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ABSTRACT 

 
 

This thesis is a project carried out at the “Centre for RF measurements 

Technology“at the University of Gävle. The first aim was basically the 

characterization of different industrial indoor environments to get a model that 

describes dispersive features of each environment. 

 

The results of previous measurements campaign on three industrial 

environments as steel mill, storage paper and industrial process mill are used. Also 

new Power Delay Profile (PDP) on corridor and laboratory has been developed. 

 

Measurements for three frequency bands are done (183-683 MHz, 1640-

2140MHz and 2200-2700MHz) and for line-of-sight (LOS) and non-line-of-sight 

(NLOS) industrial and laboratory scenaries cases are presented. 

 

All these models have been compared with other existing models as Saleh-

Valenzuela Model, Two Cluster Model and Indoor Power Delay Profile Model (IPDP 

Model) and fit-line, typical deviation are shown. 

 

Finally we present a study of the different systems used in the industry and the 

best suited system to the conditions is chosen. 
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1     INTRODUCTION 
 

The demand of wireless communication has grown extremely in the last 10 

years. Infinite applications in the industry require using wireless communication. 

Sometimes the use of this technology in sever communicative environments make 

impossible the work of these wireless systems. Specially in industrial environments 

were the huge structures and the presence of many metallic components produces 

the creation of large amount of reflections. These reflection can degrade the signal 

and reduce the capabilities of the system, in some cases making impossible the 

communications. 

 

 In order to solve the problems which could appears in these situations and 

environments, the RMS Delay spread has been studied in this thesis with the 

purpose to find the best system to use for each different environment, depending on 

this parameter. 

 
 The system used to measure the RMS Delay, and consequently the 

Bandwidth Coherence, was a Vector Network Analyzer (VNA), a personal computer 

with Matlab Software, and omnidirectional antennas.  

 
 The procedure was divided in some steps. The first steps include those 

parameters which are necessaries from send the signal from the transmitter, until to 

draw the PDP for that signal in the Matlab application. The following steps were to 

process the measurements taken, and create one propagation model for each 

environment from these measurements and compare them with two existing models: 

Saleh-Valenzuela and two-cluster model. In these results can be seen how the RMS 

Delay behaves in different ways provaiding results totally different, depending on the 

kind of environment. Later, environments are compared between them using a 

simulation for the IPDP model. 

 
 Finally, we conclude our thesis comparing the results given by our study with 

the different systems used today for wireless communication, with the purpose of 

select the system that satisfy the specifications imposed by the RMS Delay. 

Moreover, some future works and experiments to expand the way started in this 

thesis are presented. 
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2     GOALS 

 

The main goal of this thesis deals about, to design an unified propagation 

model for different industrial environments. The results of these measurements are 

showed with tables and graphs obtaining the RMS Delay found for them.  

  

For develop the RMS Delay measurement system, a VNA, a PC with Matlab 

and two omni-directional antennas are used. 

 

The RMS Delay obtained from each propagation model designed is compared 

with real measurements, and the results obtained from the Saleh-Valenzuela and 

two-cluster model. The goal of this section is to see if our model is close to the 

measured values and to the simulation of both models studied here. Once we have 

studied the environments in a separate way, we will study them together using the 

IPDP model. The purpose of this part is to see how the surfaces properties of each 

environment affect to the impulse response. 

 

The worst RMS Delay obtained from each environment is used in the last 

section. The communication system that could be used in those environments 

without it cause ISI will be presented, in order to achieve a good communication. 
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3 THEORY 
 
3.1 Time Dispersion Parameters 
 

 When a signal is transmitted, this signal can suffer a distortion caused 

by reflections and scattered propagation paths in the radio channel, and these 

phenomena cause that an identical signal arrives at different times at its destination. 

These different times are due that to the signal arrives via multiple paths and in 

different incident angles. The time difference between the arrival moment of the first 

multipath component and the last one is called delay spread. In digital systems, the 

delay spread causes intersymbol interference, hence it limits the maximum symbol 

rate of a digital multipath channel. 

 

In order to compare different multipath channels and to develop some general 

design guidelines for wireless systems, some parameters are used to quantify the 

multipath channel. Some of these multipath parameters are the mean excess delay, 

RMS Delay Spread, and maximum excess delay, and can be determined from a 

power delay profile, in the way shown in figure 1) [25]. However, the mean excess 

delay and the RMS Delay Spread are frequently used to quantify the time dispersive 

properties of wide band multipath channels. 

 

 
Figure 1. Power Delay Profile (PDP). 
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3.1.1 Power Delay Profile (PDP) 
 

The power delay profile (PDP) shows the arrival time of the different ray-paths 

versus its received power, between the transmitter and the receiver selected. 

Usually, the arrival time is given in [ns] and the received power is given in [dBm]. 

These times are given relative to the arrival time of the Line-of-Sight (LOS). 

 

With the Power Delay Profile is easy to extract some channel’s parameters 

such as the Mean Excess Delay or the Delay Spread. 

 
-  Mean Excess Delay 
 
 The Mean Excess Delay is the first moment of the power delay profile (PDP) 

and is defined by [2] 
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-  RMS Delay Spread 
 

 

The root-mean-square (RMS) delay spread is probably the most important 

single measure for the delay time extent of a multipath radio channel. This parameter 

calculates the standard deviation value of the delay of reflections, weighted 

proportional to the energy in the reflected waves. This parameter can be considered 

like the square root of the second central moment of the power delay profile and is 

defined by [2] 
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We must take into consideration that these delay are measured relative to the 

first detectable signal arriving at the receiver at 0τ = 0. and their equations do not rely 

on the absolute power level of P(τ ), but only the relative amplitudes of the multipath 

components within P(τ ). 

 

Delay spread in time causes ISI, in which there is time dispersion of the signal. 

The time dispersion sets a limit on the speed at which modulated symbols can be 

transmitted in the channel. Because of the dispersion, symbols can collide and result 

in distorted output data. In this type of fading, the differences in delay between the 

various reflections arriving at the receiver can be a significant fraction of the data 

symbol interval, establishing conditions for overlapping symbols. 

 

-  Maximum Excess Delay (X dB) 
 
 

The maximum excess delay (X dB) of the power delay profile is defined as the 

time delay value after which the multipath energy falls to X dB below the maximum 

multipath energy (not necesarily belonging to the first arriving component). It is also 

called excess delay spread, but in all cases must be specified with a threshold that 

relates the multipath noise floor to the maximum received multipath component. 

 

The values of these time dispersion parameters also depend on the noise 

threshold used to process P(τ ), and if this noise is set too low, then the noise will be 

processed as multipath and thus causing the parameters to be higher. 
 

In table A) the most common values, for several environments, are shown. 

There we can see how the RMS Delay varies from few nanoseconds in indoor 

environments, like an office building, to few tens of microseconds, as in the urban city 

of San Francisco, which is the worst case, or few microseconds as in the New York 

city. 
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Environment  

Frequency 
(MHz) 

RMS Delay 
Spread ( τσ ) 

 
Notes 

 
Reference 

Urban  910 1300 ns avg. 
600ns st.dev. 
3500 ns max. 

New York City [Cox75] 

Urban  892 10-25µs Worst case San 
Francisco 

[Rap90] 

Suburban  910 200-310ns Averaged typical 
case 

[Cox72] 

Suburban  910 1960-2110 ns Averaged extreme 
case 

[Cox72] 

Indoor  1500 10-50 ns 
25 ns median 

Office Building [Sal87] 

Indoor  850 270 ns max. Office Building [Dev90a] 
Indoor  1900 70-94 ns avg. 

1470 ns max 
Three San 
Francisco 
Buildings 

[Sei92a] 

Table A 

 

 
3.1.5  Coherence Bandwidth 
 
 Coherence bandwidth is a statistical measure of the range of frequencies over 

which the channel can be considered “flat”. Coherence Bandwidth is used to 

characterize the channel in the frequency domain, in an analogous way, as the delay 

spread parameters do in the time domain. 

 

If we define Coherence Bandwidth (BC) as the range of frequencies over 

which the frequency correlation is above 0.9, then  

 

1

50cB
τσ

=
        (4)

 

 

If we define Coherence Bandwidth as the range of frequencies over which the 

frequency correlation is above 0.5, then 

 

1

5cB
τσ

=
       (5)
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The coherence bandwidth of the channel gives a good indication about the 

frequency variations of the channel in relation to the bandwidth of the transmitted 

signal. We can have two different cases, depending on this bandwidth. If a signal 

with a bandwidth larger than Bc is transmitted through the channel, it will be subject to 

frequency selective distortion. The channel will be, in this case, referred to as a 

frequency selective fading channel. However, if the signal transmitted has a 

bandwidth considerably less than Bc, it will experience amplitude attenuation only 

with no distortion since the channel characteristics will be the same all over the 

spectrum of the signal. In this case the channel is referred to as a frequency non-

selective (flat) fading channel. 

 

 

3.2  Channel Parameters 

 

3.2.1 Symbol Rate 

 In telecommunications and electronics, baud is synonymous to symbols per 

second or pulses per second. It is the unit of symbol rate, also known as baud rate or 

modulation rate; the number of distinct symbol changes (signaling events) made to 

the transmission medium per second in a digitally modulated signal or a line code. 

The baud rate is related to but should not be confused with gross bit rate expressed 

in bit/s. 

The symbol duration time, also known as unit interval, can be directly 

measured as the time between transitions by looking into an eye diagram of an 

oscilloscope. The symbol duration time Ts can be calculated as: 

    �� = �
��

        (6) 

where fs is the symbol rate.  

The symbol rate is the rate of state changes on a communications circuit. 

Circuits then use different modulation techniques to carry multiple bits per symbol. If 

the circuit is limited to two different tones, the first tone can represent a 0 and the 
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second tone can represent a 1. In this circuit, the symbol rate is the same as the bit 

rate. 

If the circuit can carry four different tones, then the tones can be used to 

encode twice as many bits per symbol. In this circuit, the bit rate is now twice the 

symbol rate. Using more tones allows more bits per second (bps) to be squeezed out 

of every symbol, but this also requires higher quality circuits. If the circuit is not high 

enough quality, the number of retransmissions will cause the circuit to be slower than 

with a lower number of tones. 

The algorithm chosen to do the modulation will determinate the choice of how 

many tones will be used. Thus, QPSK modulation uses four tones, while 8-PSK 

modulation uses eight tones. In the satellite world, the use of 4 tones is standard, 

while in the cable television world, the higher quality transmission medium enables 

64QAM modulation to be the standard. 

 

3.2.2  Bit Rate 

 

 The term bit rate is used in telecommunications and in computed field to refer 

the number of bits that are transmitted or processed per unit of time. This term can 

be written as bit rate, data rate or as a variable fb or R. The way to quantify it is using 

bits per second. 

  

3.2.3  Intersymbol Interference 

 

 There are two different types of fading, small-scale fading and large-scale 

fading. The large-scale fading is due to shadowing of the transmitted signals by large 

obstructions, and it explains the behaviour of the signal in distances much larger than 

the wave length. In the other hand, the small-scale fading is due to multi-path 

propagation and it explains the behaviour of the signals comparable to the wave 

length. The small-scale fading can be based on multipath time delay spread or on 

Doppler spread. The multipath time delay spread leads to time dispersion and 
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frequency selective fading, and Doppler spread leads frequency dispersion and time 

selective fading. 

 

 Depending on the signal parameters, the channel parameters and the relation 

between them, the different signals will suffer different types of fading. These effects 

and these types or fading can be seen in figure 2). 

 

 
Figure 2. Types of fading depending on the signal parameters. 

 

 When Delay Spread is larger than the symbol duration, each transmitted 

modulated symbol will experience interference from neighbouring transmitted 

symbols. This interference is called intersymbol interference. On the other hand, if 

the symbol duration is long compared to the delay spread, the intersymbol 

interference will become negligible [30]. 

 

 ISI caused by multipath in band limited time dispersive channels distorts the 

transmitted signal, causing bit errors at the receiver. ISI is the major obstacle to high 

speed data transmission over mobile radio channels [25].  
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3.4    Indoor Propagation Model 
 

The most basic model of radio wave propagation involves so called "free 

space" radio wave propagation. 

 

Real world radio propagation rarely follows this simple model. The three basic 

mechanisms of radio propagation are attributed to reflection, diffraction and 

scattering. All three of these phenomenon cause radio signal distortions and give rise 

to signal fades, as well as additional signal propagation losses. 

 

Indoor propagation channel are different from the outdoor owing to the fact 

that the distances covered are much smaller and the distance between transmitter 

and receiver is shorter due to high attenuation caused by the large dependent of this 

model by placement of walls, partitions within buildings and furniture. 

 

The propagation inside a building is influenced by: 

 

-Layout of the buildings. 

-Construction materials 

-Building type: residential home, retail stores, factory… 

 

  The considered propagation model is divided into four groups, but we only 

going to consider deterministic models because the other models is based in path 

loss and in our project this isn’t our goal, the basic difference between the empirical 

and deterministic models is shown in the figure 3). 

 

Figure 3. Difference between the empirical and deterministic models. 
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Deterministic Model assumes straight propagation from transmitter to receiver 

without take in account obstacles such as buildings or walls. 

 

• Advantages: Excellent accuracy with effects such as waveguide 

• Disadvantage: Excessive computation time (in the order of hours) 

 

In the other hand, Empirical Model describes wave propagation between 

transmitter and receiver by different rays that are subject to reflection, scattering and 

diffraction at walls and edges of buildings or others obstacles that is our main goal to 

study. 

  

• Advantages: Has a short calculation time. 

• Disadvantages: limited accuracy  

 

 

In next section, three statistical models for UWB (Ultra Wide Band) will be 

compared: Saleh-Valenzuela, Two cluster and IPDP model. 

 

 

3.4.1   Statistical Models 

 

3.4.1.1  Saleh-Valenzuela Model  

 

This model was based upon observations from experimental data where 

it was noted that rays tended to arrive in closely spaced groups, or in clusters. It was 

concluded that the inter-arrival times of the rays within a cluster are exponentially 

distributed and the inter-arrival times of the clusters have Poisson distribution. 

 

Let the arrival time of the lth cluster be denoted by Tl,  moreover, let the arrival 

time of the kth ray measured from the beginning of the lth cluster be denoted by Tkl. By 

definition, for the first cluster, T0 = 0, and for the first ray within the lth cluster, T0l= 0. 
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Thus, according to our model, Tl and Tkl are described by the independent inter-

arrival exponential probability density functions. 

 

   ���	|�	��� = exp�−Λ�T� − T�����,                            l>0             (7) 

 ����	�������	� = �exp�−λ�τ�� − τ�������� ,                k>0              (8) 

 

Thus, the mathematical expression for low-pass impulse response of the 

channel in this model is: 

 

 ℎ� � = ∑ ∑ "�	#$%&'∞�()∞	() *� − �	 − ��	�     (9) 

where: 

 

L : Number of clusters of scatterers,  

K : Number of echoes in each cluster, 

βkl : Gain of the kth ray of the lth cluster and its phase is θkl; is given by 

   "+�	,,,,,, = "+�0,0�,,,,,,,,,, ∗ exp 0�12
Г

3 ∗ exp �τ52
γ

�        (10) 

 "+�0,0�,,,,,,,,,, is the average power gain of the first ray of the first cluster, and Г 

and Ɣ are power-delay time constants for the clusters and the rays, respectively. 

 

Where 

    "+�0,0�,,,,,,,,,, = �6����7�19�:�;        (11) 

 

G(1m)  is given approximately by equation 12, with r=1. 

 

  
<=>?

<@=ABC
= 7D ∗ 7E F GH

�I∗J∗E�K
+
       (12) 

 

If the channel model takes into account a clustering effect in the arrival 

times of the multipath components (like the S -V model), the power delay profile of a 

UWB channel is usually approximated as: 
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    LM∣ O�,	 ∣+P ∝ R	 exp S�τ5,2
γ2

T exp ��U
V �                (13) 

 

Here Ω1 is the average power of the first multipath component, and Γ  

and γ1 are the decay constants of the clusters and of the echoes inside the clusters, 

respectively. The inter-cluster decay time constant Γ is typically around 10-30 ns. The 

cluster decay rates γ1 depend on the delay of the cluster. A possible solution is to 

prescribe a linear increase of γ1 with the cluster delay: 

 

     6	 ∝  WX�	 + 6)        (14) 

Where γ0 and kγ are constants. Furthermore, the decay time constants 

show a dependence on the distance. It can also show random variations from 

building to building, and even between measurement points within one building. 

 

Eq.(1) describes the so-called average power delay profile (APDP) of a 

UWB channel (also dubbed small-scale averaged power delay profile, SSA-PDP), 

evaluated as a spatial or a temporal average of multiple power profiles. A statistical 

description of the local power delay profile (also called multipath intensity profile, 

MIP) requires the introduction of a stochastic process expressing the deviation of the 

received power from its average.                                                                                                                      

With all of this we have a model that the rays of the received signal arrive 

in clusters. The receiver ray amplitudes are independent Rayleigh random variables 

with variances that decay exponentially with cluster delay as well as with ray delay 

within a cluster. The clusters, as well as the rays within a cluster, form Poisson arrival 

processes with different, but fixed, rates. Equivalently, the clusters and the rays have 

exponentially distributed interarrival times. The formation of the clusters is related to 

the building superstructure (e.g., large metalized external or internal walls and doors). 

The rays within a cluster are formed by multiple reflections from objects in the 

vicinities of the transmitter and the receiver (e.g., room walls, furnishings, and 

people) [13]. 

The values for these parameters have been studied by several authors. 

The results of these studies provide the following values: the arrival ray time is in the 
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range between 4-10 ns, the cluster decay time is in the range between 35-60 ns, and 

the best value for the ray decay time is 20 ns. But for the cluster arrival time we found 

that its value varies from a few tens of nanoseconds to 200-300 ns. The reason for 

this effect is in geometrical constraints and surface properties of the environment 

studied [5], [13].  

  

3.4.1.2   Two-cluster model 

 

This model is based in Saleh-Valenzuela model but the channel impulse 

response is generated by two clusters of Poisson arrivals, one delayed t1 ns relative 

to the other. 

The first cluster is generated using {λ1, γ1, σ1} parameters and the 

second cluster is generated using {λ2, γ2, σ2}. 

 

Also, in order to maintain continuity in the decay of energy in the overall 

channel impulse response, the first cluster is weighted higher than the second cluster 

by a factor α. 

 

This model assumes that the path inter arrival times of the two clusters 

are Poisson processes with average arrival rates λ1 and λ2. Therefore the inter-arrival 

times are exponentially distributed. λ1 and λ2 can be estimated using the natural 

logarithms of the PDFs of the observed inter arrival times for the two clusters. 

Similarly the parameters γ1 and γ2 are estimated from the slopes of the average 

energy decay with time. The chosen σ value is the standard deviation of the 

Gaussian fit for this distribution.  

 

In order to ensure that the overall energy variation follows exponential 

decay, the second cluster is weighted (relative to the first cluster) by a factor α-1 , 

where α is larger than unity. This ensures that there is no discontinuity in the 

exponentially decaying energy variation of the final model. Thus all the model 

parameters { λ1, γ1, σ1 , λ2, γ2, σ2} can be estimated [6]. 
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3.4.1.3  IPDP model 

 

This model introduces a simplified model for calculating the Power Delay 

Profile for indoor environments. 

 

Parameters in this model are functions only of volume of the room, surface 

area in rooms and the amount of energy absorbed into the walls. The model 

presented here attempts to predict the PDP for a situation where the room is not 

reverberant, the power levels will be a function of the path lengths the rays travel, as 

well as the power dissipated in the reflecting surfaces.  

 

Most interesting in this model for us is how estimated the PDP, this considered 

that with the power level and delay times of the direct ray and the reflected rays 

determined, the PDP can be modeled [8]. 

 

By initializing the delay time of the direct ray to zero and normalizing the power 

to P0, the power levels at different delay times are approximated by: 

 

 Z[Z = 1               �\ = 0                for n=0    (15) 
  Z[Z = � 

I  XB
\]                   �\ = D?

+  �2 ∗ _ − 1�             for n≠0    (16) 

Where: 

                     n: bounces off reflecting surfaces. 

Υ: Average power reflection coefficient       

α: Average absorption coefficient on the surfaces       (Υ=1-α)             

and Tc is equal to 

      ` = a∗b
c∗�                (17) 

 

The average reflected power calculated in this model assumes that all 

the reflecting surfaces are identical. When different reflecting surfaces are present in 

a room the average power reflection coefficient is calculated as a weighted average 
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of all the surfaces. The effective average absorption and the consequent average 

power reflection coefficient in a room with different reflecting surfaces are given by: 

 

    de�� = ∑ �B  ∗;B
�        (18) 

    fe�� = 1 − de��       (19) 

Where: 

S : Total surface area of the room. 

Sn: Area of surface n. 

αn : Average absorption of surface n. 

 

 

Finally, we can generally consider that the materials are different for 

ceiling and reflecting surfaces, therefore the effective absorption coefficient is given 

by: 

    de�� = dg,� 
���?

� + dc
�?
�        (20) 

Where: 

 

S: Total surface area of the room. 

Sc : Surface area of the ceiling. 

αc : Average absorption coefficient of the ceiling. 

αw,f: Average absorption coefficient of the walls and floor. 

 

IPDP model also can be used to estimate the RMS Delay Spread in 

rooms by: 

 

    �Ehi = jk�D�l�]<l<�D�mDno/]
jk <l<�D�mDn      (21) 

Where: 

 

     [ = k D<l<�D�mD
k <l<�D�mD       (22) 
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It was demonstrated that the IPDP model can be used to predict the decay 

characteristics of the PDP and estimated the RMS Delay spread within a room. The 

IPDP model does not give a detailed description of a room impulse response. The 

intent of this model is to give a global (or average) behavior of the channel for the 

system placed in an arbitrary room location. The advantage of this IPDP model is that 

it is based on simple assumptions. Furthermore, the IPDP model is a time-efficient 

means for approximating the RMS Delay spread and consequent ISI of a specified 

wireless in-room channel. The IPDP model was used to estimate the RMS Delay 

spread and comparison to the measured data show good correlation. 

 

 

3.5    Indoor Environment Categories 

 

 Indoor radio propagation is dominated by the same mechanisms as outdoor, 

i.e., reflection, diffraction and scattering. However, conditions are much more variable 

indoor than outdoor. Hence, is necessary creating some categories, where similar 

environments with similar characteristics can be grouped. The follow classification 

distinguishes the different environments in four different classes:  

 

• Dense . Environments with small rooms, typically an office where each 

employee has one’s own room. This environment is mostly NLOS (Non-line-of-

sight) conditions. 

• Open . Environments with large rooms, typically an office where one room is 

shared by several employees. This environment is mostly LOS (Line-of-sight) 

or OLOS (Obstructed-line-of-sight) conditions. 

• Large . Environments consisting of very large rooms, typically a factory hall, 

shopping centre or airport building. This environment is mostly LOS or OLOS 

conditions. 

• Corridor . Environments where transmitter and receiver are along the same 

corridor. This environment is mostly LOS conditions. 
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4 Measurement setup 
 
 
 The measurement systems consists of a vector network analyzer (VNA), which 

is shown in figure 4), one omni-directional antennas pair, two 15 m coaxial cable with 

low loss and one computer with MATLAB software to control the process. 

 

The antenna pair is a broadband antenna, which works in the band from 

1710 MHz to 6.4 GHz. Each one of these antennas were mounted on a tripod and 

moved in different locations. The height of the tripod was different for the different 

environments: while in factories its height was 1.5 m above the floor, in scenary 2 it 

was 1.2 m above the floor, and in the scenary 1 both heights were used.  

 

 The 15m coaxial cables were used to connect the VNA with the antennas, and 

both were calibrated for each new measurement we had to do. The VNA generates a 

500-MHz broadband signal, obtaining a time resolution of 2 ns, which is needed in 

order to distinguish between two close arriving reflective components.  

 

 
Figure 4. Measurements System. 
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Figure 5 . Vector Network Analyzer used in the measurements system. 

 

With Matlab software, a Graphic User Interface application is implemented, 

which controls the measurement process. The computer with this application is 

connected to the VNA, and it sends parameters for the different measurements to the 

VNA. Once the frequency response of the channel is measured in the VNA, the VNA 

sends this information to the computer. The computer will process this frequency 

response to an impulse response using inverse fast Fourier transform. Using this 

impulse response, the power delay profile can be calculated, and from this PDP the 

rest of signal parameters, including the RMS Delay spread, the mean excess delay or 

the bandwidth coherence.   

 
Figure 6 . Grid for measurements in factory hall. 
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In the figure 6) one of the factory halls is shown, which dimensions are : 

25.5 × 150 m × 12.5 m (height), where one of the measurements was carried out. 

The walls and roof of the hall are made with metallic materials and the floor is made 

of asphalt. Machinery and finished products in form of steel rolls are present in the 

hall. In order to simulate LOS and NLOS conditions, the transmitter antenna was 

placed at two different locations, Tx1 and Tx2 respectively, as can be seen in 

previous figure. The receiver antenna was positioned at one among 15 positions in a 

grid for each case, as shown in the figure. 

 

 

183–683 MHz band 
 
 In this band, the ISM bands included are usually very “busy”, particularly the 

433 MHz band. This ISM band (433 MHz) covers the range from 433.05 to 434.79 

MHz, and has been used to perform customer communication specifics solutions for 

short and middle range of distances. In Europe, the 433 MHz band is the most used 

for industrial and commercial environments. 

 

 
1640–2140 MHz band 
 
 In this band, from 1850 to 2140 MHz, we can find the Broadband PCS ( 

Personal Communication Service), which includes licensed and unlicensed pairs, 

distributed in the following way: 

Unlicensed 

• Data: 1900-1910 and 1910-1920 MHz 

• Voice: 1890-1900 and 1920-1930 MHz 

Licensed  

• 1850-1880 and 1930-1960 MHz 

• 1880-1890 and 1960-1970 MHz 

• 2130-2150 and 2180-2200 MHz 

 

For instance, the PCS-DECT system works in the 1890 MHz band, which 

is used for industrial applications. 
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GSM bands are also located inside this band. The first GSM band 

appears in 1800 MHz, and it is also known as DCS-1800. The second one works at 

1900 MHz, and it is known as PCS-1900. These two bands are incompatible between 

them, because this could induce overlapping. 

 
2200–2700 MHz band 
 

 The heaviest used ISM band in this range is the 2400 – 2483.5 MHz frequency 

band, also known as “the 2.4 GHz band”, which is specially “shared” for a lot of 

applications. This use of this band is due to some reasons: (a) there is a limited 

amount of regulation; (b) the access to this part of the spectrum is generally free; and 

(c) it is ideally to high density fixed and mobile applications [38]. 

 

 Thus, in this band, radio technologies for WPAN (Wireless Personal Area 

Networks) such as the Bluetooth or IEEE 802.11 are present. This represents one 

problem. The problem is that, for instance, Bluetooth and IEEE 802.11 devices use 

the same frequency band and, usually, are close together in a laptop, or in a desktop, 

and signals will suffer interferences. These interferences may lead to channel 

performance degradation. 

  

  

 

 

 

 

  

 
 
 
 
 
 
 
 
 
 
 



 

5  PREVIOUS MEASUREMENTS
 
 
 Before this thesis was carried out, some environments were measured, and 

these measurements extracted from this fact were given to us in order to work with 

them. Three environments 

and a steel mill.  

 

  For these environments the measurements

form, which can be load in a GUI application (see Appendix C, GuiDelay.m)

where the PDP for each location is drawn

RMS Delay can be extracted

behaviour of the environment in a fit line. This approximation is done with a file.m 

called mincuad, which we have implemented. The file mincuad.m is shown in the 

Appendix B. 

 

Figure 7.  Detail from GUI application used to extract the RMS delay from the PDP.

 

With data from RMS Delay spread 

root of distance and logarithm of distance, in order to obtain the fit

measurements. The fit-line with 

and a second adjust is done, for different frequencies, roots of freq

logarithm of frequencies. As

thereby achieving the general propagation model

 

PREVIOUS MEASUREMENTS 

Before this thesis was carried out, some environments were measured, and 

these measurements extracted from this fact were given to us in order to work with 

 were studied: a storage paper, an industrial process mill 

these environments the measurements were given to us in a 

which can be load in a GUI application (see Appendix C, GuiDelay.m)

PDP for each location is drawn, as is shown in figure 7. From this PDP, the 

can be extracted for each point, and we can approximate

behaviour of the environment in a fit line. This approximation is done with a file.m 

called mincuad, which we have implemented. The file mincuad.m is shown in the 

 
Detail from GUI application used to extract the RMS delay from the PDP.

RMS Delay spread a first adjustment is made

root of distance and logarithm of distance, in order to obtain the fit

line with the highest correlation for each frequency 

and a second adjust is done, for different frequencies, roots of freq

As we have done before the highest correlation is caught,

thereby achieving the general propagation model for each environment.

30 

Before this thesis was carried out, some environments were measured, and 

these measurements extracted from this fact were given to us in order to work with 

an industrial process mill 

were given to us in a data file 

which can be load in a GUI application (see Appendix C, GuiDelay.m) and 

. From this PDP, the 

we can approximate then the 

behaviour of the environment in a fit line. This approximation is done with a file.m 

called mincuad, which we have implemented. The file mincuad.m is shown in the 

 
Detail from GUI application used to extract the RMS delay from the PDP. 

a first adjustment is made with a distance, 

root of distance and logarithm of distance, in order to obtain the fit-line for the 

for each frequency is caught 

and a second adjust is done, for different frequencies, roots of frequencies and 

we have done before the highest correlation is caught, 

for each environment. 



 

This is followed by two comparisons. The

measured with RMS Delay given by 

deviation 1(shown in tables of results)

given by the fitting-line of the mea

given by our model obtaining 

 

To give an idea of the validity of our model we have compared with other 

models such as Saleh-Valenzuela model, two cluster model, and IPDP model (shown 

in Appendix D: m files used

 

These files are used

parameterizing the signal, thus get

like time arrival ray, time arrival cluster

[21]. For these measurements it

deviation. 

 

 
5.1 Storage Paper 

 

5.1.1   Environment 

 

                                 Figure 

  
  

In the figure 8) the material stored in this factory, paper, and the structure of 

this storage can be seen. The floor is made 

is followed by two comparisons. The first one compares

RMS Delay given by our propagation model obtaining a typical 

in tables of results). The second one compares

line of the measurements of the environment and the RMS Delay 

obtaining the typical deviation 2 (shown in tables of results) 

To give an idea of the validity of our model we have compared with other 

Valenzuela model, two cluster model, and IPDP model (shown 

Appendix D: m files used). 

used taking the PDP measured for each point and 

rizing the signal, thus getting the input parameters to the different functions

time arrival cluster or time decay cluster in the way shown in 

. For these measurements it also compares with our model and is obtained a 

 
Figure 8. Picture from Storage Paper Factory. 

) the material stored in this factory, paper, and the structure of 

this storage can be seen. The floor is made with asphalt and the walls are made 
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one compares the RMS Delay 

our propagation model obtaining a typical 

. The second one compares the RMS Delay 

surements of the environment and the RMS Delay 

(shown in tables of results) . 

To give an idea of the validity of our model we have compared with other 

Valenzuela model, two cluster model, and IPDP model (shown 

ured for each point and 

the input parameters to the different functions, 

in the way shown in [13], 

also compares with our model and is obtained a 

) the material stored in this factory, paper, and the structure of 

asphalt and the walls are made with 
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concrete, but as can be seen in the figure 8, we can consider than the walls are 

made of paper. The ceiling structure is made with a corrugated material. 

  

 The dimension of the hall which was measured is: 25,5 m x 100 m x 30 m. 

Moreover, the stored material occupied around 25-30% of the whole volume.  

 
5.1.2   Measurements 

 

  Measurements for this environment were taken by the EMI-Group some 

months ago, and we have worked with these measurements. In this case, the 

measurements were taken at 433 MHz, 1890 MHz and 2450 MHz, at a separation 

distance between the transmitter and receiver of 16, 21 and 26 meters and for LOS 

and NLOS cases.  

 

5.1.3  Results 

 

In this environment paper is stored, which has a high absorption coefficient. 

Materials with a high absorption coefficient reflect the arriving signals with a high 

attenuation, so the reflected signals have a low power when are reflected in paper.  

This effect can be seen in these results where the RMS Delay Spread 

calculated is the lowest for all environments measured. In the fitting line extracted 

from measurements is shown that the RMS Delay Spread decreases with the 

frequency increasing, and it increases with the distance in range of some ns, as it 

can be seen in figure 13. This increasing is observed by some researchers and 

related in their publications ([10], [32], [33], [34], [35]). 

 

 

Thus, the value for the RMS Delay for LOS cases will be given by equation 

23). 

10 10( ) (13,2005 3,5434 log ( ( ))) log ( )ARMS ns f MHz d m= − ⋅ ⋅          (23) 

where ( )1,45976 1,00054f MHzA = ⋅  



33 
 

The behaviour of the RMS Delay in this environment is shown in the figure 9). 

In this figure it can be seen as the RMS Delay decreases with the frequency and 

increases with the distance, as it has been reported before. 

 

Figure  9. PDP at 2450 MHz band at 21 meters for NLOS case. 

 

The complete table is shown in the index (Table 1.1). In this table, moreover, 

are compared the values for the RMS Delay from measurements taken, the fit-line 

extracted from these measurements and the values given by equation 23). 

 LOS case 

 

RMS 
Delay 

Measured 
(ns) 

RMS 
Delay from 

Fit-line 
(ns) 

RMS 
Delay 

Our Model 
(ns) 

Typical 
Deviation 

1 

Typical 
Deviation 

2 

16m (433 MHz) 5.8900 5.508 5.4653 0.0721 0.0078 

16m (1890 MHz) 3.3020 3.396 3.4779 0.0533 0.0277 

16m (2450 MHz) 3.6200 2.903 3.1211 0.1378 0.1378 

Table 1.1 
 

• Typical Deviation 1 is the deviation between the RMS Delay measured in the 

environment and the RMS Delay given by our model. 

• Typical Deviation 2 is the deviation between the RMS Delay given by the 

adjusted curve of the measurements of the environment and the RMS Delay 

given by our model. 

As we have noted in the discussion part, we experimented problems with the 

measurements for the NLOS case in this environment. Specifically, we calculate the 

PDP for this case and, as can be observed in figure 10, there is a lot of noise to 
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achieve the real value for the RMS Delay. For this reason, it is not possible to see the 

behavior of the response impulse in these cases and, consequently,calculate the 

RMS Delay in PDP´s with these conditions.  This is because that calculation would 

lead us to a wrong value for the RMS and, consequently to a wrong Model for this 

environment, which doesn´t express the real RMS value.  

 

 
Figure  10. PDP at 2450 MHz band at 21 meters for NLOS case. 

 

5.1.4  Analysis 

 
In order to check the accuracy of our model, we need to compare it with some 

other model. First, the model designed and shown in 23) is compared with Saleh-

Valenzuela model. In this case, we will consider that we are going to have only one 

cluster, as can be seen in figure 11.a), where the PDP is shown and only one cluster 

is appreciated. In order to have a right number of clusters and rays arriving in each 

cluster, only one in this case, we have modified the code, looking before the 

performance of our measurements in each point. The following graphics show the 

PDP for the measurements and the PDP for a simulation of Saleh-Valenzuela Model 

for the same point.  
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          Figure 11 .Measurement for the real case a) and simulation for Saleh-Valenzuela Model b).

        

 LOS case 

 
S-V simulation 

RMS Delay 
(ns) 

Our Model 
RMS Delay 

(ns) 

Typical 
Deviation 

16m (433 MHz) 5.9117 5.4653 0.0755 
16m (1890 MHz) 3.4260 3.4779 0.0151 
16m (2450 MHz) 3.1246 3.1211 0.0011 

Table 1.3 

 

The results presented in the previous table show the different values of the 

RMS Delay for the same distance at different frequencies. The RMS Delay Spread in 

the Saleh-Valenzuela simulation is smaller at 2450 MHz, and it decreases with the 

increasing of the frequency. Comparing this simulation with our Model simulation 

RMS Delay Spread, we find our model is close to the Saleh-Valenzuela model for this 

environment.   

 

We wanted also compare our model with the two-cluster model, but we have 

found one inconvenient in this environment for the two-cluster model. As it can see in 

the following figure (figure 12), in the worst case, the PDP shows that only one 

cluster arrives to the receiver. Thus, for this environment we cannot use the Two-

cluster model in order to compare with our results, because the PDP doesn´t present 

these two different clusters. 
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Figure 1 2
 

 

5.2 Industrial Process Mill

 

5.2.1   Environment 

 

The dimensions of this environment where the 

are : 25.5 m × 150 m × 12.5 m

made with metallic materials and the floor is made 

and finished products in form of steel rolls are present,

13.a) and 13.b). 

 

Figure 1
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2. Measurement in 21 m at 1890 MHz Los case.  

Industrial Process Mill  

The dimensions of this environment where the measurements 

× 150 m × 12.5 m (height). The walls and the ceiling of this

made with metallic materials and the floor is made with asphalt. In the hall, m

form of steel rolls are present, as it can be seen in figures 

Figure 1 3. Pictures from Industrial Process environment
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measurements were carried out 

the ceiling of this hall are 

In the hall, machinery 

as it can be seen in figures 

 
Industrial Process environment. 
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5.2.2   Measurements  

 

 In this environment only 1890 MHz and 2450 MHz band were measured. In 

LOS case, the receiver was moved in four different locations: 6, 10, 15 and 19 

meters. In the other hand, in NLOS case, the locations of the receiver were: 9.1, 14, 

16 and 17 meters. For some of these points, we only had one measurement, so we 

couldn´t average them.  

 

5.2.3    Results 

  

 The estimated behaviour of the RMS Delay, for LOS case, in this environment 

is given by equation 24).Results for this situation are shown in table 2.1, where 

measurements, fit-line from these measurements, and estimated values for the 

designed model are compared. Our model is closer to the real case for 1890 MHz 

than for 2450 MHz. This is due to the less correlation presented by the 

measurements in the 2450 MHz band in this environment, probably caused by any 

interference produced in the moment in which the measurement was taken. These 

effects are shown in figure 14.a), where can be seen how the measurements for 

2450 MHz, in the shortest distances are different from the behaviour which we 

expected. 

 

10 10( ) ( 256,874 86,6423 log ( ( ))) log ( )ARMS ns f MHz d m= − + ⋅ ⋅       (24) 

where ( )0,00066 1,00365f MHzA = ⋅  

 
 

 LOS case 

 

RMS 
Delay 

Measured 
(ns) 

RMS 
Delay 

from Fit-
line (ns) 

RMS 
Delay 

Our Model 
(ns) 

Typical 
Deviation 

1 

Typical 
Deviation 

2 

6m (1890 MHz) 23.8200 23.2900 22.9677 0.0358 0.0138 
19m (1890 MHz) 33.1800 32.81 31.6535 0.0460 0.0352 
6m (2450 MHz) 9.8200 6.302 10.5767 0.0771 0.6783 
19m (2450 MHz) 101.750 107.1 124.734 0.2259 0.1647 

Table 2.1 
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For NLOS case, the designed model is shown in equation 25), and the same 

results shown in table 2.1 for LOS case, are now shown, for NLOS case, in table 2.2. 

There, can be seen that our model is close to the fit-line extracted from the 

measurements. In figure 14.b) the fit-line extracted from the measurements, the 

measurements, and the simulation for our model are shown. 

 

10 10( ) ( 1266,38 413,9182 log ( ( ))) log ( )ARMS ns f MHz d m= − + ⋅ ⋅   (25) 

where   q =  17,917 · 0,999��uvw� 
 

 

 NLOS case 

 

RMS 
Delay 

Measured 
(ns) 

RMS 
Delay from 

Fit-line 
(ns) 

RMS 
Delay 

Our Model 
(ns) 

Typical 
Deviation 

1 

Typical 
Deviation 

2 

9.1m (1890 MHz) 80.799 72.61 77.72 0.0381 0.0657 
17m (1890 MHz) 204.77 184.1 183.98 0.1015 6.52e-004 
9.1m (2450 MHz) 127.04 122.7 124.86 0.0172 0.0173 
17m (2450 MHz) 217.42 211.7 211.98 0.0250 0.0013 

Table 2.2 
 

 
Figure 14 .Measurements and Model Simulation for LOS case (a), and NLOS case (b). 

 
    

          In both cases, LOS and NLOS, the RMS Delay increases considerably with the 

distance, although in the NLOS case increases in a higher way. This is due to the 

structure of the environment. There are a lot of metallic walls, which will reflect the 

rays with a low attenuation, because of the high reflection coefficient that the walls 
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presented. Thus, if the transmitter and the receiver are in LOS conditions, the RMS 

Delay will be smaller than for NLOS conditions. This is atributted to that condition 

(NLOS case) will produce more arriving rays in the receiver, increasing the RMS 

Delay respect the LOS case. As is mentioned in [3], the RMS Delay Spread will be in 

the range between several tens to several hundred of nanoseconds, arriving in most 

often indoor cases lower than 100 ns. This is checked in this case and in the rest of 

environments studied in this thesis, where the RMS Delay remains below 250 ns in 

all the measurements. 

 

5.2.4    Analysis 

 

In the following figures PDP´s from the measures and from the Saleh-

Valenzuela simulation are drawn. With this implementation, a good simulation of the 

environment can be done. 

 

 
Figure 15.  PDP extracted from measurements a) and from Saleh-Valenzuela Model Simulation 

 

In table 2.3 results are presented, which as can be seen, are close each other. 

In this case, for the simulation, the number of cluster is larger than in previous 

simulations. In the Appendix C, the table 2.4 shows the results for this comparison, 

but for the NLOS case, with some input parameters for the file .m needed for the 

Saleh-Valenzuela simulation were changed. For instance, the number of clusters, or 

the Decay Time Cluster were changed for other larger. These parameters are 

extracted from the PDP for each point, which shows the value of these parameters. 

 

 

0 50 100 150 200 250 300 350 400 450 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t [ns]

P
D

P
 (

N
or

m
al

iz
ed

)

Power Delay Profile

 

 

RMSDelay = 2.946819e-008 s

0 50 100 150 200 250 300 350 400 450 500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
x 10

-11Power Delay Profile Power Delay Profile 

P
ow

e
r 

 L
e

ve
l  

( 
N

or
m

a
liz

e
d 

) 

P
ow

e
r 

 L
e

ve
l  

( 
N

or
m

a
liz

e
d 

) 

t  (ns) t  (ns) 

  
  

0 100 200 300 400 500 100 200 300 400 500 0 
0 0 

0.2 

0.4 

0.6 

0.8 

1 1 

0.2 

0.4 

0.6 

0.8 



40 
 

 LOS case 

 
S-V simulation 

RMS Delay 
(ns) 

Our Model 
RMS Delay 

(ns) 

Typical 
Deviation 

15m (1890 MHz) 30.4769 29.9883 0.0160 
15m (2450 MHz) 81.4557 82.3065 0.0104 

Table 2.3 
 
 

As we have explained before, the characteristics of this environments cause 

the arriving of a high number of rays to the receiver. This fact is reflected in the PDP, 

where the number of cluster is increased respect other environments, as can be seen 

in figure 16). Due to this, compare the results with the Two-cluster model is difficult in 

those cases where the PDP presents three or more clusters. In our case, only for 

LOS case, and for short distances was possible carry out this comparison. This is 

shown in Table 2.5 and 2.6. 

 

 LOS case 

 

Two-Cluster 
simulation 

RMS Delay 
(ns) 

Our Model 
RMS Delay 

(ns) 

Typical 
Deviation 

10m (1890 MHz) 24.8441 27.0062 0.0870 

10m (2450 MHz) 39.5870 36.7711 0.0711 
Table 2.5 

 

 
Figure 16. PDP shows that more than two clusters are present. 
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5.3  Steel Mill 

 

5.3.1   Environment 

 

The dimensions of this environment where the measurements were carried out 

are : 25.5 m × 120 m × 12.3 m (height). The walls and the floor of this hall are made 

with concrete and the ceiling is made with metallic materials. Huge metallic blocks of 

steel are present in this environment. 

 

5.3.2   Measurements 

 

In this environment the receiver was moved in four different locations for the 

LOS case: 13, 19, 23 and 27.5. The frequencies measured here were the 1890 MHz 

and 2450 MHz band. For 1890 MHz band, the measurement for 27.5 meters was 

wrong, and for 2450 MHz band, was the measurement for 19 meters the wrong one. 

So, we couldn´t use them to design the propagation model for this environment. 

 

 For the NLOS case, only one location was measured. Thus, the design of a 

propagation model with only one measurement is not possible to carry out. By this 

reason, NLOS case is not dealt in results for this environment. 

 

5.3.3    Results 

 

 From measurements taken in this environment, the model extracted for the 

behaviour of RMS Delay in LOS conditions is given by the following equation (eq. 

26). 

10 10( ) (2245,18 685,8979 log ( ( ))) log ( )ARMS ns f MHz d m= + ⋅ ⋅   (26)   

where ( )143008 0,9951f MHzA = ⋅  
 
 

However, for the NLOS case we don’t have enough measurement points to 

achieve a good model for this environment. Actually, the point located at 27,5 meters 

from the transmitter was measured, so we cannot adjust these points into a curve, 
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because the behaviour of the RMS Delay for shorter and larger distances are not 

known. 

 

 As in every other environments dealt in this thesis, the behaviour of the RMS 

Delay with the distance presents the same characteristics. It increases with the 

distance, according as the receiver is moved away from the transmitter. This is 

shown in Table 3.1. According as the receiver is farther from the transmitter, the rays 

arriving to the receiver will be closer in amplitude to the first ray in arrive and more 

rays will arrive due to the reflections and, consequently, the RMS Delay will increase. 

 

 LOS case 

 

RMS 
Delay 

measured 
(ns) 

RMS 
Delay 

from Fit-
line (ns) 

RMS 
Delay 

Our Model 
(ns) 

Typical 
Deviation 

1 

Typical 
Deviation 

2 

13m (1890 MHz) 5.7589 9.409 8.2008 0.4240 0.1284 
13m (2450 MHz) 86.0475 86.05 86.4243 0.0044 0.0043 

Table 3.1 
 

• Typical Deviation 1 is the deviation between the RMS Delay measured in the 

environment and the RMS Delay given by our model. 

• Typical Deviation 2 is the deviation between the RMS Delay given by the 

adjusted curve of the measurements of the environment and the RMS Delay 

given by our model. 

 

The figure 17 shows measurements, the fit-line extracted from these 

measurements, and the line for our simulation model. For 1890 MHz band, our model 

is farther from the real case than the 2450 MHz. This effect could be due to the 

measurement taken in that band at 13 meters. The value for the RMS Delay in this 

point is much lower than the rest, so this measurement could be wrong and give a 

bad design of the propagation model for this environment. At 2450 MHz 

measurements present a better correlation, and this cause that our model is close to 

the real behavior in this band. 



43 
 

 
 

Figure 17 . Measurements, fit-line from measurements and our model simulation for LOS case. 
 

 

5.3.4   Analysis 

 

 In tables 3.2 and 3.3 results from comparison between our model with Saleh-

Valenzuela and Two-cluster model are shown. Two-cluster is closer than Saleh-

Valenzuela model to our model for this environment. This is due to the generation of 

more clusters in the file .m which is used in order to simulate the Saleh-Valenzuela 

model. As we can see in Appendix B, where files used are shown, the number of 

clusters for Saleh-Valenzuela model follows a Rayleigh Random Distribution, so the 

number of clusters may vary. In order to approximate this simulation to the real 

behaviour, we simulate the model for the same point some times, and we take and 

average value for that point. 

 

 LOS case 

 
S-V simulation 

RMS Delay 
(ns) 

Our Model 
RMS Delay 

(ns) 

Typical 
Deviation 

13m (1890 MHz) 6.4021 8.2008 0.2810 

13m (2450 MHz) 79.2954 86.4243 0.0899 
Table 3.2 

 
 

Figure 18.a shows the PDP´s for one measurement and figure 18.b shows the 

PDP for the Saleh-Valenzuela simulation for that measurement. In them, it can be 

seen as the PDP extracted from the measurements can be simulated with this 

implementation of the Saleh-Valenzuela model. 

12 14 16 18 20 22 24 26 28
0

20

40

60

80

100

120

 

 

Ajuste Medidos 1890 MHz
Medidos 1890 MHz

Ajuste Modelo 1890 MHz

Ajuste Medidos 2450 MHz

Medidos 2450 MHz
Ajuste Modelo 2450 MHz

R
m

s 
(n

s) 

Distance (m)  

 

12 14 16 18 20 22 24 26 28 
0 

20 

40 

60 

80 

100 

120 



44 
 

 
Figure 18 . PDP for a measurement a) and PDP for the Saleh-Valenzuela simulation b). 

 
 

 LOS case 

 

Two Cluster 
simulation 

RMS Delay 
(ns) 

Our Model 
RMS Delay 

(ns) 

Typical 
Deviation 

13m (1890 MHz) 8.3572 8.2008 0.0187 

13m (2450 MHz)   87.3411 86.4243   0.0105 
Table 3.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

t [ns]

P
D
P
 (
N
or

m
al
iz

ed
)

Power Delay Profile

 

 

RMSDelay = 3.458734e-008 s

0 500 1000 1500 2000 2500 3000 3500
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Power Delay Profile Power Delay Profile 

P
ow

e
r 

 L
e

ve
l  

( 
N

or
m

a
liz

e
d 

) 

P
ow

e
r 

 L
e

ve
l  

( 
N

or
m

a
liz

e
d 

) 

t  (ns) t  (ns) 



 

6   MEASUREMENTS CARRIED OUT

 

 In the following two sceneries

carry out some measurements

measurement and have a practical idea of how these should be carried out

 

6.1  Scenary 1 

6.1.1   Environment 

 

For this kind of environment, the laboratory located in the Ericsson building, 

inside the Radio Center Technology

 

Figure 19.  Pictures from “

The dimensions of the 

instruments are stored and stacked in shelves, 

pictures. In this environment, if the receiver is located in a NLOS position, for 

instance behind one shelve, the behavior is different than a NLOS case with some 

wall in the middle, and is not a real NLOS case. So, we will consider this case as 

OLOS (Obstructed Line-of-

laboratory in order to get a good behavior of the RMS Delay Spread.

 

6.1.2   Measurements 

 

  To accurately measure we have divided the spaces in a grid and we placed 

the receiver and transmitter 

MEASUREMENTS CARRIED OUT 

sceneries, measurements were taken by us. We decided to 

carry out some measurements in order to get familiar with the system of 

measurement and have a practical idea of how these should be carried out

For this kind of environment, the laboratory located in the Ericsson building, 

adio Center Technology company has been used. 

Pictures from “Radio Center Technology” Laboratory 

 

The dimensions of the scenary 1 are: 9.5m x 6.5m x 3m. 

instruments are stored and stacked in shelves, such as it can be appreciated in the 

In this environment, if the receiver is located in a NLOS position, for 

one shelve, the behavior is different than a NLOS case with some 

wall in the middle, and is not a real NLOS case. So, we will consider this case as 

-Sight). The receiver was moved, in 0,5m steps, along the 

a good behavior of the RMS Delay Spread.

To accurately measure we have divided the spaces in a grid and we placed 

the receiver and transmitter in the way is shown in figure 20. In the different points on 

45 

, measurements were taken by us. We decided to 

get familiar with the system of 

measurement and have a practical idea of how these should be carried out.  

For this kind of environment, the laboratory located in the Ericsson building, 

 
 (Scenary 1). 

are: 9.5m x 6.5m x 3m. Here, electronic 

it can be appreciated in the 

In this environment, if the receiver is located in a NLOS position, for 

one shelve, the behavior is different than a NLOS case with some 

wall in the middle, and is not a real NLOS case. So, we will consider this case as 

Sight). The receiver was moved, in 0,5m steps, along the 

a good behavior of the RMS Delay Spread. 

To accurately measure we have divided the spaces in a grid and we placed 

. In the different points on 
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the grid, the receiver was located, and it was moved into the different points of the 

grid, while the transmitter was fixed in the initial point. For these measurements two 

broadband omnidirectional antennas has been used, in order to measure in the 

frequency bands of 1890 MHz and 2450 MHz. 

 

  The results for each measurement are processed with the VNA and the 

application implemented in the PC with Matlab Software, and the PDP for each point 

is drawn. 

 

 
Figure 20 . Grid done in the scenary 1. 

 

 For these two cases, scenary 1 and 2, graphics have been attached and a 3D 

representation of the distribution of rms delay spread, using the file mesh.m (shown 

in annex), has been drawn. 

 

6.1.3    Results 

 

In the figure 21) a 3D map of the behaviour of the RMS Delay Spread in the 

scenary 1, at a frequency of 1890 MHz, is shown. There we can see how the RMS 
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Delay increases as the receiver moves away from the transmitter, which is located in 

the initial point (x=0,y=10). When the transmitter and the receiver are close each 

other, and in LOS condition, the first arrival ray to the receiver will suffer a low 

attenuation. Thus, the rest of rays which arrive to the receiver will suffer a higher 

attenuation than the first one, due to the various reflections of the rays until to arrive 

to the receiver. These reflections will cause that these rays are much smaller than the 

first one, and, consequently, the RMS Delay will be low. As the receiver moves away 

the transmitter, this first arrival ray will suffer a higher attenuation, and the rest of the 

rays will be closer in amplitude to this one. Thus, the RMS Delay will be larger with 

the increase of the distance.  

 

 

 
Figure 21 . Behaviour of the RMS Delay Spread in the scenary 1 at 1890 MHz. 

 

In the figure 21.a) the values of the measured points are shown, and the fit-

lines generated with these points are traced for both frequencies. From these fit-lines 

the general model for this environment can be calculated. A simulation done at 1890 

and at 2450 MHz, from this model, is shown in figure 22.b), where can be seen the 

proximity between the real case and the simulation case.  The simulation case for 

LOS conditions is given by equation 27. 
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   Figure 22 .Meassurements in LOS case (a) and our Model simulation in LOS case (b). 

 

10( ) (77,5 15,215 log ( ( ))) ( )ARMS ns f MHz d m= − ⋅ ⋅             (27) 

where ( )0,1423 1,00009f MHzA = ⋅  

    

In the table 4.1, some of the results for this environment, and for LOS case, 

are shown, at 1890 and 2450 MHz. The Rms Delay obtained by the fit-line from the 

measurements is compared with the Rms Delay extracted from our Model, for the 

range between two meters to nine meters. Also, the typical deviation between both is 

shown here. These values of the RMS Delay are in the range between 25-35 ns, 

which is included in the range between 25-50 ns that several investors have reported 

for one-room environments [13], [34]. 

 

 LOS case 

 RMS Delay Fit-
line(ns) 

RMS Delay 
Our Model (ns) 

Typical Deviation 1 

1890 MHz    
2m 28.21 27.3951 0.0289 
3m 29.24 29.3344 0.0032 
9m 35.83 35.3069 0.0146 

2450 MHz    
2m 26.14 25.4946 0.0247 
3m 27.20 27.3960 0.0072 
9m 34.61 33.2912 0.0381 

Table 4.1 
 

In this environment and for LOS case the RMS Delay increases when the 

frequency is lower [17], in a value around 2 ns from 2450 MHz to 1890 MHz. Thus, 

1 2 3 4 5 6 7 8 9 10
20

25

30

35

40

45

Distance(m)

R
M

S
(n

s)

 

 

Fit-line from Meassurements at 1890 MHz

Meassurements at 1890 MHz
Fit-line from Meassurements at 2450 MHz
Meassurements at 2450 MHz

1 2 3 4 5 6 7 8 9 10
20

25

30

35

40

45

Distance()m

R
M

S
(n

s)

 

 

1890 MHz Theorical Model

2450 MHz Theorical Model

R
m

s 
(n

s)
 

R
m

s 
(n

s)
 

Distance (m) Distance (m) 

  

1 1 2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10 
20 

25 

30 

35 

40 

45 

20 

25 

30 

35 

40 

45 



49 
 

we can consider inexistent the difference between both frequencies, for the same 

point, and, consequently, the range from 1890 MHz to 2450 MHz will behave in a 

similar way. Lower and higher frequencies may behave in the same way, having a 

similar RMS Delay Spread, but this assertion could not be true. So, we should 

measure them if we wish know their behavior in an exactly way. 

 

However, the RMS Delay Spread is larger for the largest distance than for 

smallest ones, so it increases with the distance, as in the other environments. This 

dependence of the RMS Delay Spread on the transmitter-receiver antenna distance 

has been reported by several investors [9], [10], [31], [32], [33], [34], [35], [36]. The 

whole table, with all the results is in the index. (Table 4.1).  

 

In the Table 4.2, located in the Annex, the results for NLOS case are shown. 

This environment is not a real NLOS case, because there is not any wall in the 

laboratory and only some electronic instruments interfere between the line of sight of 

the transmitter and the receiver. Thus, we can assume that, for the NLOS case, in 

this environment, the RMS Delay Spread is considerably close to the LOS case and, 

consequently, the model for calculate the RMS Delay Spread in LOS case can be 

used in NLOS situations. This effect is due to the receiver, in NLOS case, is hidden 

behind one tower of electronic instruments and is not behind one wall. So, the 

multipath arriving rays to the receiver arrive reflecting in other walls, but not throw 

any wall, and the RMS Delay Spread become as the LOS case. 

 

6.1.4   Analysis 

 

With the Saleh-Valenzuela implementation done to compare it with our 

designed model, some of the results of the simulation are shown in the table 4.3. For 

the RMS obtained in the Saleh-Valenzuela simulation model, we have calculated the 

same point five times and we have taken the average value due to in the simulation 

model, the rays that arrive to the receiver follow a Rayleigh Random Distribution. As 

can be seen in table 4.3 for the Saleh-Valenzuela simulation, the RMS Delay Spread 

increases with the distance, as in the real case. The whole table is located in the 

Appendix C (Table 4.3). 
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 LOS case 

 
S-V simulation 
RMS Delay (ns) 

RMS Delay 
Our Model (ns) Typical Deviation 1 

2m (1890 MHz) 29.5167 27.3951 0.0719 
9m(1890 MHz) 35.6973 35.3069 0.0109 
2m (2450 MHz) 27.0031 25.4946 0.0559 
9m (2450 MHz) 33.6750 33.2912 0.0114 

Table 4.3 

 

 In table 4.4, the same results are shown, but now the comparison is done 

between the values from the designed model and the values from the Two-cluster 

model. The RMS Delay is higher in the Two-cluster simulation than in the Saleh-

Valenzuela simulation. This effect can be seen, in a higher value, for the shortest 

distances, and it is due to, for short distances, the PDP shows that only one cluster is 

present, and with the Two-cluster model simulation two clusters are drawn. Thus, an 

increasing of the RMS Delay is present. 

 

 LOS case 

 
Two-cluster 
simulation 

RMS Delay (ns) 

RMS Delay 
Our Model (ns) 

Typical Deviation 1 

2m (1890 MHz) 31.6760 27.3951 0.1351 
9m(1890 MHz) 37.1059 35.3069 0.0485 
2m (2450 MHz) 30.5280 25.4946 0.1649 
9m (2450 MHz) 35.2990 33.2912 0.0569 

Table 4.4 

 
 

6.2  Scenary 2 

 

6.2.1   Environment 

 

This scenary consists in a large corridor, with rooms in one side, and 

laboratories in the other side. It was measured in steps of 1 and 2 m, from a close 

location (2 or 3 meters, depending on the frequency used) to 20 m, where the 

corridor finishes. In this environment only LOS case was studied, obviously.  
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Figure 23.  Pictures from “Radio Center Technology” Corridor (Scenary 2). 

 

 The structure of the scenary 2 is shown in the pictures from figure 23). The 

transmitter was fixed in one location and the receiver was moved away from the 

transmitter in steps of one meter. Three measurements were taken in each location, 

moving the receiver some centimeters to the right and to the left side. 

 

6.2.2   Measurements 

 

In scenary 2, the receiver antenna was moved from 2 or 3 meters to 20 meters 

in order to cover the entire corridor in the way is shown in figure 24). 

 
Figure 24 . Grid done in the scenary 2. 

 

Actually, the scenery measured is larger than 20 meters, but in this point, one 

open hall is found, and we consider this situation could distort the real results. By that 

reason, this scenery was only measured until that distance. In the figure 25) a 3D 
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map of the scenery 2 is shown, where the behaviour of the RMS Delay Spread can 

be seen, at a frequency of 2450 MHz. As in the scenery 1 case, the RMS increases 

as the receiver moves away from the transmitter, which is fixed in the initial point 

(x=0,y=0). The behaviour of the RMS Delay in this environment is different from the 

scenery 1 due to the dimensions characteristics. In the scenery 1 the width and the 

length are in the same range, while in the scenery 2 the width is almost 10 times 

shorter than its length. This can be seen in its coefficient (width/length). The 

coefficient for the scenery 1 is close to the unit, while for the scenery 2 is close to 0,1. 

Thus, the rays are propagated suffering a higher attenuation to arrive the receiver, 

because of this short width, the rays may be reflected in the walls a lot of times 

before arrive to the receiver. So, in the PDP will appear a lot of reflections according 

as the receiver moves away from the transmitter. 

 
Figure 25. Behaviour of the RMS Delay Spread in the scenary 2 at 2450 MHz. 

 

6.2.3    Results 

 

We have only measured in places where LOS situations were presents. This is 

due to, in a corridor, the most common case, is the LOS case, and the NLOS case 

could be present only few times. Thus, for the LOS case, and we could say for the 

“general” case, in this environment, the developed model is: 

 

  xyz �_{� = �380,4 − 110,5 ·  ����)���y���� � · ��9��    (28) 
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 In table 5.1 results for our simulation model are shown. These results are 

compared with the real measurements in order to compare how much close is our 

model to the real behaviour. 

 

 

 

 

 

 

 

Table 5.1 

 As can be seen in the previous table and in the figure 26), results derivate 

from our simulation are very close to the real model. For shorter distances, the 

simulation presents the smallest typical deviation, with accuracy around 0,5 ns, while 

for the larger distances, the simulation presents a bigger typical deviation, but only 2 

ns respect the real behaviour. 

 
Figure 26. Meassurements and fit-line for both frequencies in scenary 2. 

 

6.2.4   Analysis 

 

 Due the characteristics of this environment, the simulation of these two models 

will not give a good result. As we have seen in the previous environment, the RMS 

Delay varies from 27-29 ns in the shortest distances to 33-35 ns in the largest ones. 

For instance, in corridor at 2450 the RMS Delay is around 43 ns for 9 meters, 10 ns 

more than the same location in laboratory. Thus, the characteristics, in terms of 
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materials, for both environments are very similar, and the RMS Delay simulated 

should be very close to each. We could change the input parameters in both 

simulations in order to get a similar RMS Delay, but these parameters would be far 

from the obtained in their PDP’s. So, for this environment, the Saleh-Valenzuela and 

the two-cluster implementations cannot be used in order to compare the results with 

our designed model. 

 
6.3    IPDP Model 

 

 With the IPDP Model simulation, we can predict the value of the RMS Delay 

for indoor environments, and investigate the effects produced on the PDP by different 

room (hall) sizes of the room, and different surfaces properties. This value, is an 

average value, and is not dependent on the distance between the transmitter and the 

receiver antenna. 

 

 
Figure 27. IPDP simulation for all environments. 

 

As we can see in figure 27), for the environments studied, determinants 

parameters for the behaviour of the RMS Delay will be the floor, walls and ceiling 

absortion coefficients. In the .m file implemented (see Appendix D), these values will 

be close to 1 if the surfaces present absorption characteristics (Storage Paper case), 

and will be close to 0 if the surfaces present reflection characteristics. Thus, for the 

most absorbent environment studied (Storage Paper), is observed that the power 

levels decay more quickly than the other ones. This effect is due to the absorption 
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characteristics of the surfaces of this environment, and the stored material, which will 

absorb the reflecting rays in a higher value than the rest, and the reflections from the 

surfaces will be small. So, field strength in the room will decay relatively quickly in a 

short period of time. It is observed, also, than in the Industrial Process Mill, the power 

levels don´t decay so much as in the Steel Mill, due to the surfaces present in the 

Industrial Process Mill present a higher reflection coefficient. These effects have 

been reported in [8].  

 

In the other hand, we find the Scenary 1 and the Scenary 2, which we cannot 

compare them with the other environments, due to the different surfaces size. In 

these environments, and due to the smaller sizes of the surfaces, and the 

consequent multiple reflections, power levels will decay quickly in a short period of 

time. 

 

6.4    Cumulative Distribution of RMS 

  

 This cumulative distribution shows the probability distribution of the values of 

the RMS Delay. This means that in figures 28.a) and 28.b) the probability that the 

RMS Delay takes a value lower o equal to X is shown.  

  

 
 

Figure 28. Cumulative Distribution Function of RMS for all environments at 1890 MHz a) and at 2450 MHz. 

 

Thus, we can observe that, for the most absorbent environments, the RMS 

Delay will be between a short range of several nanoseconds, as Storage Paper.For 

the most reflective environments, the RMS Delay will behave in the opposite way, 

Rms (ns) Rms (ns) 
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and it will be in the range of several tens of nanoseconds, as in the industrail process 

mill. For the rest of environments, which cannot be conidered too much absorbents or 

too reflectives, the RMS will be in the range between 25-70 ns, as has been reported 

in [1], [3], [7], [13], and [18].  
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7 RECOMMENDATIONS 

 

To complete our thesis we have considered interesting to determine which 

radio system communications currently present is possible to adjust better for our 

propagation model to the different environments. 

 

For this we will study the channel parameters specifically parameters as 

coherence bandwidth Bc, symbol time Ts and data rate, which will provide 

information about intersymbol interference (ISI).  

 

After this first study we will consider the access methodology to choose a 

communication system. We refer to this parameter because we don’t have 

specifications about the design of the system as the modulation, required power at 

the receiver or transmitter, etc. 

 

In table B, the features of those systems whose most common frequencies or 

frequency range are the same as those studied in our thesis are shown. 

 

Standard Modulation  Data Rate Access 
methodology 

Frequency 
most 

common 
Bandwidth Symbol 

Time(Ts) 

DECT GMSK 48kbps TDD/FDMA 1800-1900 
MHz 1.186 MHz 0.868 us 

Bluetooth 
1.2 

 
GFSK 

 
1 Mbit/sec 

Frequency 
hopping 
(FHSS) 

 
2.45 GHz 

ISM 

 
1 MHz 

 
1us 

Bluetooth 
2.0 

GFSK 
π/4-DQPSK 

8-DPSK 

1,2,3 
Mbit/sec 

Frequency 
hopping 

 
2,45 GHz 

ISM 

 
1 MHz 

 
1 us 

Bluetooth 
3.0 

Added 
802,11 

UWB deleted 
24 Mbit/sec 

Frequency 
hopping+ 
WLAN  

 
2,45 GHz 

ISM 

 
1MHz 

1 us and 
4 us 

WIFI 
802.11b 

PBPSK 1 Mbit/sec DSSS 

 
2,45 GHz 

ISM 

 
22 MHz 

1 us 

DQPSK 2 Mbit/sec DSSS 1 us 

QPSK 5.5 
MHz 5.5  Mbit/sec CCK 0.727 us 

QPSK 11 
MHz 11 Mbit/sec CCK 0.727 us 
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WIFI  
802,11 g 

BPSK,QPSK, 
16-QAM, 
64-QAM, 
PBPSK, 
DQPSK, 
QPSK 5.5 

MHz, QPSK 
11 MHz 

 

 
1,2,5.5,6,9, 
11,12,18,22, 
24,36,48,54 

 
 

CCK,DSSS, or 
OFDM/MIMO 

 
 

2,45 GHz 
ISM 

 
 

22 MHz 

 
 

0.727 to 4 
us 

WIFI  
802.11 N “Extended g” Up to 600 CCK,DSSS, or 

OFDM/MIMO 
2,45 GHz 

ISM 20/40 MHz 0.727 to 4 
us 

Table B 
 

The estimation of multipath channel is obtained by repeated 

measurements in an environment of a few wavelengths. Thus, we have the power 

delay profile (PDP). Power delay profile is a temporal or spatial averaging 

consecutive measurements of impulse responses collected and averaged over a 

local area. 

 

Times are given in reference with the direct ray, whose arrival time is 

considered zero. Thus, is possible obtain the RMS Delay Spread and the Coherence 

Bandwitdh. With these parameters is possible evaluate if the channel will suffer ISI, 

using the following comparisons and hypothesis. 

 

If: 

(1) Trms < Tsymbol                            Channel spectrum remains flat in the bandwidth of 

the signal. There isn’t ISI. 

 

(2) Trms > Tsymbol                  Frequency selective fading. The signal will suffer a 

severe distortion. ISI will be produced. 

 

But in practice, a larger value of symbol time is taken. Is not a good idea take 

a symbol time in the range of the RMS Delay, because for a RMS Delay given, 

usually some later reflections will appear, and they will cause ISI. So, a habitual 

practice is to take the symbol time as 5 times the RMS Delay time. 
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 Thus, for a 0.5 correlation we will have: 

 

                          �` = �
�τ���

                   �{ = 5�Ehi 

 

 Even so, a symbol time five times larger than the RMS Delay Spread is not 

enough to guarantee always that the signal will not suffer ISI with that symbol time. 

The figure 29) shows how one signal, which symbol time is five times the RMS Delay 

Spread, will suffer ISI due to the rays arriving in a late time. So, some authors 

consider needed an equalizer when the symbol time is smaller than 10 times the 

RMS [9]. 

 
Figure 29  . Rays interfering in a symbol. 

 

For our environments, we have chosen the RMS Delay time in the worst case, 

in order to guarantee always that the specifications will be satisfied. 

   

Environment  

 

TRMS our 

Model 1890 

MHz (ns) 

Theoretical 

symbol time  

1890 MHz (ns) 

TRMS our Model 

2450MHz (ns) 

Theoretical 

symbol time  

2450 MHz (ns) 

Storage Paper  5.56 27.8 26.3 131.5 
Industrial 

Process Mill  204.77 1023 217.42 1087 

Steel Mill  59.45 297.25 105.37 526.85 

Scenary 1  35.83 143.32 34.61 138.44 

Scenary 2  74.23 296.92 73.59 294.36 
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For 1890 MHz , and referring to data shown in table 1, for this frequency 

only is possible to use DECT service because is the only one that works as reference 

this frequency (see frequency most common in table 1). 

 

If we compare theoretical Ts for 1890 MHz (look at table C) with Symbol 

Time DECT (look at table B) we can see that, except for the industrial process mill, 

for all the rest environments is possible to use DECT system. But in this environment, 

we will have ISI and therefore distortion (equation (2) is fulfilled), and due to this, we 

will have to apply methods to reduce this distortion and we will be able to apply this 

service in the industrial process mill. These methods will be explained later. 

 

For 2450 MHz comparing the data obtained with symbol time that is 

showed in table B, we can see that for all environments is possible use all the radio 

systems present in the table for 2450 MHz (in this case Bluetooth and WIFI), except 

for the industrial process mill that only it can use Bluetooth 3.0 and WIFi in only two 

versions WIFI 802.11g and WIFI 802.11n. This is due to the industrial process mill 

has a high RMS Delay Spread producing a high symbol time, as we have seen 

before in figure 29), and is not enough a symbol time equal to five times the RMS 

Delay to guarantee that the signal will not suffer ISI. 

 

 
 

Figure 30. Symbol Time and Data Rate for different systems. 
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For each environment we have selected systems according to ISI occurs 

or not, but we have a lot of systems to consider, because of this would be interesting 

to select a system that for a lower symbol time we could get more data rate. To 

visualize this concept we have done the previous graph, which is shown in figure 30). 
 

With data presents in the graph and referencing data rate parameter, the 

best option to use would be WIFI and specifically WIFI 802.11 n, this system will be 

valid for the industrial process mill and others environmets because in addition to 

having a high velocity data rate also it use OFDM (Orthogonal Frequency Division 

Multiplexing) technique. 

 

OFDM is a spread spectrum technique that distributes the flow of data 

among a large number of equally spaced carrier frequencies, this spacing provides 

orthogonality that allows a spectral overlap and the receiver to demodulate correctly 

each subcarrier separately. 

 

This technique takes advantage of available bandwidth to divide this 

communication channel in subbands. This type of modulation is combined with a 

powerful channel coding and the use of constellations of different density, adapting to 

channel conditions and the desired transmission speed. 

 

There are several benefits for the use of OFDM modulation, has a high 

spectral efficiency, OFDM technology is very robust against interference and 

distortion due to multipath (that provides ISI) as well as the frequency selective 

fading. 

 

Finally as we have advanced before, to use DECT technology at 1890 

MHz and Bluetooth and WIFI  for 2450 MHz (versions Bluetooth 1.2, Bluetooth 2.0, 

WIFI 802.11b ) in the industrial process mill environment, where ISI problems are 

produced to these frequencies, we must compensate this ISI phenomenon, due to 

multipath, through equalizers or receivers with high resolution as the “rake” receiver. 
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DISCUSSION 

 

We began our thesis with the measurements done previously by Javier in 

three different environments: a steel mill, a storage paper and an industrial process 

mill. We didn´t have the opportunity to back to these factories in order to take more 

measurements for our purpose. So, for these environments we experienced some 

problems, which appeared later the measurements, just when we began to extract 

the data to the PDP’s. 

 

In Storage Paper, for LOS case, measurements and their analysis worked 

correctly. But for NLOS case we experienced some problems. From 11 meters, the 

PDP presented a lot of noise, situation in which is hard to extract a good value for 

RMS Delay due just to this noise. Thus, the creation of a propagation model, for 

NLOS case, was not possible in this environment with these conditions of noise.  

 

In steel mill, we had also problems with the NLOS case, but totally different 

from the Storage Paper’s case. Here, we only had measurements from one point, 

27.5 meters, for NLOS case. With only one measured point is not possible to fit one 

line which represents the real behavior of the RMS Delay. So, only the LOS case 

could be performed in this environment.   

 

In the last of these three environments, measurements were taken in a good 

way, and the results extracted from them were satisfactory. Maybe, the only thing 

that could be strange here, in some points, is the behavior of the RMS Delay at 2450 

MHz. This behavior could be caused by the interference from other instruments 

working at 2450 MHz. 

 

To complete all the skills necessaries, we needed take measurements from 

some environments. So, we measured the scenary 1 and the scenary 2 in the way 

explained in the measurements setup part. In the scenary 1 the measurements were 

right, but in the scenary 2 we experimented some problems. Each time we measured, 

in the same point, we had a different value for the RMS Delay. That confused us, 

because we didn´t know which value to take for the RMS Delay. So, we decided to 
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move the receiver antenna, in each point, around 30 cm to the right and to the left, 

and do some measurements, taking only those which were similar between them, in 

order to achieve an approximate propagation model. 

 

We can summarize almost all experienced problems if we specify the 

frequency in which were produced. The problems with the interferences were 

produced in the 2450 MHz band. Exactly, in this frequency band during the use of 

WLAN in industrial environments, as well as in the scenary 1 and the scenary 2. 

These problems could attribute to the interference from other sources working at this 

band, but is not the only reason. Also, these problems could be due to other causes 

such as synchronization levels for handover between base stations and numerous 

users on the same channel. 

 

As futures works to take in account would be the need to get a general model 

for characterization all the several environments and not only a model for each 

environment; this is possible carry out if we take measurements more exhaustively, 

such as possible solution could be use an advanced technique, called MIMO ( 

Multiple Input Multiple Output ) instead of SISO ( Single Input Single Output) used in 

this project. 

 

These techniques have been linked to improved of signal quality and 

consequently to improve system performance, as a result this would let that the 

problems discussed before due to interferences will improve ( the error rate will be 

reduced) and will be possible support big density of users in the system. 

 

This arrays advanced technique is based in the sum or combination of 

received signals by the multiple antennas previously multiplying each of these signals 

by a factor with a module and phase determinate. This technique can generate 

directivity beam to predetermined regions of space, and simultaneously on a 

contrary, result in zero reception in certain regions of the radiation from which can 

come from interfering signals (See Figure 31). 
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Figure 31 . Highlight the desired signal and cancel interference. 

 

This radiation diagram is controlled electronically varying its form through the 

dynamic adjustment of coefficients that multiply the received signals by different 

antennas [27]. Traditionally, the electronic design of the beam was realized in the RF 

stage, causing difficult and expensive hardware implementations. Today, thanks to 

high performance DSP (Digital Signal Processors), the beamforming is performed in 

baseband, providing greater versatility, ease and lower costs and multiple 

applications. 

 

Only five environments have been measured, each one with different 

characteristics. So, one way to continue this thesis could be in the study of more 

environments with similar characteristics between them with the purpose of design 

general propagation model for each kind of environment. Perhaps, a more detailed 

study should have carried out, with the purpose of get measurements closer to the 

real performance. 
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CONCLUSSION 

 

In industrial environments, and due to the different surface properties of the 

structure and the industrial machinery and materials stored in them, signals 

transmitted in these environments will suffer different attenuation and reflection and, 

consequently, different propagation delays. This effect could delay multiple arriving 

rays, deteriorating thus the received signal at the receiver. This is an important 

problem to add innovative systems, like wireless communication, for the 

communication between machines and computers, because these delays could 

cause a wrong performance of the signal, and consequently of the system. If the use 

of one wireless technology is required in industry, the use of that technology must be 

checked in order to guarantee a good behavior of the channel, which shouldn´t 

present ISI. If this effect is present in the transmission channel, the performance of 

the channel will not work correctly. 

 

In our thesis, measurements for five different environments have been taken in 

order to approximate the behavior of the RMS Delay in a general model valid for all 

industrial environments. For this purpose, the 1890 MHz band and the 2450 MHz 

band have been measured.  

 

Depending on the environment, the stored material, and the characteristics of 

these environments, the RMS Delay behaves in different ways, for the 

measurements given. Thus, for the most absorbent environment, the RMS Delay will 

be the shortest measures, and it will be in the range between 4-10 ns. For the most 

reflective environments, the PDP will present the largest RMS Delay, taking values 

from several tens of nanoseconds to 200 ns in some cases. For the rest of 

environments, those which are not too much absorbent or too much reflective the 

value for the RMS Delay will be in the range between 25-75 ns.  

 

Moreover of the type of environment, we must realize that the number N of 

arriving rays which will compose the PDP for each point is a random variable [3]. So, 

a preliminary study of each environment is needed in order to achieve the 
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performance of the signal in that environment and so, the right election of the system 

to use in them.  
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APPENDIX B: INSTRUMENTS USED 
 

Antennas used 
 

SENCITY Optima is primarily addressing indoor distributed antenna systems for high 
speed wireless data and mobile voice applications. It is a broadband omni directional 
antenna which supports all major communication systems such as AMPS, CDMA, GSM, 3G, 
WiFi and WiMAX.  

SENCITY Optima has been primarily designed for false ceiling mounting. With its 
innovative elongated connector the antenna can be fixed on ceilings with a thickness of up to 
30mm. For additional stability the antennas can be fixed using three nylon screws which are 
included within the antenna shipment and which can be cut by the installer to the desired 
length. For concrete ceiling mounting an optional bracket is available as well. 

Characteristics:  

• broadband omni-directional antenna 
• LTE, 3G, AMPS, CDMA, GSM applications 
• WLAN 802.11 a, b, g, n and WiMAX 802.16-2004 & 802.11-2005 applications 
• ceiling light type design 

Technical data:  

• frequency range 690 MHz to 6.4 GHz / 1710 MHz – 6.4 GHz 
• impedance 50 Ohm 
• VSWR < 2 
• gain up to 8.5 dBi 
• polarisation linear vertical 
• 3dB horizontal beamwidth 360° 
• max. power 10 W at +25°C 
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Cables used 
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APPENDIX C: TABLES WITH THE MEASUREMENTS 
 
1. Stora Paper 

Table 1.1.  Results for meassurements and implementations LOS case. 
 

 LOS case 

 
RMS 
Delay 

Meassure 
(ns) 

RMS Delay 
from Fit-
line (ns) 

RMS Delay 
Our Model 

(ns) 

Typical 
Deviation 1 

Typical 
Deviation 2 

433 MHz      
16m 5.8900 5.508 5.4653 0.0721 0.0078 
21m 5.9100 6.773 6.9608 0.1778 0.0277 
26m 8.8700 8.294 8.2944 0.0649 4.8228e-005 

1890 MHz      
16m 3.3020 3.396 3.4779 0.0533 0.0241 
21m 4.6600 4.412 4.3549 0.0655 0.0129 
26m 5.5600 5.718 5.1258 0.0781 0.1036 

2450 MHz      
16m 3.6200 3.62 3.1211 0.1378 0.1378 
21m 4.2513 4.315 3.8840 0.0864 0.0999 
26m 4.9302 4.94 4.5509 0.0769 0.0788 

 

Table 1.3 . Saleh-Valenzuela Results for LOS case. 
 

 LOS case 

 
S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical 
Deviation 

433 MHz    
16m 5.9117 5.4653 0.0755 
21m 6.8510 6.9608 0.0160 
26m 7.1860 8.2944 0.1542 

1890 MHz    
16m 3.4260 3.4779 0.0151 
21m 4.7325 4.3549 0.0798 
26m 5.2186 5.1258 0.0178 

2450 MHz    
16m 3.1246 3.1211 0.0011 
21m 4.4675 3.8840 0.1306 
26m 5.5367 4.5509 0.1780 
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2  Industrial Process Mill 

 

Table 2.1 . Results for meassurements and implementations LOS case. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
Table 2.2.  Results for meassurements and implementations NLOS case. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 LOS case  

 
RMS Delay 
Meassure 

(ns) 

RMS Delay 
from Fit-line 

(ns) 

RMS Delay 
Our Model 

(ns) 

Typical 
Deviation 1 

Typical 
Deviation 2 

1890 MHz      
6m 23.8200 23.29 22.9677 0.0358 0.0138 
10m 25.0870 25.88 27.0062 0.0765 0.0435 
15m 29.4700 29.53 29.9883 0.0176 0.0155 
19m 33.1800 32.81 31.6535 0.0460 0.0352 

2450 MHz      
6m 9.8200 6.302 10.5767 0.0771 0.6783 
10m 39.9000 51.33 36.7711 0.0784 0.2836 
15m 

 
99.3800 86.44 82.3065 0.1718 0.0478 

19m 101.750 107.1 124.734 0.2259 0.1647 

 NLOS case  

 
RMS Delay 
Meassure 

(ns) 

RMS Delay 
from Fit-line 

(ns) 

RMS Delay 
Our Model 

(ns) 

Typical 
Deviation 1 

Typical 
Deviation 2 

1890 MHz      
9.1m 80.799 72.61 77.72 0.0381 0.0657 
14m 124.25 149.4 143.93 0.1584 0.0380 
16m 169.54 173.2 170.72 0.0070 0.0145 
17m 204.77 184.1 183.98 0.1015 6.52e-004 

2450 MHz      
9.1m 127.04 122.7 124.86 0.0172 0.0173 
14m 168.48 184.1 182.31 0.0821 0.0098 
16m 208.76 203.1 202.46 0.0302 0.0032 
17m 217.42 211.7 211.98 0.0250 0.0013 
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Table 2.3.  Saleh-Valenzuela Results for LOS case. 
 
 

 LOS case 

 
S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical 
Deviation 

1890 MHz    
6m 25.2380 22.9677 0.0900 
10m 27.9607 27.0062 0.0341 
15m 30.4769 29.9883 0.0160 
19m 31.1332 31.6535 0.0167 

2450 MHz    
6m 28.3100 10.5767 0.6264 
10m 46.6400 36.7711 0.2116 
15m 81.4557 82.3065 0.0104 
19m 118.9600 124.7349 0.0485 

 
 
Table 2.4.  Saleh-Valenzuela Results for NLOS case. 
 

 NLOS case 

 
S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical 
Deviation 

1890 MHz    
9.1m 76.2487 77.72 0.0193 
14m 142.0295 143.93 0.0134 
16m 167.2317 170.72 0.0209 
17m 182.7292 183.98 0.0068 

2450 MHz    
9.1m 122.1978 124.86 0.0218 
14m 189.3108 182.31 0.0370 
16m 201.0681 202.46 0.0069 
17m 213.1684 211.98 0.0056 

 
 
 
Table 2.5 . Two-cluster Results for LOS case. 
 

 LOS case 

 
Two-cluster 
simulation 

RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical 
Deviation 

1890 MHz    
6m 23.7564 22.9677 0.0332 
10m 24.8441 27.0062 0.0870 
15m 28.8879 29.9883 0.0381 
19m 33.8049 31.6535 0.0636 
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2450 MHz    
6m 10.4778 10.5767 0.0094 
10m 39.5870 36.7711 0.0711 
15m - 82.3065 - 
19m - 124.7349 - 

 
 
Table 2.6.  Two-cluster Results for LOS case. 
 

 NLOS case 

 
Two-cluster 
simulation 

RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical 
Deviation 

1890 MHz    
9.1m 72.1079 77.72 0.0778 
14m - 143.93 - 
16m - 170.72 - 
17m - 183.98 - 

2450 MHz    
9.1m - 124.86 - 
14m - 182.31 - 
16m - 202.46 - 
17m - 211.98 - 

 

 

 

3.Steel Mill 

 

Table 3.1.  Results for meassurements and implementations LOS case. 

 

 

LOS case 
RMS Delay 
Meassure 

(ns) 

RMS Delay 
adjusted 

Curve(ns) 

RMS Delay 
Our Model 

(ns) 

Typical 
Deviation 1 

Typical 
Deviation 2 

1890 MHz      
13m 5.7589 9.409 8.2008 0.4240 0.1284 
19m 58.4211 47.84 45.7456 0.2170 0.0438 
23m 59.4572 66.27 100.1103 0.6837 0.5106 
2450 MHz      
13m 86.0475 86.05 86.4243 0.0044 0.0043 
23m 100.182 100.5 101.0960 0.0091 0.0059 
27.5m 105.373 105.1 105.5665 0.0018 0.0044 
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Table 3.2.  Saleh-Valenzuela Results for LOS case. 

 
LOS case 

S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
13m 6.4021 8.2008 0.2810 
19m 49.5684 45.7456 0.0771 
23m 55.6335 100.1103 0.7995 

2450 MHz    
13m 79.2954 86.4243 0.0899 
23m 92.6132 101.0960 0.0916 

27.5m 99.2717 105.5665 0.0634 
 

Table 3.3.  Two-Cluster  Results for LOS case. 
 

 

LOS case 
Two-cluster 
simulation 

RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
13m 8.3572 8.2008 0.0187 
19m 45.1273 45.7456 0.0137 
23m 100.4250 100.1103 0.0031 

2450 MHz    
13m 87.3411 86.4243 0.0105 
23m 100.5306 101.0960 0.0056 

27.5m 105.3764 105.5665 0.0018 
 
 

 
 
 
4. Scenary 1 
 
Table 4.1.  Measured value and our model simulation value for LOS case.  
 

 
LOS case 

Measured 
 RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
2m 28.21 27.3951 0.0289 
3m 29.24 29.3344 0.0032 
4m 30.24 30.7930 0.0183 
5m 31.23 31.9742 0.0238 
6m 32.36 32.9728 0.0189 
7m 33.45 33.8415 0.0117 
8m 34.57 34.6124 0.0012 
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9m 35.83 35.3069 0.0146 
2450 MHz    

2m 26.14 25.4946 0.0247 
3m 27.20 27.3960 0.0072 
4m 28.30 28.8305 0.0187 
5m 29.50 29.9946 0.0168 
6m 30.73 30.9807 0.0082 
7m 32.08 31.8396 0.0075 
8m 33.27 32.6028 0.0201 
9m 34.61 33.2912 0.0381 

 
 
 
Table 4.2.  Measured value and our model simulation value for NLOS case.  
 

 
NLOS case 

Measured 
 RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
6m 33.05 32.9728 0.0023 
7m 33.83 33.8415 3.3993e-004 
8m 34.89 34.6124 0.0080 
9m 35.27 35.3069 0.0010 

2450 MHz    
6m 31.15 30.9807 0.0054 
7m 32.52 31.8396 0.0209 
8m 33.27 32.6028 0.0201 
9m 34.31 33.2912 0.0297 

 
 
 
Table 4.3.  Saleh-Valenzuela value and our simulation value for LOS case. 
 

 
LOS case 

S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
2m 29.5167 27.3951 0.0719 
3m 30.4800 29.3344 0.0376 
4m 30.8440 30.7930 0.0017 
5m 31.4275 31.9742 0.0174 
6m 32.5433 32.9728 0.0132 
7m 32.7338 33.8415 0.0338 
8m 33.7233 34.6124 0.0264 
9m 35.6973 35.3069 0.0109 

2450 MHz    
2m 27.0031 25.4946 0.0559 
3m 28.5664 27.3960 0.0410 
4m 29.1482 28.8305 0.0109 
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5m 29.5715 29.9946 0.0143 
6m 30.3956 30.9807 0.0192 
7m 31.1367 31.8396 0.0226 
8m 31.9733 32.6028 0.0197 
9m 33.6750 33.2912 0.0114 

 
 
Table 4.4.  Two-cluster value and our simulation value for LOS case. 
 

 
LOS case 

S-V simulation 
RMS Delay (ns) 

Our Model 
RMS Delay (ns) 

Typical Deviation 

1890 MHz    
2m 31.6760 27.3951 0.1351 
3m 33.7275 29.3344 0.1303 
4m 34.3024 30.7930 0.1023 
5m 34.0531 31.9742 0.0610 
6m 35.4975 32.9728 0.0711 
7m 36.8011 33.8415 0.0804 
8m 36.5735 34.6124 0.0536 
9m 37.1059 35.3069 0.0485 

2450 MHz    
2m 30.5280 25.4946 0.1649 
3m 32.5352 27.3960 0.1580 
4m 34.5550 28.8305 0.1657 
5m 33.8385 29.9946 0.1136 
6m 34.4189 30.9807 0.0999 
7m 34.7975 31.8396 0.0850 
8m 34.5107 32.6028 0.0553 
9m 35.2990 33.2912 0.0569 
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5. Scenary 2 
 
Table 5.1.  Results for meassurements and implementations LOS case. 
 

 
 
 

 

 

 

 

LOS case 

Measured 
RMS Delay (ns) 

Our 
Model 
RMS 
Delay 
(ns) 

Typical 
Deviation 

1890 
MHz 

Measurement 
1 

Measurement 
2 

Measurement 
3 

Mean 
Value 

  

4m 34.10 33.83 35.09 34.3400 35.1538 0.0237 
6m 43.86 43.69 42.47 43.3400 42.5151 0.0190 
8m 51.53 44.08 45.45 47.0200 48.6551 0.0348 
10m 48.64 47.79 50.60 49.0100 54.0220 0.1023 
12m 58.27 58.31 61.22 59.2667 58.8437 0.0071 
14m 62.39 63.52 63.31 63.0733 63.2546 0.0029 
16m 65.09 68.73 67.74 67.1867 67.3418 0.0023 
18m 66.06 70.02 73.20 69.7600 71.1657 0.0202 
20m 72.77 74.23 71.43 72.8100 74.7700 0.0269 
2450       
3m 17.58 17.95 18.05 17.8600 14.9640 0.1622 
4m 19.05 17.89 19.49 18.8100 19.0962 0.0152 
5m 19.39 19.72 19.77 19.6267 23.0721 0.1755 
6m 19.54 18.94 22.11 20.1967 26.9278 0.3333 
7m 20.56 22.46 21.92 21.6467 30.6864 0.4176 
8m 32.51 35.69 35.46 34.5533 34.3637 0.0055 
9m 41.39 43.96 43.47 42.9400 37.9714 0.1157 
10m 40.55 44.71 42.96 42.7400 41.5183 0.0286 
11m 45.05 46.70 47.24 46.3300 45.0116 0.0285 
12m 52.97 53.19 52.38 52.8467 48.4567 0.0831 
13m 54.55 51.88 53.46 53.2967 51.8583 0.0270 
14m 56.21 55.29 53.76 55.0867 55.2202 0.0024 
15m 55.42 51.47 55.96 54.2833 58.5457 0.0785 
16m 61.63 62.61 59.18 61.1400 61.8375 0.0114 
17m 63.82 64.44 67.89 65.3833 65.0981 0.0044 
18m 63.21 72.56 70.09 68.6200 68.3295 0.0042 
19m 72.31 73.59 68.31 71.4033 71.5338 0.0018 
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APPENDIX D: M FILES USED 
 
With “mincuad” we have calculated the fit-line for the points given, using different types of 
regressions. 
 
function  mincuad(x,y) 
 
% Least Square Regression  
n=length(y); 
opcion=0;sg=1;ajuste=1;xn=x;yn=y; 
  
%Menu created in order to choose the regression ana lysis  
while  opcion==0 
   k=menu( 'Choose the regression 
analysis' , 'A*exp(B*X)' , 'A*B^X' , 'A*X^B' , 'A+B*Ln(X)' , 'Polynomial' ); 
   if  k==1 
      opcion=1; 
      m=1; 
      if  any(y<0) 
         ajuste=0; 
      else  
         yn=log(y); 
      end  
   elseif  k==2 
      opcion=1; 
      m=1; 
      if  any(y<0) 
         ajuste=0; 
      else  
         yn=log(y); 
      end  
   elseif  k==3 
      opcion=1; 
      m=1; 
      if  any(y<0)|any(x<0) 
         ajuste=0; 
      else  
         yn=log(y); 
         xn=log(x); 
      end  
   elseif  k==4 
      opcion=1; 
      m=1; 
      if  any(x<0) 
         ajuste=0; 
      else  
         xn=log(x); 
      end  
   elseif  k==5 
      opcion=1; 
      m=input( ' Polnomial grade = ' ); 
      if  m>n 
         ajuste=0; 
      end  
   end  
end  
  
 
%%%%%%%%%%% 
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if  ajuste==0 
   fprintf( 'n The fit-line cannot be done n' ); 
else  
   for  i=1:m+1 
        for  j=1:m+1 
            sx(i,j)=sum(xn.^(i+j-2)); 
        end  
        sy(i)=sum(yn.*xn.^(i-1)); 
   end  
   % Results  
   fprintf( 'n Sumatories Matrix n' ); 
   disp([sx sy']); 
   c=inv(sx)*sy';  
   xx=linspace(min(x),max(x)); 
   fprintf( ' Fit-line: ' ); 
   if  k==1 
       fprintf( ' Y = %g * exp(%g * X) n' ,exp(c(1)),c(2)); 
       yy=exp(c(1))*exp(c(2)*xx); 
       ya=exp(c(1))*exp(c(2)*x); 
   elseif  k==2 
       fprintf( ' Y = %g * %g ^ X n' ,exp(c(1)),exp(c(2))); 
       yy=exp(c(1))*exp(c(2)).^xx; 
       ya=exp(c(1))*exp(c(2)).^x; 
   elseif  k==3 
       fprintf( ' Y = %g * X ^ %g n' ,exp(c(1)),c(2)); 
       yy=exp(c(1))*xx.^c(2); 
       ya=exp(c(1))*x.^c(2); 
   elseif  k==4 
       fprintf( ' Y = %g + %g * LnX n' ,c(1),c(2)); 
       yy=c(1)+c(2)*log(xx); 
       ya=c(1)+c(2)*log(x); 
   elseif  k==5 
       for  w=1:m+1 
            if  c(w)<0 
            sg= '-' ; 
            else  
            sg= '+' ; 
            end  
            fprintf( '%s %g X^%g ' ,sg,abs(c(w)),w-1); 
       end  
       cn=flipud(c); 
       ya=polyval(cn,x); 
       yy=polyval(cn,xx); 
   end  
   %Correlation coefficient  
   st=sum((y-mean(y)).^2); 
   sr=sum((y-ya).^2); 
   r=sqrt((st-sr)/st); 
  
   %Print results  
   fprintf( 'n Correlation Coefficient : r = %g n' ,r); 
    
   %Graphic with the original points and the fit-line  
   plot(xx,yy,x,y, '.r' ); 
    
end  

 

------------------------------------------------------------------------------------------------- 
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Saleh function has been used to simulate the differents PDP´s for the different 
environments studied in this thesis. 

 
function  [A00]=Saleh(frec,dist,decRay,arrRay,decClus,arrClu s,alpha)  
%-->alpha is propagation decaying constant and usua lly is,in industrial  
% environments between 1.5-2  
%decaying rate of the Rays  
%arrival rate of the Rays  
% 
c=3*1e8;  
G1m=2.1*2.1*(c/(4*frec*1e6))^2  
A00=(G1m/(decRay*arrRay))*dist^(-alpha);  
A(1,1)=A00  
%NC=2; % We use this number of cluster for the Two- cluster model.  
NC=1+poissrnd(3)  %Cluster number  
NR=poissrnd(15)  %Ray number  
tkl=1+(arrRay+2).*rand(NR,1) %Random Ray arrival time  
Tkl=(arrClus).*rand(NC,1) %Random Cluster arrival time  
Tkl=Tkl+150  
tklA(1)=tkl(1);  
tklB(1,1)=tkl(1)+Tkl(1)  
A(1,1)=1;  
for  k=2:NR  
    for  t=2:NR  
    tklA(t)=tklA(t-1)+tkl(t);  
    tklB(1,t)=tklA(t)+Tkl(1);  
    end  
    A(1,k)=A00.*exp(-tklA(k)./decRay).*exp(-Tkl(1). /decClus);  
    A(1,k)=A(1,k)/A00  
end  
t=tklA+Tkl(1)+150;  
bar((t),A,0.1)  
hold on 
TklA(1)=Tkl(1);  
for  j=2:NC  
   Tkl(j)=Tkl(j-1)+Tkl(j);  
   TklA(j)=Tkl(j);  
   tkl=1+(arrRay+2).*rand(NR,1);  
    tklA(1)=tkl(1);  
    tklB(j,1)=tkl(1)+TklA(j);  
        for  t=2:NR  
        tklA(t)=tklA(t-1)+tkl(t);  
        tklB(j,t)=tklA(t)+TklA(j);  
        end  
        for  i=1:NR  
            A(j,i)=A00.*exp(-tklA(i)./decRay).*exp( -TklA(j)./decClus);  
            A(j,i)=A(j,i)/A00  
    end  
    t=tklA+TklA(j);  
    A(j,:);  
    lt=length(t);  
    bar(t,A(j,:),0.1)  
end  
for  l=1:NC  
    for  m=1:NR  
       C(l,m)=A(l,m)*tklB(l,m);  
       D(l,m)=A(l,m)*(tklB(l,m).^2);  
    end  
end  
s=sum(C); s=sum(s); t=sum(A); t=sum(t); d=sum(D); d =sum(d);  
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%Signal Parameters 
MeanExcessDelay=s/t; SecondMoment=d/t;  
RMS=sqrt(SecondMoment-MeanExcessDelay^2)  
 
-----------------------------------------------------------------------------------------------------------------  
 
function  [PDP,t]=IPDPmodel(alphaw,alphac,a,b,c)  
%a:base.  
%b:length  
%c:height  
%alphaw: Absortion coefficient of the walls and the  floor  
%alphac: Absortion coefficient of the roof 
%%Absorvent � alpha close to 1. 
%%Reflectant � alpha close to 0.  
c0=3e8;  
Sc=a*b;  
St=a*b+2*c*b+2*a*c;  
tc=((8*(a*b*c))/(c0*St))*1e9;  
NR=poissrnd(15);  
t(1)=0;  
for  i=1:NR-1  
    t(i+1)=(1/2+(i-1)).*tc;  
end  
alphaeff=alphaw*((St-Sc)/St)+alphac*(Sc/St);  
tectaeff=1-alphaeff  
    PDP(1)=1;  
    tau=0;  
for  (i=2:NR)  
    PDP(i)=1/4.*(tectaeff.^(i-1)/((i-1)^2));  
end  
for  m=1:NR  
    C(1,m)=PDP(1,m)*t(1,m);  
    D(1,m)=PDP(1,m)*(t(1,m).^2);  
end  
plot(t,PDP(1,:))  
hold on 
s=sum(C); s=sum(s); t=sum(PDP); t=sum(t); d=sum(D);  d=sum(d); 
%Signal Parameters 
MeanExcessDelay=s/t; SecondMoment=d/t;  
RMS=sqrt(SecondMoment-MeanExcessDelay^2)    
 
 


