typically the range of 1 is between 1 and 2 reflecting the wave guiding effects and also the 
characteristics of the physical environment. The reference distance �0 has been found to be in the 
range 1-5 meters in typical indoor environments [2]. 
 
The power law model is accurate for straight corridor sections of an indoor environment. 
However, using a single 1 value for all possible ()-*) configurations does not make the model as 
accurate as desired. Therefore, a more detailed classification may bring a higher modeling 
accuracy.  
 

2.2.3 Keenan-Motley Model 
 
The Keenan-Motley model is another empirical model used for path loss predictions in indoor 
environments. This model focuses mostly on the physical properties of the walls and the floors 
located between the transmitting and the receiving antennas. From the following equation we 
notice that this model includes the free space path loss coupled with the additional loss due to the 
walls and the floors.  
 �34��� = ������ + 15 �5 +  1� ��   (4) 

where ������ is the free space path loss, � is the distance between the transmitting and the 
receiving antennas, �5 and �� are the attenuations per wall and floor respectively, 15 and 1� are 
respectively the number of the walls and the floors that are crossed by the straight line connected 
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between the transmitting and the receiving antennas [3]. Attenuation per wall and floor are 
usually chosen from 1 dB to 30 dB but they depend on the materials used in floors and walls [2].  
 
One property of Keenan-Motley model is that it takes the attenuations into account discretely. 
Where there are many walls or floors, it is recommended to use the Devasirvatham model 
instead. The Devasirvatham model is explained in the next section. 
 

2.2.4 Devasirvatham Model 
 
The Devasirvatham model is also an empirical indoor path loss model. Indoor path loss can be 
represented continuously by a linear attenuation model that is dependent on the distance between 
both antennas �. The parameter 6 is a constant attenuation per unit of path length [7].  
 

�7��� � ������ % 6�   (5) 

The constant 6 is given in [dB/m] and typically ranges from 0.2 to 0.7 [dB/m]. This value is 
determined for the environment where the experiment has been carried out [5, 6]. Furthermore, 
studies show that the linear path attenuation exponent appears to be approximately constant as the 
frequency changes [5]. 
 

2.2.5 The Recursive Model 
 
The recursive model is designed to describe path loss in street microcell environments. This 
model is specially suited for modeling the path loss in environments where corners or turnings 
exist. The model can handle different street crossing angles by choosing appropriate parameter 
values. In the recursive model the corners of the buildings act as nodes. Between two consecutive 
nodes line of sight propagation is assumed. 
 
 
 () 
 

 
 
 
 

   *) 
  8 

 
 

Figure 2: Nodes presentation 
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Propagation loss from one node to the other depends on the direction angle of the diffracted wave 
at the street crossing. The directional angle can be observed in Fig. 2. The diffraction loss due to 
the street turning is taken into account in the recursive part of the model. 
 
The path loss model is given by [4]  
 

��9
: � 20 ��10 ����;

� �   (6) 

where � is the wavelength of the electromagnetic wave, < is the number of sections between the 
nodes and �: is the virtual distance corresponding to the Line of Sight (LOS) distance resulting in 
the same loss as the actual loss in Non Line of Sight (NLOS). The virtual distance is defined by 
the recursive expression below.  
 

=: � =:>? % @:>? � �:>?   (7) 

�: � �:>? % =: � A:>?  (8) 

The initial values are =0 � 1 and �0 � 0. A: is the distance of each section and @: is a parameter 
which relates the path loss to the directional angle at the street crossing. All the parameters above 
are illustrated in Fig. 3. In Fig. 2 the solid line shows the propagation path from the transmitter to 
the receiver. Each black circle represents a corner node and each white circle represents the 
antenna. The current number of each node is determined by <. 
 
 
 
                                                                  < � 1, @?, �? 
 () 
           < � 0  
 A0 
 80 
 
 A? 
 
 < � 2, @,, �,                                   A,      *)         < � 3, @C, �C 
 

8? 
     
 

Figure 3: A simple example with three nodes 

 
The angle dependency of the recursive model is introduced by parameter @: which is derived 
from the following equation 
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@: �  @D0  ×  �E;
D0�F  (9) 

where 8: is the angle shown in Fig. 3, parameter G determines the shape of the function and @D0 is 
another parameter used for fitting the recursive model. Equation (9) shows how the angle 
dependency can be modeled. The parameters G and @D0 are normally chosen based on the street 
width [4].  
 
The recursive model is also useful in modeling the corners or bends in an indoor environment. 
The usage of the recursive model in an indoor environment will be discussed more in the next 
section.  
 

2.3 The Combined Model 
 
The empirical indoor model that is used in this master thesis is the combined model. This model 
is the combination of the power law model and the recursive model. The power law model is 
used when both the transmitting and the receiving antennas are located in the same straight 
section of the building. The recursive model is used to model the path loss due to turnings of the 
corridors. Therefore, the combined model makes possible modeling path loss in complex indoor 
environments. The studied indoor environment is a complex office building consisting of straight 
corridor sections which are connected at turnings. There are rooms located on both sides of the 
corridor. The floor plan of the office environment can be seen in Fig. 4.  
 
 
 

 
Figure 4: Floor plan where measurements have been conducted 
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In order to improve the modeling accuracy, the environment is divided into classes. In this way 
we can fit separate model parameters for each class. The classes are defined according to the 
propagation scenarios of interest. In indoor environments three different classes have been 
identified according to the locations of the transmitting and the receiving antennas [2]. 
 

I. Corridor-corridor class: both antennas are located in a corridor 
II.  Corridor-room class: one antenna is located in a corridor and the other in a room 

III.  Room-room class: both antennas are located in two separate rooms 
 
A sketch of the measurement routes for the considered propagation classes is shown in Fig. 5. 
The vertically oriented corridor is section 1 and the horizontally oriented corridor is section 2. 
The squares at both sides represent the rooms and < denotes the number of each section. 
 
The dashed lines connecting the antennas in the corridor sections 1 and 2 with the corner is used 
to illustrate the contribution of the diffraction mechanism to the total received signal. The path 
loss related to the directional angle at the corridor crossing has been explained in Section 2.2.5. 
Here we obtain the path loss due to the corner in a similar way as in the street microcell path loss 
calculations [4].  
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 < � 2 
    
 
 
 4 
  
  
 8 
    5 
 
 
 
 
 
  Path for model 
  
< � 1                                                                              Route 1, 4 : corridor-corridor class                                          
 
 2 1        Route 2, 4 : corridor-room class 
  
  Route 3 : room-room class  
 
 Route 1, 5: corridor-room class 
 
  
  3 
  
 
 
 
 
 
 

Figure 5: The simple topology on which the model is implemented 

 
According to the combined model, the path loss in each section can be obtained as follows [2]  
 

�: �  ���0� %  10 1_��II ��10��;JKLMM

�2
�   (10)  

���0� � 20 ��10����2
� �   (11) 
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where �0 is the reference distance, 1_��II is the exponent and (11) is the free space path loss at 
distance �0. The value of 1_��II is typically between 1 and 2. The value of 1_��II depends on 
the actual impact of the wave guiding effect of the corridor [2]. The wave guiding effect of the 
corridor results in an increase in the signal strength due to the contribution of the reflections from 
the walls, floor and ceiling. 
 
In the indoor environments, the virtual distance �:�-N�� is different for each class. The virtual 

distance �:�-N�� for each class is presented separately. The subscript of the virtual distance < 
represents the number of corridor section for which the path loss is calculated. There are two 
corridor sections, < = O1,2Q as shown in Fig. 5. The superscript of the virtual distance is the 
propagation class for which the model is implemented ��RAA = O��, �I, I�, IIQ.   
 
For calculating �:�-N�� at each corridor section in an indoor environment, there are parameters that 
need to be defined first. The angle dependent parameter @:, the corridor-room class exponent S, 
the room-room class exponent T are introduced as follows [2].  
 
 

@: =  @D0  ×  �E;
D0�F   (12) 

S = U_"VV�
U_�V""    (13) 

T = U_"VV�_"VV�
U_�V""    (14) 

where 8: is the angle shown in Fig. 3 and Fig. 5, parameter  G determines the shape of the 
function and @D0 corresponds to @ at 8 = 90 degrees. Typically, the path loss exponents 1_I��W 
and  1_I��W_I��W  take values greater than 2. 
 
The virtual distance �:�-N�� in different classes is defined as follows: 
 

I. Corridor-corridor class 
 
The routes of the corridor-corridor class are illustrated by the routes 1 and 4 in Fig. 5. The virtual 
distance of route 1 in the corridor-corridor class is represented by �?�� and the virtual distance of 
route 4 in the corridor-corridor class is represented by �,��. The following equations define the 
virtual distances in different corridor sections of the corridor-corridor class. 
 

X=:�� =  =:>?�� + �:>?��  @:>?�:�� =  �:>?�� +  =:�� A:>?
Y    < = 1,2, …      (15) 
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A: is the distance between nodes < and < % 1 described in Section 2.2.5 (Fig. 3) and @: is the angle 
dependent parameter (12). The initial values of the recursive calculation above are given by =0�� = 1 and  �0�� = 0. 
 

II.  Corridor-room class 
 

The routes representing the corridor-room class in Fig. 5 are 2 and 5. The virtual distance of route 
2 is represented by �?�" and the virtual distance of the route 5 is presented by �,�". The equations 
for calculating the given virtual distance in the corridor-room class is defined by 
  �?�" =  A0[ A\0?>[  (16) 

]�:�" =  �:>?�� + =:�� A:>?[  A\0?>[        < = 2, …Y  (17) 

A0 is the distance of the route in the corridor section < = 1, S is the corridor-room class exponent 
(13) and ̂ \0 is a distance parameter from the corridor node where the loss of the corridor-
corridor class and corridor-room class are normalized to equal power [2]. The initial values for 
the recursive calculations =?�� and �?�� are previously derived in corridor-corridor class (Ι). It 
should be noted that only the last section is �I and all the previous ones are ��.  
 
The equations defining the virtual distance �:"� are defined as follows. 
 �?"� =  A0[ A\0?>[   (18)  

X=:"� =  =:>?"� + �:>?"�  @:>?�:"� =  �:>?"� +  =:"� A:>?
Y     < = 2, …   (19) 

A: is the distance of the route described in Section 2.2.5 (Fig. 3) and @: is angle dependent 
parameter (12). The initial value of the recursive calculation above is given by =?"� = 1. In this 
case the first section is I� and all the subsequent ones are �� as (19) is identical to (15). 
 
III.  Room-room class 

 
In the room-room class, the virtual distance of route 3 is considered. The virtual distance of route 
3 is presented by �?"". The following equations are used for calculating the virtual distance in the 
room-room class. 

�?"" =  A0_ A\0?>_  (20) 

]�:"" =  �:>?"� + =:"� A:>?[  A\0?>[      < = 2, …Y  (21) 

A: is the distance of the route described in Section 2.2.5 (Fig. 3), T is the room-room class 
exponent (14) and ̂\0 is a distance parameter from the corridor node where the loss of the 
corridor-corridor class and corridor-room class are normalized to equal power [2]. The initial 
values for the recursive calculations =,"� and �?"� are previously derived in the corridor-room class 
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(19). In this case the first and last sections are I� and �I respectively while all intermediate ones 
are ��. 
 
Table1 summarizes the parameters for each considered propagation class. 
 

corridor-corridor class corridor-room  
class 

room-room  
class 

1_��II 1_��II 1_��II @D0 1_I��W 1_I��W G A\0 1_I��W_I��W 
 @D0 A\0 
 G @D0 
  G 

 

Table 1: Table of parameters 

 

2.4 The Modified Combined Model 
 
The combined model describes the propagation along corridors, both straight and with turnings. 
However, there are additional propagation mechanisms contributing to the total received power. 
For example, an extra contribution is expected due to the direct path connecting the transmitting 
and the receiving antennas as shown in Fig. 6. 
 
The Devasirvatham model and the Keenen-Motley model are commonly used to predict the path 
loss in indoor environments as discussed above in Section 2.2.3 and Section 2.2.4, respectively. 
These models are useful to model propagation scenarios with obstructions along the direct path 
between the transmitting and the receiving antennas. 
 
For example in the corridor-room class, the transmitting antenna is in section 2 (< = 2) and the 
receiving antenna is in one of the rooms in section 1 (< = 1). As we can see from Fig. 6 there are 
two outer walls between the antennas. The loss due to these two outer walls can be modelled by 
the Keenan-Motley model.  
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 < � 2 
   
 
 
 
 
 

d 
 < � 1  
  
 
 
 
 
 

Figure 6: A direct propagation path between transmitting antenna and receiving antenna 

 
In the room-room class, the transmitting and the receiving antennas can be in section 1 (< � 1) as 
shown in Fig. 6. There are rooms between the two antennas in section 1. The loss due to the 
internal walls of the rooms in section 1 can be continuously modelled by the Devasirvatham 
model. 
 
In the modified combined model, the loss due to the obstructions between the antennas has been 
added to the combined model. The proposed modified combined model is presented as follows 
for the corridor-room class and the room-room class. Also, the contribution of the outdoor 
propagation is added to the combine model that is described in Chapter 4 scenario 2. 
 

a. The modified combined model for the corridor-room class  
.  
 

• Section 1 (< � 1) 
 

In section 1, the path loss is modelled only by the combined model for the corridor-room class 
(ΙΙ). The path loss in section 1 is given by (10) where ��RAA � �I and  < � 1. 
 

• Section 2 (< � 2) 
 
The path loss due to the corridor propagation in section 2 is given by the combined model for the 
corridor-room class (10) where ��RAA � �I and < � 2. The attenuation of the two outer walls are 
modelled by the Keenan-Motley model given by (4) where 15 � 2 and 1� � 0. The received 
power due to the Keenan-Motley model and the combined model are added together in order to 
further improve the accuracy of the path loss model.  
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Also in section 2, the contribution of the outdoor propagation can be significant. In this case, the 
combined model is modified by adding the contribution of the outdoor propagation to the 
combined model. 
 

b. The modified combined model for the room-room class 
 
 

• Section 1 (< � 1) 
 
The corridor propagation is modelled by the combined model (10) where ��RAA = II and < = 1. 
The loss due to the internal walls of the rooms between the antennas is modelled by (5). The 
received power due to the Devasirvatham model and the combined model are added together in 
order to further improve the accuracy of the path loss model.  
 

• Section 2 (< = 2) 
 
In section 2, the combined model for the room-room class (ΙΙΙ) is presented by (10) where ��RAA = II and < = 2. The loss due to the two outer walls is modelled with the Keenan-Motley 
model (4) where 15 = 2 and �� = 0. The received power due to the Keenan-Motley model and 
the combined model are added together in order to further improve the accuracy of the path loss 
model. 
 
Here the attenuation per wall for the corridor-room class is larger than the room-room class. In 
the corridor-room class, the electromagnetic wave does not only have to pass the outer walls but 
also it needs to pass the furniture and the room’s door in section 2. On the other hand, in the 
room-room class the electromagnetic wave just passes the two outer walls. Therefore, the 
attenuation per wall that is considered in the corridor-room class is larger than the attenuation per 
wall in the room-room class.  
 

2.5 Leaky Cable Modeling 
 

2.5.1 Leaky Cable  
 
Radiating cables or leaky cables are alternatives to ordinary antennas, especially, in areas where 
the coverage of an area with conventional antennas is difficult. Some examples of such areas are 
tunnels, airports, shopping centers and office building.  
 
Leaky cables or Leaky CoaXial (LCX) cables are perforated with slots which radiate and pick up 
the Radio Frequency (RF) signal. The radiating cable design is based on a traditional coaxial 
cable with (1) an inner conductor (2) a dielectric (3) an outer shield (4) tuned slots and (5) a 
jacket. 
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Figure 7: The leaky cable figure1 

The orientation, placement, size and shape of the apertures may be optimized for a high level of 
indoor coverage. The leaky cable acts as a distributed antenna system, i.e., it can be modeled as 
many small antennas collocated along the length of the cable. The advantage of the leaky cable is 
that it serves the users who are in the proximity of the cable equally. The best lateral coverage is 
provided around 2-10 meters perpendicularly to the cable [8]. In GSM/DCS/UMTS systems the 
leaky cables are optimized to support all frequency bands of operation. 
 

2.5.2 Loss in Leaky Cables 
 

There are two different kinds of losses that are commonly used to characterize leaky cables. In 
the next section the concept of these two losses in the leaky cable is explained. 
 

2.5.2.1 Longitudinal Loss 
 
The longitudinal loss depends on the frequency and it increases with the distance. The 
longitudinal loss describes the signal loss along the cable and it is inversely proportional to 
coupling loss. The higher the longitudinal loss is the more the signal is coupled out of the cable 
which means the cable is designed for the lower coupling loss [8].  
 

                                                 
1 Andreas Bergmeister, RADIAFLEX Cables, Internal Ericsson Presentation 

5 4 3 1 2 
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Figure 8: Longitudinal loss versus coupling loss2 

 

2.5.2.2 Coupling Loss 
 
The coupling loss is the ratio of the power picked up by a receiver standing at a fixed distance 
from the cable to the power inside the cable. In other words, coupling loss is the power loss 
between the cable and a receiver at a given distance, typically 2 or 6 meter.  
 
The total system loss is defined as the sum of the longitudinal loss and the coupling loss [8]. 
 

2.5.3 Leaky Cable Model 
 
Basically, the same path loss modeling may be used for leaky cables as for conventional 
antennas. The loss in the vicinity of a straight leaky cable may be modeled by [12] 
 

�\`a �  bc + �� + �d + 101��10�e�  (22) 
 

where c is the distance along the cable from the feeding point to the nearest point to the receiving 
antenna, in meters; b is the longitudinal loss of the leaky cable, in dB/m; �� is the coupling loss, 
in dB; �d is loss factor due to blockage, in dB; 1 is the path loss exponent and e is the radial 
distance between the cable and the transmitter, in meters.  
 
This model (22) represents the loss when the User Equipment (UE) is adjacent to the cable. When 
the UE is out of the length of the cable, this model is no longer valid.   

 

                                                 
2 Andreas Bergmeister, RADIAFLEX Cables, Internal Ericsson Presentation 
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2.6 Evaluation Method of the Model 
 

2.6.1 Standard Deviation 
 
In order to evaluate the performance of the modeling some suitable metric is needed. In this study 
the standard deviation of the model error is used.  
 

f � �RgR, h � W��i�  (23) 

 i�j� � f�j�  − h�j�  (24)  

6k =  ?
l  ∑ inlno?   (25) 

bk =  p?
l  ∑ �in −  6k�,lno?

.
   (26) 

Here f is the measured data (path gain) expressed in dB, h is the model in dB, i is the difference 
between the measured data and the model, j = 1 … q is the number of the samples, 6k is the 
mean error and br is the standard deviation error. We are interested to parameterize the model in 
order to minimize the standard deviation of the model error. The method used to minimize the 
standard deviation of the data set is Derivative Free Optimization method.  
 

2.6.1.1 Derivative Free Optimization  
 
The derivative free optimization method attempts to solve the problem of minimizing a nonlinear 
objective function  ��f� ∶  ℝU  →  ℝ of variables f where the derivative of the function is not 
available.  
 min    ��f�    ��I    f ∈  ℝU   
 
Derivative free methods are commonly used to solve demanding optimization problems in 
engineering applications. Derivative free methods are efficient when the function is not 
differentiable or when the estimates of the derivative of the objective function are not reliable. 
This method is applicable for functions with less than 100 variables. For a formal definition of 
the DFO algorithm the reader is referred to [9, 10]. 
 
Below, the objective function is defined for the corridor-corridor propagation class, Section 2.3. 
The optimization problem in this case is defined 
 min    ��@D0, G, 1_��II�       
 ��@D0, G, 1_��II� =  ∑ �in −  6k�,lno?   (27)  
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where in and 6k are defined in (24) and (25). Hence, the variables @D0, G and 1_��II are sought 
to minimize the objective function. The practical implementation of the algorithm is provided in a 
MATLAB code by using the built-in function “fminsearch”.  
 
To find a solution, the “fminsearch” function requires a good choice of initial values for the 
variables @D0, G and 1_��II. The range of initial values is already mentioned in Section 2.2.5 and 
Section 2.3. The outputs of the minimization are the best values of @D0, G and 1_��II  that gives 
the least standard deviation of the model error.  
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3 Measurement Setup 
 

3.1 Introduction  
 

The first step towards obtaining an accurate empirical model is to perform reliable measurements. 
These measurements are used to parameterize the empirical models by minimizing the 
corresponding error standard deviation. 
 
This chapter begins with a description of the measurements and the characteristics of the 
environment where the measurements are conducted. A reliable technique for measuring the path 
loss is given too. In addition, radiating modes of leaky cables will be explained. Finally, all the 
measurement scenarios with details will be discussed to give the reader a clear picture of how the 
practical part of the measurement is conducted.  
 

3.2 Measurements 
 
The reliable measurement data is the first step to characterize the radio mobile channel. This 
thesis focuses on measurements that are conducted in an indoor environment.  
 
The frequency of the transmitted signal is centered at the 2.44 GHz. The power difference 
between the transmitted signal and the received signal is measured in a network analyzer. The 
data from the measurements is stored in an a-by-b channel transfer matrix. The number of rows a 
displays the number of sweeps used in the network analyzer setting and the number of columns b 
shows the number of frequency samples. In our measurements at each sweep, b=401 samples of 
frequency is produced in the range from 2.4 GHz to 2.48 GHz. Each sweep time is set to 251 
msec. Therefore, the number of the sweeps should be enough for the period of time the 
measurement is carried out. To remove the fast fading impact on the received signal, the received 
power is averaged over each row using 401 frequency samples.  
 
The transmitter is manually moved along the measurement paths. The attempt is to keep the 
speed of the transmitter steady. The averaged received power can be displayed according to the 
distance of the transmitter from the receiver by scaling the distance axis. Scaling the distance axis 
is necessary due to the fact that the speed of the mobile transmitter is not absolutely steady. 
 
The RF signal passing through a multi-port network analyzer can be described in a mathematical 
way by the scattering matrix (S-matrix). For a signal incident on one port, some fraction of the 
signal bounce back out of that port, some of it scatters and exits other ports, and some of it 
disappears as heat or electromagnetic radiation. The S-matrix for an N-port network contains q, 
coefficients called S-parameters. The S-parameters quantify the response of an N-port network to 
voltage signals at each port. In our case we model the measurement system as two-port network. 
The complex-valued S-matrix is then given by      
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S= z ?̂? ?̂,
^,? ^,,

{   (28) 

 
The first subscript represents the responding port, while the second subscript represents the 
incident port. Therefore, ?̂, means the response at port one due to the signal at port two. Fig. 9 
shows two-port S-parameters in a network analyzer. ?̂? is the input port voltage reflection 
coefficient, ̂ ?, is the reverse voltage gain, ^,? is the forward voltage gain and ^,, is the output 
port voltage reflection coefficient. In our experiments we measure the ?̂, parameter. 
 
  ?̂,  
 
 
 ?̂? ^,,  

           ̂ ,? 
 
 

Figure 9: Scattering parameters in a network analyzer 

 

3.2.1 Power Delay Profile 
 
The Power Delay Profile (PDP) is used to distinguish different impulse echoes in an 
environment. The PDP is the average power received with a certain delay.  The received wave is 
discriminated regarding the time it takes to reach the antenna. The later the received wave has 
reached the antenna, the more distance it has traveled. The PDP will be used in Section 4.2.2 in 
order to distinguish different propagation paths. The different possible pathways between the 
transmitter and the receiver may be identified using propagation delay by matching the peaks of 
the PDP with corresponding delays. 

3.3 Characteristics of the Environment 
 

The measurements are conducted in the floor eight of an Ericsson office building in the Kista 
area of Stockholm, Sweden. The floor plan is shown in Fig. 4. The topology of the building is a 
couple of straight corridor sections which are connected at turnings. The building is 100 meter 
long, 100 meter wide and 8 floors high. Floors are made of reinforced concrete. The suspended 
ceiling is made of fiber glass with metal frames. The inner walls inside the building are made of 
plaster board, wood and glass which are supported by vertical metal studs. The outer walls are 
made of brick and pillars of reinforced concrete. The doors of the rooms are made of wood. All 
the rooms are completely furnished with bookshelves, personal computers, chairs and tables. 
During measurements people remained working inside their rooms.  
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3.4 Measurement Setup 
 
The measurement setup is shown in Fig. 10 and comprises a transmit antenna and a receive 
antenna used to transmit and receive signals, a network analyzer is used both to generate the 
transmit signals and to measure the receive signals, an optical fiber, Power Amplifier (PA), Low 
Noise Amplifier (LNA), attenuator and a computer employed as the data collector. A half wave 
vertically polarized broadband dipole antenna with 2.1 dBi nominal gain is used as the 
transmitter in all the measurements. However, two kinds of antennas have been used at the 
receiver: a half wave vertically polarized broadband dipole antenna with 2.1 dBi nominal gain 
and a leaky coaxial cable. Using a leaky cable as receiver requires terminating the cable with a 
matched load of 50 ohm to avoid any unwanted reflections. 
 
The operating frequency ranges from 2.4 GHz to 2.48 GHz giving a measurement bandwidth of 
80MHz. The network analyzer Agilent E8358AR is used for obtaining the calibrated path gain 
through the S-parameters. The received power is averaged over 401 points of frequencies to 
remove the fast fading. The LNA is used to amplify the received signal. The attenuator is set to 0 
dB attenuation in the measurements but it is set to 50 dB attenuation in the calibration procedure. 
Calibration procedure is further explained in Section 3.5.  
 
For communication over a long distance it is advantageous to use optical fibers. Light propagates 
through the fiber with little attenuation compared to the electrical cable. The 300 meter optical 
fiber is used to reduce the transmission loss per meter along the fiber. A RF-to-light and a light-
to-RF converter are used at the ends of the optical fiber to convert the RF signal to light and to 
convert the light back into a RF signal. They are shown by the two circles in Fig. 10. 
 
During the measurements the PA, the attenuator and light-to-RF converter are carried in a bag 
while the mobile transmitter is held by hand at the height of 1.4 meter above the floor. The 
network analyzer, the LNA and the receiver are kept at a fixed position.  
 
 
 
 
 
 
 
 

Figure 10: The scheme of the measurement procedure 

 
Table 2 shows the start and stop transmission frequencies, the signal bandwidth, the LNA and PA 
gain and the attenuation factor.  
 
 

30dB 
PA Attenuator 

Network 
Analyzer 

30dB 
LNA 

Tx Rx Optical Fiber 
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 Start Frequency Stop Frequency Bandwidth LNA and PA Attenuator 

Measurement 
  

2.4 GHz 2.48 GHz 80 MHz 30 dB 0 dB 

Calibration 2.4 GHz 2.48 GHz 80 MHz 30 dB 50 dB 

 
Table 2: The adjustment values in the measurement tools 

 

3.5 Calibration  
 

3.5.1 Attenuator 

 
A | dB attenuator attenuates the signal power by | dB. 
 

!�}iI Rg ~�Ig 2 � � ~�}iI Rg ~�Ig 1� –  | �#   (29) 

 
 
 
 
 

Figure 11: The scheme of the attenuator 

The attenuation is set to 50 dB during the calibration process in order to bring the high input 
power signal down and keep the LNA safe from overdriving [8].  
 

3.5.2 Calibration Procedure 
 

Calibration enables us to measure the accurate estimation of the channel path loss. Another 
advantage of the calibration is to compensate the delay of the optical fiber. 
 
The calibration procedure can also be described by Fig. 10. The only difference is that the 
receiver and the transmitter are connected together back to back. Also, the attenuation value of 
the attenuator is set to 50 dB attenuation in order to keep the high power signal down. If the 10 
dB attenuation of the wires and cables is taken into account; then, the average attenuation on the 
spectrum analyzer is around 0 dB.  
 
The complex channel samples measured by the network analyzer are saved on a computer. Here 
it is important to compensate for the extra 50 dB attenuation that has been manually added to the 

Attenuator 
1 2 
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system during the calibration. All measurements are calibrated according the above reference 
measurements. 
 

3.6 Radiating Modes in Radiating Cable 
 
A coaxial cable with apertures on its outer conductor is called a radiating cable. The term 
radiating cable means any leaky coaxial cable in either coupled or radiating mode. In coupled 
mode the surface wave is propagated and the power of the surface wave travels parallel to the 
cable axis. When the slots are spaced close together relative to the half wavelength, the cable 
performs in coupled mode. When the slot spacing is larger than the half wavelength, the cable 
performs in radiating mode. In radiating mode the wave does not propagate parallel to the cable 
axis. The angle of the propagating wave versus cable axis depends on the frequency of the 
radiating signal [11]. Figure 12 shows how a LCX radiates in different modes. 
 
 

 
 

Figure 12: The angle of propagation in coupled mode and radiating mode3 

 
The type of the Leaky cable used in our experiment is RFS LCX. The slots on the RFS LCX are 
collected in groups. As shown in Fig. 13, eight slots are grouped and arranged in a periodic 
pattern. At each group the slots are located at 0, 2.5, 3.3, 4.9, 5.6, 7.2, 8, 10.4 centimeters away 
from the first slot and every group of slots is placed 19.2 cm far away from each other (as shown 
in Fig. 13).  
 
At the operating frequency of 2.4 GHz the RFS leaky cable is in radiating mode. Indeed, the 
operating wavelength is λ �  c/f = 12 cm and the groups of slots are spaced 19.2 centimeters far 

                                                 
3 Urgent Communications magazine 
http://urgentcomm/mag/radio_leaky_cables_good/index.html, 2005. 
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from each other. Therefore, the space between the groups of slots in the RFS cable is larger than 
half of the operating wavelength which means the leaky cable is in radiating mode. 
 
The propagation angle of the RFS LCX at 2.44 GHz is 60 degrees (Fig. 14). In Fig. 13 the 
propagation angle of the RFS LCX is drawn. It is observable that at frequencies less than 1 GHz 
the RFS LCX is in coupled mode and at frequencies more than 1 GHz it is in radiating mode.  
 
 
 
 
 60° 
 
 
 
 
 
 
 
 0cm 2.5 3.3 4.9 5.6    7.2   8          10.4                         19.2 

  
 

Figure 13: The radiation angle in RFS LCX at 2.4 GHz 

 

 

Figure 14: Propagation angle versus frequency in RFS cable 
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3.7 Measurement  Scenarios 
 
In Section 2.3, we discussed how a more detailed classifying of the measurement scenarios into 
different propagation classes can improve the accuracy of the model. The classes are defined 
based on the location of the transmitting and the receiving antennas [2].   

 
For each class, two kinds of receivers (dipole and RFS LCX) are used except for measurements 
in the room-room class. In total, five different measurement scenarios are executed as shown in 
Table 3.  
 
 
 Dipole (Receiver) 

Dipole (Transmitter) 
RFS LCX (Receiver) 
Dipole (Transmitter) 

Corridor-corridor  
 

 

Corridor-room  
 

 

Room-room  
 

 

 
Table 3: The measurement scenarios 

In all five scenarios, the network analyzer together with the computer is housed on a trolley. The 
receiver is stationary while the transmitting antenna is mobile. The person holding the 
transmitting antenna carries a bag containing a PA, attenuator and an light-to-RF converter. The 
stationary dipole receiving antenna is mounted on a 1.4 meter tripod at its desired place. The 
dipole transmitting antenna at a height of 1.4 meter above the floor is manually moved at a 
constant speed.  
 
In scenario 1 two dipole antennas are used. The receiving antenna (Rx2) is placed in the middle 
of the corridor. Figure 15 shows the measurement routes marked with red lines and the location 
of the receiving antenna in the corridor.  
 
Also in scenario 2 two dipole antennas are used. The receiving antenna is fixed in one of the 
rooms. For scenario 2 the measurement is performed for two cases. In case 1 of scenario 2, the 
receiver (Rx1) is placed in a room on the right side of the corridor (Fig. 15). In case 2 of scenario 
2, the receiver (Rx3) is placed in a room on the left side of the corridor.  
 
Also in scenario 3 two dipole antennas are used. The receiver is Rx1 located in the middle of a 
room. The mobile transmitting antenna moved inside different rooms (marked with stars in Fig. 
15) during the measurement. The average measured data from each room is represented by a 
point in the room-room class figures in Chapter 4. 
 
The receiver antenna in scenario 4 is a 40 meters RFS leaky cable. The leaky cable is mounted in 
the corridor 20 cm below the suspended ceiling as shown in Fig. 16 and Fig. 25 in Appendix Ι. 

1 

2 

3 

4 

5 
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The mobile transmitter is a dipole antenna that radiates the RF signal while it is moved on the 
routes indicated with red lines.  
 
Scenario 5 is the same as scenario 4 except that the transmitter is moved inside the rooms marked 
in Fig. 16.  
 
The numbers near each room in the perpendicular side of the building in Fig. 15 and Fig. 16 show 
how far the rooms are located from the receiver Rx1. The numbers close to the rooms in the 
horizontal side of the building in Fig. 15 and Fig. 16 show how far the rooms are located from the 
left corner. The green line in Fig. 16 shows where the 40 meter leaky cable is located in the 
corridor. 
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Figure 15: The floor plan, the measurement paths and the measurement points 
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Figure 16: The floor plan, the measurement paths and the measurement points with leaky cable 
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4 Measurement Results and Analysis 
 

4.1 Introduction 
 
In this chapter, the empirical models described in Chapter 2 are fitted to the measurement data of 
the five measurement scenarios discussed in Section 3.7. The data from each measurement 
scenario is plotted together with the model. Finally, the models are parameterized in order to have 
the best fit to the measurement data.  
 

4.2 Measurement Scenarios  
 

4.2.1 Scenario 1 
 
According to Table 3, Scenario 1 describes the corridor-corridor propagation class. Both the 
transmitting and the receiving antennas are dipoles. The receiving antenna Rx2 is fixed in the 
corridor while the mobile transmitting antenna follows the route along the corridor. A detail 
explanation of the topology of the building, the measurement paths and the procedure of the 
measurements is found in Section 3.7 and Figure 15. 
 
Here, the combined model for the corridor-corridor class (Section 2.3) is used.  
 

• Section 1 ( < � 1 ) 
 

The path loss in section 1 is modeled with the combined model for the corridor-corridor class (Ι) �?. Equations (10), (11) and (15) while < = 1 and ��RAA = �� describe the combined model in 
Section 2.3 for section 1 of this specific scenario. Equation (12) is used to calculate the parameter @?. As described in Section 2.3 initial values used to run the recursive equations are =0�� = 1 and  �0�� = 0. ���0� is the free space path loss where the reference distance is fixed to �0 = 1 W. The 
only parameter used in section 1 is 1_��II whose value is presented in Table 4.  
 

• Section 2 ( < = 2 ) 
 
Equations (10), (11) and (15) while < = 2 and ��RAA = �� describe the combined model in 
Section 2.3 by �,. 
 
Table 4 illustrates the values of the parameters 1_��II, @D0 and G estimated in the combined 
model for the corridor-corridor class (Ι) to get the least standard deviation error. The value of the 
parameter 1_��II is 2 due to the characteristics of the corridors. The wave guiding effect of the 
corridor is not strong. This may be explained by the fact that there are a lot of scattering 
structures like ventilation tubes and cabling between the suspended ceiling and upper concrete 
ceiling. 
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The measured path gain versus Euclidean distance is marked with red dots in Figure 17. The 
solid blue line represents the combined model for the corridor-corridor class (Ι) with the 
parameters stated in Table 4. The solid blue line in section 1 is defined by �? and the solid blue 
line in section 2 is defined by �,. 
 
 
                                                        ̂ i�gj�1 1 �< � 1�                    ̂i�gj�1 2 �< � 2� 
 
  
 

 
 

Figure 17: Path gain versus distance (scenario 1 with Rx2) 

 
Table 6 presents the standard deviation error (26) and the mean error (25) discussed in Section 
2.6.1 for corridor-corridor class. 
 

4.2.2 Scenario 2 
 
Scenario 2 describes the corridor-room propagation class. In scenario 2, the measurement is 
carried out for two cases. In case 1 of scenario 2, the receiver Rx1 is in one of the rooms on the 

0 10 20 30 40 50 60 70 80 90
-120

-110

-100

-90

-80

-70

-60

-50

-40

-30

-20
corridor-corridor class

Euclidean distance [m]

P
at

h 
ga

in
[d

B
]



            38 
 

Kungl Tekniska Högskolan                                                                                   Ericsson Research  
SE-100 44 Stockholm                                                                                          Kista  Stockholm 

right side of the corridor and the transmitter follows the routes indicated with red lines in Fig. 15. 
In case 2 of scenario 2, the receiver Rx3 is in a room on the left side of the corridor while the 
transmitter follows the routes indicated with the red lines in Fig. 15.  
 
 

1. Scenario 2 case 1: 
 
The path loss in case 1 of scenario 2 is modeled with the modified combined model for the 
corridor-room class (a), Section 2.4.  
 

• Section 1 (< � 1) 
 
The path loss at section 1 is modeled with the modified combined model for the corridor-room 
class, Section 2.4. Equations (10) and (16) while < = 1 and ��RAA = �I describe the combined 
model by �?. The parameters used in modelling the path loss in section 1 are S = U_"VV�

U_�V""  , 1_��II 

and A\0 whose values are presented in Table 4.  
 
 

• Section 2 (< = 2) 
 
In section 2, the propagation is not only corridor propagation but there is also a direct 
propagation path that passes the outer walls of the building. When the transmitter is located in 
section 2 of the corridor, there is a direct propagation path between the transmitting and the 
receiving antenna (Figure 6). This direct propagation can be modeled by Keenan-Motley model 
as it is discussed in Section 2.4.  
 
The modified combined model for the corridor-room class �4`,�"  is used for modeling the path 
loss in section 2. Equation (10) while < = 2 defines the contribution of the combined model for 
the corridor-room class (ΙΙ) by �,. The contribution of the Keenan-Motley model is defined by �34. The values of =?��, �?�� and @? are previously calculated in scenario 1 and the corresponding 
loss is given by 
 

� =,�� =  =?�� + �?�� @?�,�" =  �?�� + =,�� A?[ A\0?>[ Y         (30) 

�34��� = ������ + 2�5   (31) 

 

�4`,�" = −10��10�10>��.�2� + 10>�����2 ��  (32) 
 
 
Table 4 illustrates the parameters estimated in the modified combined model for the corridor-
room class (a) to get the least standard deviation error. 
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The measured path gain versus Euclidean distance of scenario 2 case 1 is shown with red dots in 
Figure 18. The solid blue line in section 1 represents the combined model for the corridor-room 
class �?. The solid blue line in section 1 also shows the modified combined model for the 
corridor-room class. The solid blue line in section 2 is defined by the combined model for the 
corridor-room class �,. The dashed blue line in section 2 illustrates the modified combined model 
for the corridor-room class �4`,�" .  
 
 
                                                        ̂ i�gj�1 1 �< � 1�                    ̂i�gj�1 2 �< � 2� 
 
  

 
 

Figure 18: Path gain versus distance (Scenario 2 case 1 with Rx1) 

Table 6 presents the standard deviation error (26) and the mean error (25) discussed in Section 
2.6.1 for the combined model and the modified combined model for the corridor-room class. 
According to the standard deviation errors, there is improvement in the performance of the 
modified combined model compared to the combined model. 
 
As explained in Section 3.2.1, the PDP may be used to identify different propagation 
mechanisms. Having analyzed the PDP it is concluded that the contribution of the direct 
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propagation path is significant which is demonstrated in Fig. 19. The corridor propagation path is 
marked with a green line and the direct propagation path is marked with a pink line. Wave 
guiding by the corridor results in propagation path lengths proportional to the walking path 
distance. After the turning point around 70 m the direct path length becomes significantly smaller 
than corridor wave guided path length.  

 
Figure 19: Propagation paths (Scenario 2 case 1 with Rx1) 

Figure 20 shows the separated path gains of corridor propagation path and direct propagation 
path derived from Figure 19. The total propagation is the summation of both corridor and direct 
propagation paths. The red line in Figure 20 shows that the power level of the direct propagation 
path is significant. This contribution is well suited for Keenan-Motley modeling. The green line 
is the corridor propagation path and the black line is the summation of both corridor and direct 
propagation path (Figure 20). 
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Figure 20: Path gain versus distance (Scenario 2 case 1 with Rx1) 

 
2. Scenario 2 case 2: 

 
In scenario 2 case 2 the main contributions to the received power are provided by corridor 
propagation paths and outdoor propagation paths. Consequently, the modified combined model is 
suitable. The path loss of each section is obtained as follows. 
 

• Section 1 (< � 1) 
 
In section 1 the combined model is sufficient. The corresponding loss �? is given by expressions 
(10) and (16) defined in Section 2.3 while < = 1 and ��RAA = �I.  
 

• Section 2 (< = 2) 
 
In section 2 the modified combined model is required to take outdoor propagation into account. 
Here the receiver antenna is located in a room on the left side of the corridor. The outdoor 
propagation is due to the reflection from the outdoor buildings that are located at the left side of 
the office building. The power received from outdoor propagation in section 2 is modeled by ��7 = −117 dB additional relative power according to Fig. 21 and the resulting path loss is 
given by 
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� =,�� �  =?�� + �?�� @?�,�" =  �?�� + =,�� A?[ A\0?>[ Y         (33) 

��7 = −117   (34) 

�� = −10��10�10>��.�2� + 10>�����2 ��  (35) 
 
Equation (10) defines the contribution of the combined model for the corridor-room class (ΙΙ) 
while < = 2 and it is illustrated by �,. @? is previously calculated in scenario 1 and the modified 
combined model is defined by ��.  
 
The parameters estimated in modeling scenario 2 case 2 in order to get the least standard 
deviation are shown in Table 4. 
 
The measured path gain versus Euclidean distance is presented with red dots in Figure 21. The 
red dots show the total measured path gain. The green dots and the black dots represent the 
indoor propagation path and the outdoor propagation path respectively. The propagation paths are 
separated using the power delay profile discussed in Section 3.2.1. 
 
The solid blue lines in section 1 and 2 are modeled with the combined model for the corridor-
room class. The solid blue lines in section 1 and 2 are representing �? and �, respectively. The 
dashed blue line in section 2 is modeled with ��.  
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 ^i�gj�1 1 �< � 1�                     ^i�gj�1 2 �< � 2� 
    
 

 
Figure 21: Path gain versus distance (Scenario 2 case 2 with Rx3) 

Table 6 illustrates the standard deviation error (26) and the mean error (25) discussed in Section 
2.6. According to the standard deviation errors, when the outdoor propagation path is considered 
in the combined model there is an improvement in the performance of the model. 
 

4.2.3 Scenario 3 
 
In scenario 3 room-room measurements are performed. The transmitting and the receiving 
antennas are dipoles in separate rooms. The receiver antenna is Rx1 and the positions of the 
mobile transmitter in the rooms are marked with stars in Figure 15. The procedure of the 
measurement is described in Section 3.7 and Fig. 15. 
 
In this scenario the modified combined model is needed to accurately model the path loss, 
Section 2.4 (b). The specific modeling of each section is given as follows.  
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• Section 1 (< � 1) 
 
The path loss of section 1 is modeled with the modified combined model for the room-room class �4`?"" . Equation (10) and (20) show the contribution of the combined model for the room-room 
class (ΙΙΙ) for < = 1 and it is defined by �?. �7 accounts for the contribution of the direct path by 
using the Devasirvatham model. 
 �7��� = ������ + 6�   (36)  

�4`?"" = −10��10�10>����2�    + 10>����2 ��   (37) 
 
 

• Section 2 (< = 2) 
 
In section 2, the path loss is modelled with the modified combined model for the room-room 
class �4`,"" . The contribution of the Keenan-Motley model is defined by �34. Equation (10) 
defines the contribution of the combined model for the room-room class (ΙΙΙ) for < = 2 and it is 
shown by �,. @? is previously calculated in scenario 1.  
 
 

� =,"� =  =?"� + �?"� @?�,"" =  �?"� + =,"� A?[ A\0?>[ Y        (38) 

 �34��� = ������ + 2�5   (39) 

�4`,"" = −10��10�10>��.�2�   + 10>�����2 ��  (40) 
 
Table 4 illustrates the values of the parameters 1_��II, S = U_"VV�

U_�V"" , T = U_"VV�_"VV�
U_�V"" , A\0, 6 and 

�5 estimated in the modified combined model for room-room class (b) to get the least standard 
deviation error. The angle dependency is not considered here since the corresponding definition 
of nodes is not straight forward. Therefore, the model fits well while @D0 = 1 and G = 0 in (12).  
 
The measured path gain versus Euclidean distance is plotted in Figure 22 by red dots.  In Figure 
22 the blue line is the combined model for the room-room class (ΙΙΙ). The solid blue line in 
section 1 is defined by �? and the solid blue line in section 2 is defined by �,.The green line is 
the modified combined model for the room-room class (b). The solid green line in section 1 is 
defined by �4`?""   while the solid green line in section 2 is defined by �4`,"" . 
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 Ai�gj�1 1 �< � 1�         ̂ i�gj�1 2 �< � 2� 
 
   

 
 

Figure 22: Path gain versus distance (Scenario 3 with Rx1) 

 
Table 6 presents the standard deviation error (26) and the mean error (25 )discussed in Section 
2.6.1 for the combined model and the modified combined model for the room-room class. 
According to the standard deviation errors, there is improvement in the performance of the 
modified combined model compared to the combined model. 
 

4.2.4 Scenario 4 
 
Scenario 4 describes the corridor-corridor propagation class using leaky cable as receiver. In 
scenario 4, the receiver antenna is a 40 meter RFS LCX installed 20 cm below the suspended 
ceiling and the mobile transmitter follows the routes along the corridor as shown in Figure 16. 
The detail of the measurement is explained in Section 3.7. 
 
The path loss along the extension of the leaky cable is modeled with the leaky cable model 
(Section 2.5.3) and the path loss outside the extension of the leaky cable is modeled with the 
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combined model for the corridor-corridor class (Ι), Section 2.3. The two models used in modeling 
the path loss in scenario 4 are as follows. 
 

o The leaky cable model 
 
The model used in modeling the path loss along the 40 meters extension of the cable is the leaky 
cable model, equation (22), Section 2.5.3.  
 
The routes indicated with the red lines in Fig. 16 are parallel with the cable at a distance of 1.5 
meters. Furthermore, the parameters estimated in the leaky cable model are shown in Table 5.  
 
There is no blockage between the leaky cable and the transmitting antenna in scenario 4. Thus, 
the loss due to the blockage �d is zero. Finally, the parameters n and �� are defined based on the 
measurement data. The longitudinal loss b is defined from an internal research paper of Ericsson.  
 

o The combined model 
 
The measured path loss outside the extension of the leaky cable is modeled with the combined 
model for the corridor-corridor class (Ι). The combined model used for scenario 4 is similar to 
scenario 1. Only the parameter, reference distance �0 has different value.  
 

• Section 1 (< � 1) 
 
Section 1 (in the combined model) starts from the end of the leaky cable and ends at the corner 
where section 1 and 2 meet each other. In section 1, the combined model used for scenario 4 is 
similar to scenario 1, section 1. The distance of section 1 is A0 ranges between 0 and 30 meters 
and the reference distance is �0 = 1.5 W. The parameters used in the model are shown in Table 
4. 
 

• Section 2 (< = 2) 
 
In section 2, the combined model used is similar to scenario 1, section 2. The only difference is 
the reference distance �0 = 1.5 W and the parameters used in the model. The parameters 
estimated in the combined model for the corridor-corridor class (Ι) of scenario 4 are shown in 
Table 4. 
  
The difference between the parameters in the combined model of scenario 1 and 4 is due to the 
diffraction angle loss. The propagation angle of the leaky cable in scenario 4 is different from the 
dipole in scenario 1, Section 3.6.  
 
The measured path gain versus Euclidean distance is plotted in Fig. 23 for both the LCX and the 
dipole as receivers. In Figure 23, red dots and the red solid lines are illustrating scenario 1 
measurement data and the combined model for the corridor-corridor class respectively (Section 
4.2.1). The solid blue lines show the modeling in scenario 4 while the blue dots are presenting the 
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measured path gain in scenario 4. The path loss in the first 40 meters path adjacent to the leaky 
cable is modeled by the leaky cable model �\`a. The path loss out of the extension of the leaky 
cable is modeled with the combined model for the corridor-corridor class (Ι). 
 
 
                              (�i �iR=h �R��i W��i�           (�i ��W�j1i� W��i�  
                                             ����i �j1i�                       ����i �j1i� 
                                                            

 

 
Figure 23: Path gain versus distance (Scenario 4) 

 
The average received power of the LCX is more even while the mobile transmitting antenna is in 
the proximity of leaky cable (in the first 40 meters). Outside the extension of the leaky cable the 
power goes down significantly. This property enables substantial cell isolation i.e. reduced 
interference outside the cell coverage which is not possible when dipole antennas are used. More 
lateral coverage and less interference are the two advantages of using leaky cable as an indoor 
base station antenna. 
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4.2.5 Scenario 5 
 
According to Table 3, scenario 5 describes the corridor-room propagation class. The procedure of 
the measurement in scenario 5 is explained in Section 3.7. 
 
In scenario 5, the path loss along the extension of the cable is modeled with the leaky cable 
model (Section 2.5.3). The path loss outside the extension of the leaky cable is modeled with the 
modified combined model for the corridor-room class. 
 

o The leaky cable model 
 
The model parameters of scenario 5 are similar to those used in scenario 4 as shown in Table 5. 
 
The rooms indicated with stars in Fig. 16 are parallel with the same radial distance to the axis of 
the leaky cable. Hence, the distance between the cable and the transmitter e is 5 meters. The 
doors of the rooms between the leaky cable and the transmitting antenna in scenario 5 are closed 
during the measurements. Thus, the loss due to the blockage �d is considered to be 4 dB. The 
value of the parameters 1, �d and �� are defined based on the measurement data.  
 

o The modified combined model for the corridor-room class 
 

 
• Section 1 (< � 1) 

 
Section 1 starts from the end of the leaky cable and ends at the corner where section 1 and 2 meet 
each other. The measured path loss outside the extension of the leaky cable in section 1 is 
modeled with the modified combined model for the corridor-room class (ΙΙ). The receiver is 
inside the corridor and the transmitter is inside the room, therefore (18) and (19) are used. 
 
The path loss in section 1 is �? which is previously shown in equation (10) for < = 1 and ��RAA = I�. A0 in equation (18) is the distance the transmitting antenna has travelled in section 1 
that ranges between 0 to 30 meters (Fig. 16). ���0� is the free space path loss defined in equation 
(11) with the reference distance �0 = 1.5 W. The parameters used in section 1 is 1_��II, 
S = U_"VV�

U_�V""  and A\0whose value are presented in Table 4. 

 
 

• Section 2 (< = 2) 
 
The path loss in section 2 is modeled with the modified combined model. In section 2, the 
propagation is not only corridor propagation but there is also a direct propagation path that passes 
the outer walls of the building. When the transmitter is located in section 2 of the corridor, there 
is a direct propagation path between the transmitting and the receiving antenna (Figure 6). This 
direct propagation can be modeled by Keenan-Motley model as it is discussed in Section 2.4.  
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The modified combined model for the corridor-room class �4`,"�  is used for modeling the path 
loss in section 2. The contribution of the combined model is defined by �, in equation (10) and 
(19) while < � 2 and ��RAA = I�. The contribution of the Keenan-Motley model is defined by �34.  
 
The values of �?"� is calculated in (18) while =?"� = 1.  A? is the distance between the corner node, 
where sections 1 and 2 are joined, and transmit antenna in section 2 and ranges from 0 to 34 
meters (Fig. 16). ���0� is the free space path loss with the reference distance �0 = 1.5 W as 
described in equation (11). In scenario 1, @? is previously calculated. The parameters used in 
section 2 are 1_��II, @D0, �5 and  G whose value are presented in Table 4. 
 
 �34��� = ������ + 2�5   (41) 

�4`,"� = −10��10�10>��.�2� + 10>�����2 ��  (42) 
 
 
The measured path gain versus Euclidean distance is plotted in Fig. 24 for both the LCX and the 
dipole as receivers. The blue dots are the measured path gain in scenario 5. The solid blue lines 
show the modeling in scenario 5.The path loss in the first 40 meters path adjacent to the leaky 
cable is modeled by the leaky cable model �\`a that is marked with a solid blue line. The path 
loss out of the extension of the leaky cable is modeled with the modified combined model for the 
corridor-room class �? and �4`,"�  that are shown by solid blue lines.  
 
In order to compare with dipole antenna deployment the corresponding measurement data and 
model are also plotted in Fig. 24 (red stars and red solid line). The corresponding receiver 
location and transmitter locations are indicated with Rx2 and stars in Fig. 16. 
 
The solid red line is the modified combined model for the corridor-room class similar to solid 
blue lines and with the same parameters in Table 4. Here, the reference distance is �0 = 1W and 
the distance in section 1 is A0 that ranges from 0 to 70 meters. 
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                              (�i �iR=h �R��i W��i�           (�i ��W�j1i� W��i�  
                                             ����i �j1i�                       ����i �j1i� 
                                    
 

 
 

Figure 24: Path gain versus distance (Scenario 5) 

 
 
The characteristics of scenario 5 are similar to scenario 4 but more pronounced i.e. the potential 
benefits of using the leaky feeder regarding coverage and inter-cell interference are even larger.  
 
Tables 4, 5 and 6 define the estimated parameters of all the scenarios. 
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 1_��II 1_I��W 1_I��W_I��W ^\0 @D0  G �5 6 ��7 
Scenario1 2 - - - 0.5 0.6 - - - 
Scenario2 

Case1 
2 3.8 - 7 0.15 0.4 15 - - 

Scenario2 
Case 2 

2 3.8  
- 

4 0.8 0.1 - - 117 

Scenario3 2 3.8 3.9 2 1 0 10 0.606 - 
Scenario4 2 - - - 0.6 1 - - - 
Scenario5 2 3 - 1 0.8 0.1 13 - - 

Table 4: The estimated parameters for the combined model and the modified combined model 

 
 b �� �d 1 e 

Scenario4 0.25 54 0 1 1.5 
Scenario5 0.25 54 4 1 5 

Table 5: The estimated parameters for the leaky cable model 

 
 Combined model Modified combined model bk −  6k   Scenario1 2.9-2.7 - bk − 6k    Scenario2 

           Case1 
5.4-2.1 4.09-0.4 

bk −  6k   Scenario2 
           Case2 

6.1-3.07 2.8-0.08 

bk −  6k  Scenario3 19.6-16.2 4.4-0.4 
Table 6: The standard deviation errors 

 

4.3 Conclusion 
 
The measurements and the models presented in this chapter are compared and analyzed in 
MATLAB. The aim is to improve present empirical modeling by complementary additions. 
These additions are evaluated by comparisons with measurement data. The comparison of model 
error for the different modeling approaches is a good tool for showing model improvements. The 
modified model has a better performance compared to the combined model. In the modified 
model direct and outdoor propagation have also been taken into account for improving the 
accuracy. The power delay profile has helped to distinguish different propagation paths.  
 
Further, the path loss using leaky cable as receiver is modeled and parameterized. The present 
study has shown that it is possible to achieve significant suppression of leakage of received 
power between the coverage areas of separate leaky cables in the same straight corridor segment. 
This is in contrast to dipole antenna deployment where no clear cell border is observed. 
Moreover, the power level is much more even and the lowest level is much higher, within the 
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coverage area, when leaky cables are used. Altogether the present study indicates that leaky cable 
deployment enables better coverage and interference properties than dipole antenna deployment.  
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5 Conclusion and Future Work 

5.1 Summary  
 
 
In this master thesis, electromagnetic wave propagation is investigated with the emphasis on 
indoor environments. Indoor wave propagation is studied at 2.4 GHz in an office building. This 
indoor environment is a furnished office building with straight corridors, turnings and rooms. 
Empirical modeling is used in this study in order to characterize the indoor propagation. The 
evaluated modeling is based on combinations of following existing empirical models: the power 
law model, the Devasirvatham model, the Keenan-Motley model, the recursive model, the 
combined model and the leaky cable model.  
 
The recursive method is designed for street microcell path loss calculations and the combined 
model is the combination of the power law model and the recursive model making possible 
modeling of loss in complex indoor environments. In this master thesis, the combined model has 
been modified by adding the contribution of the Keenan-Motley model, the Devasirvatham 
model and outdoor propagation. The modified combined model takes into account the 
contribution by modeling obstructions along the direct path and scattering outdoors 
 
The accuracy of the combined model and the modified combined model is evaluated by means of 
measurements in an office building. The measurements are conducted by sending and receiving a 
signal in the office building and storing wideband frequency domain channel samples. The 
models are parameterized by fitting the model to the measurements data.  
 
Moreover, the usage of leaky cable as radio access antenna in an office building has also been 
investigated. The comparison between a point source and a leaky cable is made. The results show 
that the received power from a leaky cable regarding the UE locations is more even compared to 
a point source. Therefore, using leaky cable can give more equal service to all the users in an 
indoor environment. Moreover, the interference caused by leaky cable deployment for out of the 
cell coverage area is less compared to a dipole antenna deployment.  
 
The propagation from the radiated-mode leaky cable inside a building is modeled for both the 
corridor-corridor class and corridor-room class. The leaky cable model is evaluated and 
parameterized based on the measurement data.  
 

5.2 Future Work 
 
The following can be considered as future work. There is always an increase of the signal power 
when the transmitting antenna gets close to the end of corridor at the first section according to the 
results. Research activities are required in the area of better improving the fit between empirical 
model and the measurements. 
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7 Appendix Ι 
 

In Appendix Ι, the pictures of the corridor in section 1 is illustrated. Figure 25 displays the 
beginning point of the measurements which starts from the input of the leaky cable. Figure 26 
shows the input of the leaky cable and how far it is installed below the ceiling. Figure 27 
shows the middle of the corridor in section 1. Figure 28 displays the end of the leaky cable 
and the end of the corridor in section 1. Figure 29 illustrates the end of the leaky cable. The 
end of the leaky cable is matched with a 50 ohm resistance. Figure 30 shows the end of the 
corridor in section 1. Figure 31 displays the corridor in section 1 on the other way around. 
This is the picture of the corridor in section 1 from the end of the leaky cable to the beginning 
of the leaky cable. 

 

 
 



            56 
 

Kungl Tekniska Högskolan                                                                                   Ericsson Research  
SE-100 44 Stockholm                                                                                          Kista  Stockholm 

Figure 25: The beginning of the leaky cable in corridor 

 

 
 

Figure 26: Input of the leaky cable 
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Figure 27: Middle of the corridor 
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Figure 28: End of the leaky cable in corridor 

 



            59 
 

Kungl Tekniska Högskolan                                                                                   Ericsson Research  
SE-100 44 Stockholm                                                                                          Kista  Stockholm 

 
 
 
 
 

 
 
 

Figure 29: End of the leaky cable terminated with a matched load of 50 ohm  
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Figure 30: End of the corridor in section 1 

 
 

Figure 31: Picture of the corridor in section 1 from end to start 


