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Zusammenfassung 

Die drahtlose Sensorik erfährt eine hohe Nachfrage, vor allen in anspruchsvollen 

industriellen Umgebungen. In dieser Arbeit wurde der Prototyp eines Messsystems 

entwickelt, mit welchem die Umsetzung einer drahtlosen Sensorauslesung in rauen 

Industrieumgebungen untersucht werden soll. Hierzu wurden geeignete Antennen entwickelt 

und aufgebaut, welche die Signale aussenden und empfangen. Ein Software-Programm 

wurde für die Datenaufnahme und die Kontrolle der Messgeräte entwickelt. Außerdem 

wurden Algorithmen für die Auswertung der Messdaten implementiert.  Der Prototyp des 

Messsystems wurde in einem möglichen Anwendungsszenario getestet, in dem der 

drahtgebundene Sensor eines Schiffantriebssystems durch einen drahtlosen Sensor ersetzt 

werden soll. Das System konnte unter anspruchsvollen Bedingungen wie einer metallischen 

Umgebung, keiner direkten Sichtlinie zwischen Sender und Empfänger und der Anwesenheit 

von Öl erfolgreich getestet werden. Für zwei verschiedene Funkstrecken innerhalb des 

Antriebssystems konnte die Kanaldämpfung gemessen und analysiert werden. Die hier 

vorgestellte Arbeit stellt somit eine Grundlage für weitere Forschungs- und 

Entwicklungsarbeiten in dem Gebiet der drahtlosen Kanalcharakterisierung für verschiedene 

industrielle Anwendungen dar. 

 

  



 

 

Abstract 

Wireless sensing is increasingly demanded, especially in harsh industrial environments. 

Within the presented work a measurement prototype to check the feasibility of wireless 

sensing in harsh industrial environments was developed. Therefore appropriate antennas 

were designed to transmit and receive the wireless measurement signal. A software program 

was developed for data acquisition and controlling the measurement equipment. Furthermore 

algorithms for data analysis were implemented.       

The prototype of the measurement system was then tested in an application scenario to 

replace a wired sensor in a propulsion system of a ship by a wireless sensor. Under 

challenging conditions like a highly metallic environment, non-line of sight between 

transmitter and receiver and the presence of oil, the system could be used successfully. Data 

of the channel attenuation was obtained and analyzed for two different transmission channels 

within the propulsion system. The work presented establishes a foundation for further 

research and development in wireless channel characterization of various industrial 

applications.   
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Nomenclature  

S-Parameter: Scattering Parameter 

S11: the input port voltage reflection coefficient. 

S12: the reverse voltage gain.  

S21: the forward voltage gain.  

S22: the output port voltage reflection coefficient. 

LOS: Line-of-Sight 

NLOS: Non-Line-of-Sight 

ISI: Intersymbol Interference 

VNA: Vector Network Analyzer 

LabView: Laboratory Virtual instrument Engineering Workbench 

VI: Virtual Instrument 



 

 

1 Introduction 

1.1 Motivation  

The motive of the dissertation, where the characteristics of a radio channel which is within a 

propulsion system have been obtained, is making a wireless communication between the 

propeller and the surface of a boat, through the enclosed system. For this purpose, several 

experiment tests have been carried, obtaining the response of the different channels of 

communication and obtaining the best conditions for the communication. 

Due to the metallic structure of the system and because the communication channel is an N-

LOS type, the effects of the reflections and therefore the multipath propagation are studied. 

1.2 Wireless Systems in the Industry 

In industrial environments [22] we find a huge range of systems such as automated guided 

vehicles or mobile systems, which have to communicate in a flexible way. Such elements 

have to communicate with control units for control, data exchange or any specific task. 

Wireless networks are transforming industrial plants. The evolution from wired to wireless 

networks in industrial, manufacturing and warehousing applications is driven by the need to 

reduce costs, improve uptime and improve workplace safety 

However, with high data rates, radio transmissions face hostile conditions in industrial 

environments and the quality of the transmissions can suffer from distortions due to 

multipath interference or from shadowing caused by obstructions in the signal path. 

Time-critical applications like control of mobile units or production systems are most 

affected by such interferences as they have to work at high frequencies. 

However, the main advantages for using wireless solution in industrial applications are the 

following: 

 Greater mobility and ability to move devices and connect supervising devices 

without constraining cables. 

 Bypassing long distances and areas where cables cannot physically fit. 
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 Fast and easy installation and commissioning. 

 High flexibility to modify the installation. 

 Easy integration of devices into the network 

 Easy maintenance of the transmission media such as cables. 

1.3 Structure of the Dissertation 

The aim of the master thesis, which has been carried out at the Department of Microsystems 

Engineering (IMTEK), University of Freiburg is to characterize an industrial communication 

channel. The mentioned channel will be a propulsion system of a ship and the tests will be 

carried out at company Schottel GmbH, which also manufactures the propulsion systems. 

The steps performed were as follows: 

 Design of an antenna through calculations and simulations. 

 Implementation of a program for easy handling and data storage of the data obtained 

by the network analyzer. 

 Realization of the measurements at Schottel GmbH company. 

 Processing and analysis of results. 

1.4 State of the Art 

Because of the need to integrate wireless systems in industrial systems such as 

manufacturing and process control automation the interest to investigate the response of 

these hostile environments has increased the last few years. Consequently, numerous studies 

of the radio propagation channel has been conducted in industrial environments. 

In [5] the characteristics of the radio channel of a typical industrial environment are 

examined by means of experimental measurements, measuring the channel impulse response 

at several representative positions. Furthermore directional antennas are used to investigate 

the effect of directional transmission. In [21] the large-scale and temporal fading are 

determined at different frequencies.   

In [20] and [22] the integration of the Hopping Technology is also studied in Industrial 

Wireless sensor networks. 
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2 Fundamentals 

In this chapter the basic principles and the theoretical background to understand the thesis is 

explained. 

First of all the theoretical background about the radio propagation channels, the type of 

measurements that can be carried out and the most important parameters to characterize a 

radio propagation channel are described. Then the instrumentation used to perform the 

measurements is explained. Finally, the type of antenna that has been used to perform the 

channel characterization is shown. 

2.1 Radio Propagation Channel, Channel Measurements 

and Channel Characterization 

The concept “radio propagation channel” describes the physical transmission link between a 

transmitting and receiving antenna. Radio propagation channels have different properties 

than other communication channels, such as wired transmission. For instance, the wave 

propagation in industrial environments is mostly unpredictable due to reflections and 

diffractions on different obstacles. Such interferences can impact the communication quality. 

2.1.1 Radio propagation 

Electromagnetic waves are waves which can travel through the vacuum of outer space. They 

transport their energy through free space at the speed light in free space, denoted as c0 and 

approximated to 3.00·10
8
 m/s and            . The wavelength λ is the distance over 

which the wave’s shape repeats [8]: 

   
 

 
 

(2.1) 

Radio propagation can be classified in two modes: line-of-sight (LOS) and non-line-of-sight 

(NLOS). LOS propagation is a condition where a signal travels through the air directly from 

a transmitter to a receiver without encountering any obstacles. Propagations that can not 

satisfy the LOS condition are NLOS propagations, where a signal from a transmitter 

encounters several obstacles before arriving at a receiver. In this case, the signal can be 

reflected, refracted, diffracted, scattered or absorbed. This can create multiple signals that 

will arrive at the receiver at different times, from different paths and with different strengths. 

An example of a propagation scenario is shown in figure 2.1, where the radio signal emitted 
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can arrive at the receiver via a direct path (LOS propagation) or via different indirect paths 

due to scattering caused by trees, reflections from factory walls and so on. 

 

Figure 2-1: Multipath Scenario 

Depending on the size, shape and material of such scatters, each signal copy has a different 

amplitude and phase shift. Thus some of the partial waves are canceled out by each other 

(destructive interference) and others are superpositioned at the receiving site (constructive 

interference). 

Due to this phenomenon, a wireless signal from a transmitter reaches the receiver via many 

different paths. The causes of this include reflection, refraction, and atmospheric effects. 

Since all of these paths have different lengths, different versions of the signal arrive at the 

receiver at different times.  

2.1.1.1 Intersymbol interference 

Intersymbol interference (ISI) [10] is a type of distortion of a signal in which one symbol 

interferes with subsequent symbols. One or more symbols can interfere with other symbols 

causing noise or less reliable signal. The main causes of intersymbol interference are 

multipath propagation and bandlimited channels. The presence of ISI in a system introduces 

errors in the decision device at the receiver output. It is essentially caused by the dispersion 

of the channel and it can be avoided by leaving enough space between the transmitted 

symbols. 
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2.1.1.2 Path Loss 

Path loss, also known as large-scale-fading, is the phenomenon that happens when an 

electromagnetic wave propagates through a medium. It depends on the carrier frequency and 

the distance separation between the transmitter and the receiver. Path loss is also influenced 

by terrain contours, environment, propagation medium and the height and location of the 

antennas. 

Transmitter Receiverdistance

Signal strength 

reduces with distance

 

Figure 2-2: Path Loss 

The power attenuation factor of two antennas can be calculated as follows [11]: 

 

 
    

   
   

  
 

   
 
 

         
(2.2) 

 

Where: 

PTX  = Transmitted signal power 

PRX = Received signal power 

λ = Wavelength 

d = Distance of T-R separation 

gTX = gain of the transmitting antenna 

gRX = gain of the receiving antenna 

Replacing         the equation can be rewritten as follows: 
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(2.3) 

 

Hence it can be concluded that path loss factor is inverse proportional to the square of both 

the frequency and the distance. 

2.1.1.3 Radio frequencies 

Radio spectrum refers to the part of the electromagnetic spectrum corresponding to radio 

frequencies, that is, frequencies from 3 kHz to 300 GHz, which are divided into eight 

frequency bands as shown in Table 2-1 

Table 2-1: Frequency bands [9] 

Frequency Designation Abbreviation 

3 – 30 Hz Extremely low frequency ELF 

30 – 300 Hz Super low frequency SLF 

300 – 3000 Hz Ultra low frequency ULF 

3 – 30 kHz Very low frequency VLF 

30 – 300 kHz Low frequency LF 

300 kHz – 3 MHz Medium frequency MF 

3 – 30 MHz High frequency HF 

30 – 300 MHz Very high frequency VHF 

300 MHz – 3 GHz Ultra high frequency UHF 

3 – 30 GHz Super high frequency SHF 

30 – 300 GHz Extremely high frequency EFH 

300 – 3000 GHz Tremendously high frequency THF 

 

2.1.2 Channel Measurements 

Depending on the type of measurement that the user wants to perform, there are different 

types of measurements that can be taken into account. The techniques that are used to 

measure the channel response can be divided into two types:  time domain or frequency 

domain measurements.  Through the Fourier transformation, it is possible to change between 

domains. However, the measurement setup is different in each case [1]. 

In the time domain analysis the data is computed over a time period. For an electronic signal, 

the time domain analysis is mainly based on the voltage versus time analysis or on the 

current versus time analysis. 
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Time domain measurements are carried out by sending a narrow pulse, which determines the 

measurement resolution. The shorter the pulse, the wider the frequency bandwidth. 

The oscilloscope is the device normally used in these measurements. A critical factor in a 

time domain measurement is the synchronization between the transmitter and the receiver. 

This can be carried out by triggering the oscilloscope through a coaxial cable. 

In the frequency domain analysis the data is analyzed with respect to the frequency. This 

kind of measurement is normally performed with a vector network analyzer. The VNA 

generates a frequency sweep, the bandwidth of which determines the measurement 

resolution in the time domain, and measures the frequency response in S-parameter format. 

Using the VNA no synchronization is required. 

2.1.2.1 The Discrete Fourier Transform  

The discrete Fourier transform (DFT) [12] is a kind of transform which converts a 

mathematical function represented in the time domain into another, obtaining a 

representation in the frequency domain. The transformation is often denoted by       , 

where   is a time discrete signal and X is its frequency domain representation: 

 

            
     

       

   

   

 

(2.4) 

However, the inverse discrete Fourier transform, normally denoted by         , converts 

frequency domain function into a time domain function.  

 

     
 

 
         

     

 
 

   

   

 

(2.5) 

The following figure depicts a wave represented in the time domain (in red), the respective 

harmonics and the frequency domain representation:  

 

Figure 2-3: Fourier transformation [14] 
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As our measurements have been performed in the frequency domain with an NVA, the 

inverse discrete Fourier transform has been used to obtain the time domain response of the 

channel. 

In our case, the input samples are complex numbers because, if only the real part or the 

module were used, the phase information would be lost. 

2.1.2.2 The Spectrogram 

As is already known, the Fourier transform is a tool through which we can get information 

about how is distributed the energy of a signal through its different frequency components, 

that is to say, we know all the components of existing frequency in the signal and their 

energy contributions. However, it cannot be applied in order to obtain accurate information 

of when the different frequency components are in the signal whose spectral content varies 

with time. 

Then the procedure that has been performed has been to divide the signal into different 

frequency ranges, and through the IFFT, obtain the temporal response for each frequency 

segment. Finally, a spectrogram has been obtained. 
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Figure 2-4: How to obtain a spectrogram 
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2.1.3 Channel Characterization 

In this section the parameters used to characterize the channel are explained. 

2.1.3.1 Delay Spread  

As an electromagnetic wave can travel from the transmitter to the receiver via multiple paths, 

the signal can reach the receiver with interference from its own echoes. 

Delay spread [1] measures the effect of the time dispersion in multipath channels 

2.1.3.1.1 Power Delay Profile 

The power delay profile is a function of time delay, which gives the signal power received 

through a multipath channel as a function of time delay. 

 

                           

   

   

 

 

 

(2.6) 

Where h (t) is a continuous channel impulse response, h[n] is the time-discrete channel 

impulse response; N is the number of samples and    is the size of the time step. 

In a Power Delay Profile plot, the signal power of each multipath is plotted against their 

respective propagation delays. 

 Figure 2-5 shows how a transmitted pulse its received at the receiver with different signal 

strength as it travels through a multipath channel with different propagation delays (τ, τ1, τ2) 

 

Figure 2-5: Power Delay Profile 

Detection of the first arrival peak is not an easy task to do when generating a power delay 

profile. Generally, one might think that the first peak corresponds to the maximum peak of 

the signal, but this is not necessarily the case. It may be that the peak of maximum energy is 

not the first peak, as this can suffer greater attenuation than other arrivals in NLOS situations  
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To determine the first arrival peak, a method was used which involved locating a peak with 

local maximum amplitude [1]. 

 

Require: A={alocal_max},anoise 

iamax,amaxmax(A) 

i1 

while i<iamax do 

if A[i]>anoise then 

return i 

end if 

end while 

return iamax 

 

 

Where: 

A: is a set of local maximum peaks in channel impulse response. 

anoise: the noise threshold level. 

amax: overall largest peak 

The described method of first arrival detection is deterministic and can find first arrivals in 

both LOS and NLOS propagation channels. 

2.1.3.1.2 RMS Delay Spread. 

The mean delay spread (τmean) is the statistical mean of the delay that a signal suffers when 

transmitted over a multipath channel. For a discrete channel it is given by: 

 
          

       

      
 

(2.7) 

RMS delay spread, denoted as τrms is similar to the standard deviation of a statistical 

distribution. For a discrete channel it is calculated as follows: 

 
     

       
 

      
 

(2.8) 

 

                 (2.9) 
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An example of a power delay profile, where RMS delay spread and average delay are 

calculated, is shown below: 

 

Figure 2-6: Example of a Power Delay profile 

Then: 

      
                                  

                
         

     
                                      

                
          

                            

 

2.1.3.1.3 Maximum Excess Delay Spread 

Maximum excess delay spread is the relative time difference between the first signal 

component arriving at the receiver and the last component whose power level is above a 

given threshold. 

If the maximum excess delay is greater than the symbol time period, i.e, Tm>Tsym, the inter 

symbol interference (ISI) is introduced into the signal that is being transmitted, and 

consequently the signal is distorted. ISI can be decreased at the receiver using an equalizer. 

Otherwise, if the maximum excess delay is less than the symbol time period, i.e, Tm<Tsym, 

the ISI does not have an effect at the receiver. 
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2.2 Data acquisition 

To obtain the channel response, the S-Parameters have been measured through a Vector 

Network Analyzer (NVA) and saved in an .s1p file. 

2.2.1 S-Parameters 

Scattering parameters describe the electrical behavior of electrical networks. Although 

applicable at any frequency, S-parameters are mostly used for networks operating at radio 

frequency (RF) and microwave frequencies. The S-parameters are represented in matrix 

form and follow the rules of matrix algebra. For example, the matrix equations for a 2-port 

network are [13]: 

 
 
  
  
   

      
      

   
  
  

  
(2.10) 

They can be depicted as follows: 

 

 

Figure 2-7: Two port network 

The four S-parameters can be defined as follows [13]: 

S11: the input port voltage reflection coefficient.     
  

  
 

S12: the reverse voltage gain.      
  

  
 

S21: the forward voltage gain.      
  

  
 

S22: the output port voltage reflection coefficient..      
  

  
 

2.2.2 The network analyzer 

A vector network analyzer is an instrument that measures the network parameters of 

electrical networks. The most commonly measured parameters are the S-parameters that 

describe the electrical behavior of a linear system. Most VNAs have two test ports, 

permitting measurement of four S-parameters. 

Due to its portability, a Rodhe&Schwarz ZVL6 [15] Network analyzer was used in our 

experiments and the two ports were connected with the transmitting and receiving antenna. 

The frequency band of our measurement was from 300 MHz to 6 GHz. A program was 

developed to set all required VNA configurations parameters before a measurement and to 
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save the measured frequency response in an S1P file afterwards. In s1p format the measured 

S-parameters are tabulated against frequency.  

2.2.3 SnP File 

The SnP files [16] (*.s1p, *.s2p, *.s3p, and so forth) contain the S-parameters described by 

frequency-dependent linear network parameters. The difference between these files is the 

number of ports involved in the measurement and therefore, the number of S-parameters that 

are saved. 

Table 2-2: S1p file 

File Type # of Ports # of S-parameters saved 

*.s1p 1 1 S-Parameter 

*.s2p 2 4 S-Parameter 

*.s3p 3 9 S-Parameter 

*.s4p 4 16 S-Parameter 

*.snp N N
2
 S-Parameter 

 

In our case, since only the S21 parameter has been saved, the .s1p file has been created. An 

example of an s1p file listing an S-parameter is shown below: 

 

Figure 2-8: S1P format 

There are 3 columns of data. Column 1 is the test frequency in Hz. Columns 2 and 3 are the 

real and imaginary part of the S-parameter measured.  

2.3 The antenna 

Since the measures that have to be performed are of a radio propagation channel, a 

transmitting and a receiving antenna have been used. 

An antenna [2] is an electrical device which converts electric power into radio waves and 

vice versa. In transmission, a radio transmitter supplies an electric current oscillating at radio 

frequency to the antenna’s terminal, and the antenna radiates the energy from the current as 

electromagnetic waves. In reception, an antenna intercepts some of the power of an 
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electromagnetic wave in order to produce a voltage at its terminals, which is applied to a 

receiver to be amplified. If the electrical characteristics of an antenna described as follows, 

such as gain, radiation pattern, impedance, bandwidth, and polarization are the same whether 

the antenna is transmitting or receiving, it can be said that the antenna is reciprocal. 

2.3.1 Antenna’s parameters 

2.3.1.1 Gain  

The antenna gain is defined as the ratio of the intensity radiated by the antenna in the 

direction of its maximum output, at an arbitrary distance, divided by the intensity radiated at 

the same distance by a hypothetical isotropic antenna. In other words, the term antenna gain 

describes the degree of directivity of the antenna’s radiation pattern. A high-gain antenna 

will radiate in a particular direction.  

2.3.1.2 Radiation Pattern 

The term radiation pattern refers to the angular dependence of the strength of the radio waves 

from the source antenna. It can be representated by a three-dimensional graph, or polar plots 

of the horizontal and vertical cross sections. The pattern of an ideal isotropic antenna would 

look like a sphere.  

2.3.1.3 Polarization 

The polarization is a characteristic of any antenna which refers to the orientation of the 

electric field of the radio wave with respect to the earth’s surface. In general, most antennas 

radiate either linear or circular polarization. 

A linear polarized antenna radiates in one plane containing the direction of propagation. In a 

circular polarized antenna, the plane of polarization rotates in a circle making one complete 

revolution during one period of the wave. If the rotation is clockwise looking in the direction 

of propagation, the sense is called right-hand-circular. If the rotation is counterclockwise, the 

sense is called left-hand-circular. 

2.3.2 Discone antenna 

To perform the measurements of the channel a broadband antenna was needed. For this 

reason, the antenna used to carry out the measurements was a discone antenna. Another 

reason for using this type of antenna was that the measurements were going to be made in a 

metallic environment, where the wall of the propulsion system acts as the disc on the antenna  

A discone antenna is a version of a biconical antenna in which one of the cones is replaced 

by a disc. As shown in figure 2-9, the discone antenna consists of a metallic disc and a 

metallic cone. The antenna is usually mounted vertically, with the disc at the top and the 

cone beneath. This type of antenna is an omnidirectional antenna and it is used for both 

transmission and reception. The metallic disc of the antenna works as a reflector.  
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Figure 2-9: Discone Antenna 

Both antenna and disc can be either solid or composed of separate elements. An antenna 

constructed from separate elements is lighter and more cost-effective to construct. Due to the 

gap between the elements, these antennas are not nearly as effective as a solid cone and disc 

would be. However, an antenna made from a solid disc and cone could weight more and 

would offer more wind resistance. 

 

Figure 2-10: Discone antenna in separated components 

This type of antenna design can operate over frequency ranges up to 10:1 depending on the 

particular design. When employed as a transmitting antenna, it is often less efficient than an 

antenna designed for a more limited frequency range. 

A discone antenna consists of three main components: the insulator, the cone and the disc: 
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The insulator is made from insulating material and acts to hold the disc and cone elements in 

place, keeping them a fixed distance apart. In fact this distance is one of the factors that 

determine the overall frequency range of the antenna 

The cone should be a quarter wavelength of the antenna’s lowest frequency. The cone angle 

is generally from 20 to 40 degrees. The cone length can be calculated as follows [3]: 

 
              

     

              
 

(2.11) 

The disc should be made to have an overall diameter of 0.7 times a quarter wavelength of the 

antenna’s lowest frequency. This can be calculated from the following formula[17]: 

 

 
                

     

              
 

(2.12) 

   

However, an antenna simulator can be used to do the calculations [4]. 
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3 Antenna design and simulations 

In order to obtain an approximate behavior of the antenna, a FEM simulation through HFFS 

software has been carried out before manufacturing it. 

HFSS (High Frequency Structural Simulation) is commercial software based on the finite 

element, integral equation or advanced hybrid methods to solve a wide range of microwave, 

RF and high speed digital applications. 

After doing the simulation, the antenna geometry was exported to do the mechanical design 

in Solidworks. It should be noted that the bigger diameter of the cone is 140 mm, the height 

is 109.6 mm and the smaller diameter is 3 mm. The distance between the tip of the cone and 

the disc is 2.4 mm. Moreover the surrounding oil has a relative permittivity of 2.2 and a 

dielectric loss tangent of 0.00017. 

 

 

Figure 3-1: Simulation 

Figure 3-2 shows the voltage reflection coefficient of the antenna under simulation 
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Figure 3-2: Simulation response 

In the previous figure it can be observed how the S11 has a high value at 100 MHz, and how 

it gradually improves until reach 700 MHz, where the reflection ranges from -35 dB to -20 

dB. The best value is obtained around 2.3 GHz and 2.4 GHz.  

Figure 3-3 shows the impedance of the antenna. It can be seen that the real part of the 

impedance takes an approximate value of 50 Ω from 700 MHz to the end of the simulation. 

The imaginary part of the impedance is approximately 0 Ω from 700 MHz. 

 

 

Figure 3-3: Impedance of the Antenna 

The radiation pattern is shown in figure 3-4. As expected, since the discone antenna is 

ideally an isotropic antenna, the radiation pattern is a circle with a constant gain. 
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Figure 3-4: Radiation Pattern of the antenna at a Frequency of 1 GHz 

The antenna system is composed of the antenna, a plate, four tubes to support the antenna, 

the connector.  

3.1 The cone 

In appendix 9.3.1 the drawings and a sketch of the cone can be seen. As can be observed, the 

interior of the antenna has been emptied in order to make it lighter. Furthermore there are 

four holes made for the antenna fixing system. 

3.2 The disc 

The disc is the part to which the antenna will be fixed. As shown in appendix 9.3.1, there are 

four holes that secure the antenna through the bars. There is also a hole in the middle, 

through which the connector will pass. 

3.3 Clamping bars 

The hold system consists of four bars as shown below. They are composed of either 

fiberglass or POM, in order to analyze how such materials affect on the wave propagation. 

3.4 Connector 

An N connector type has been used (see appendix 9.3.4) [17]. This connector is 

manufactured by RADIALL. 

3.5 Antenna assembly and mounting 

An exploded view, a sketch and the cross-section of the antenna are shown in appendix 9.3.5 
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The manufactured antenna, made of aluminum, is shown in figure 3-5; 

 

Figure 3-5: Manufactured antenna 
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4 Software design 

To make measurements more comfortably, it was decided to control the NVA with a 

computer and acquire data with it. So a Labview program has been developed in order to 

control the measurement system remotely through a LAN cable and to carry out the 

measurements in several segments with the purpose of obtaining more resolution (due the 

number of points of the VNA is limited to 4001). 

Labview is a system-design platform and development environment for a visual 

programming language from National Instruments. 

Figure 4-1 shows the flowchart of the developed program. 
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YES

Start Button 

pressed?

Create .s1p file

YES

NO

Configure the 
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Figure 4-1: Flowchart of the Program 
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The first thing the program does is to create the .s1p file in the corresponding path. It then 

calculates the number of segments required depending on the number of points and also 

calculates the frequency resolution. The software calculates this using the following 

formulas: 

 
         

           
         

 
(4.1) 

 

 
             

                            

             
 

(4.2) 

Where Pointstotal is the number of points introduced by the user, pointsVNA is the number of 

points of the VNA (4001 for R&S ZVL6), resolutionHz is the distance between points in Hz, 

and Frequencystart and Frequencystop are the start and end frequencies introduced by the user. 

It is necessary to calculate the start and end frequency of each segment. This has been 

calculated as follows: 

  . 

                                                            (4.3) 

 

                                                        

                

(4.4) 

Where freqi_start and freqi_stop are the start and end frequency of each segment, segmenti is the 

current segment 

After the required parameters have been calculated, the information is passed to the device 

through the device drivers, the acquisition is started and the data is read. The data are then 

appended to the s1p file. Once this is completed, the software checks if the current segment 

is the last segment. If so, the I/O session of the instrument is closed. 

As the VNA only provides the real and imaginary part of each point, it is necessary to 

calculate the frequencies of all the points obtained. The point frequencies can be calculated 

as follows: 

                                                 (4.5) 

 

Where i ranges from 0 to the total number of points. 

Finally, the program calculates the module of each point and displays the points graphically. 

The module of each points has been calculated as follows: 

 
                 

          

   
(4.6) 
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Where S
2

xy,real and S
2
xy,imag are the real and imaginary part of each i point. 

To introduce the desired input parameters of the measurement, the following front panel was 

designed: 

 

Figure 4-2: Graphical user interface (GUI) 

The interface allows the user to enter the configuration parameters such as source power in 

dBm, start and end frequency, number of points, parameter to be measured, filename of the 

.s1p file and the path where the .s1p file will be saved. The visual interface also informs to 

the user about errors in real time, current segment in measurement and start and end 

frequency of the current segment and shows a plot of the obtained data in real, imaginary and 

dB format.  
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5 Measurements 

The measurements were carried out at the company Schottel, and the aim of them was to 

measure the behavior of the communication channel inside the propulsion system of a ship. 

The measurements were made in the frequency domain. Hence, the measurement system is 

based on a vector network analyzer. A computer with a Labview program, two antennas and 

the radio propagation channel complete the rest of the equipment. Figure 5-1 illustrates the 

schematic of the measurement setup in the industrial system. 

 

 

Figure 5-1: Measurement setup 

Figure 5-2 shows a photo taken in the company Schottel.  
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Figure 5-2: Measurement setup in Schottel 

The measurements were performed in two configurations. In the first one, the antenna 

connected to port 1 was located at the bottom of the propulsion system. The antenna 

connected to port 2 was situated on the top of the propulsion system. In the second 

configuration, both antennas were located on top of the propulsion system. 

 

Figure 5-3: Propulsion system 
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5.1 Calibration 

The calibration of a network analyzer is a highly accurate process for which both the 

operating impedance and the conditions under which the equipment is operating must be 

taken in account. For this reason, and depending on the amount of S-parameters that must be 

measured, the process can be long and tedious due to the number of times it has to be 

repeated. 

The calibration standard uses four testers. Three of them, called open (open network), short 

(shorted network) and load (loaded network) are used to calibrate the reflection. THRU 

(through connection) is used to calibrate the transmission and is isolated (both ports 

connected to a matched load) 

These measurements have been taken for both ports using the calibration kit (see figure 5-4). 

 

 

Figure 5-4: Calibration setup 

The measures that have been taken are the S11 and S22 for the load, open and short.  

5.2 Configuration 1 

As stated above, in this configuration there is an antenna located in the bottom of the system 

(see figure 5-5) with its clamping bars made of fiberglass and the second antenna on the top 

(see figure 5-6). In this configuration only the type of antenna connected to port 2 will be 

changed. 
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Figure 5-5: Configuration 1, port 1 

 

 

Figure 5-6: Configuration 1, port 2 
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5.2.1 Test 1 

In this test and in the rest of test in the configuration 1, the antenna connected to port 1 have 

the clamping bars made of fiberglass (see figure 5-7) and was placed on the cover of the 

lower part of the propulsion system.  

 

Figure 5-7: Antenna Placement (Port 1) 

The  antenna connected to port 2 of the VNA, which had clamping bars made of POM, was 

then placed at the top of the propulsion system (see figure 5-8) 

 

 

Figure 5-8: Antenna placement (port 2) 

In this configuration the measurements of the voltage reflection coefficient of the antenna 1 

(S11), the voltage reflection coefficient of the antenna 2 (S22) and the forward voltage gain 

(S21) were taken. 

Note that in this test the measurement were carried out without oil inside the system. 
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5.2.2 Test 2 

In the following test, also carried out without oil inside the system, the antenna on the top of 

the propulsion system was replaced by an antenna with clamping bars made of fiberglass. 

The reflection coefficient (S22) and the forward voltage gain were measured. 

5.2.3 Test 3 

In this test, also carried out without oil, the forward voltage gain connecting a Log-Periodic 

antenna to port 2 (see figure 5-9) was measured. This type of antenna operates over a broad 

band of frequencies and consists of a series of dipole positions along the antenna axis 

 

 

Figure 5-9: Log-Periodic antenna 

 

5.2.4 Test 4 

In this test, the propulsion system was filled with oil and both clamping bars of the antennas 

were made of fiberglass. As in the previous test, the antenna connected to port 1 was on the 

bottom and the antenna connected to port 2 was on the top of the system. 
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Figure 5-10: Antenna placement 

5.3 Configuration 2 

In this configuration, both antennas are located on the top of the propulsion system. (See 

figure 5-11).  

 

Figure 5-11: Measurement setup 

5.3.1 Test 5 

This test was carried out without oil and both antennas had their clamping bars made of 

fiberglass 
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5.3.2 Test 6  

This test was carried out with oil inside the system, using the same antennas as the test 5. 
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6 Results 

In this chapter the results are shown in a spectrogram format. In the appendix 8.5 it can be 

seen delay spread parameters such as RMS delay spread, mean delay spread, delay of first 

arrival and the frequency response. Due the high attenuation obtained, the results of the first 

configuration have not been satisfactory. The results of the second configuration show how 

the channel response improves a lower attenuation level is obtained. 

6.1 Configuration 1 

6.1.1 Test 1 

In the spectrogram of figure 6-1 can be seen the high attenuation obtained. Although from 1 

GHz the channel response improves, only maximum peaks of -80 dB can be seen around 4 

GHz, not enough magnitude for a good communication. The maximum excess delay spread 

ranges from 600 ns to 850 ns approximately. 

 

Figure 6-1: Spectrogram test 1 
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6.1.2 Test 2 

In this test, maximum peaks around -93 dB can be seen. The time response improves with 

respect to the previous test, since the maximum excess delay spread ranges from 200 ns to 

430 ns approximately. 

 

Figure 6-2: Spectrogram test 2 

6.1.3 Test 3 

The test carried out with a Logarithmic-Periodic antenna does not provide improvements in 

the channel response. The maximum peaks have a value around -100 dB, and the temporal 

parameters do not improve. 
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Figure 6-3: Spectrogram test 3 

6.1.4 Test 4 

Figure 6.4 shows the spectrogram of the measurement once the system was filled of oil. 

First, it can be seen that below 1 GHz the transmission the channel is not good. Analyzing 

the channel response between 1 GHz and 2 GHz, it can be seen that at a frequency of 1.5 

GHz, can be observed a first peak of -102 dB at 80 ns. The signal is attenuated 30 dB after a 

time of 410 ns, were an attenuation of 132 dB is found.  

Table 6-1: Channel Results. Test 4 

Start Frequency (GHz) First Peak (ns) Magnitude (dB) Time at -30 dB (ns) Magnitude (dB) 

1.5 80 -108 410 -131 

2.5 50 -108 380 -137 

3.5 40 -116 510 -146 

4.5 50 -106 290 -145 
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Figure 6-4: Spectrogram test 4 

6.2 Configuration 2 

In this configuration, wherein the antennas are located on the top of the system, can be seen 

how the signal is received at a higher power. 

6.2.1 Test 5 

In the following spectrogram, the maximum peaks reach values around -39 dB.  

Table 6-2: Channel results. Test 5 

Start Frequency (GHz) First Peak (ns) Magnitude (dB) Time at -30 dB (ns) Magnitude (dB) 

1.5 20 -41.9 250 -72.86 

2.5 30 -51.6 250 -82.4 

3.5 30 -48.75 210 -85.5 

4.5 40 -55.8 180 --90 

5.5 20 -63.2 170 -103 
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Figure 6-5: Spectrogram test 5 

6.2.2 Test 6  

It can be seen that the channel response in this test improves with respect to the test 6. On the 

one hand, the signal is received with less attenuation. On the other hand, the signal is 

attenuated around -30 dB in less time. 

Table 6-3: Channel results. Test 5 

Frequency (GHz) First Peak (ns) Magnitude (dB) Time at -30 dB (ns) Magnitude (dB) 

1.5 20 -37.6 230 -67.3 

2.5 30 -47.45 190 -77.16 

3.5 10 -43.73 160 -74 

4.0 20 -42.9 180 -78.8 

4.5 20 -50.41 110 -87.01 

5.5 30 -58.1 160 -89.7 
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Figure 6-6: Spectrogram test 6 
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7 Conclusion  

This thesis has been carried out in three distinct parts. First, the design and construction of an 

antenna for doing the measurements of the channel was done. Next, The Labview program 

was developed to automate the measurements and facilitate the storage of the data. Finally, 

the response of the radio channel was analyzed.  

Focusing on the characterization of the channel, it has been seen that the results obtained in 

the first configuration were not satisfactory because of the high attenuation obtained. It has 

also been seen that a better response in the test 6 has been obtained, especially around         

4.5 GHz, where there we find an attenuation of -50 dB and an excess delay time spread of 

110 ns. 
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9 Appendix 

9.1 Labview Program 

Before pressing the Start button, the program stays in the loop shown in Figure A-1. The 

inputs are: 

 Start frequency 

 Stop frequency 

 Number of points 

 And this block returns through the SubVI: 

 Number of segments 

 Span 

 Segment width 

 Frequency resolution 

 

Figure 9-1: Initialization of the program 
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This loop also initializes all the variables. 

The content of the SubVI is shown in figure 9-2: 

 

Figure 9-2: Parameter Calculations 

This is where calculations detailed in chapter 5 are carried out. 

Also the s1p file is created (see figure 9-3): 

 

Figure 9-3: S1P File creation 

Then the following sequence is repeated the same number of times as the number of the 

calculated segments. The first part of the sequence (figure 9-4) calculates the start and end 

frequency of the current segment: 
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Figure 9-4: Calculation of the Start and End Frequency of each segment 

Once the start and end frequency of the current segment have been obtained, the acquisition 

is initiated. 
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Figure 9-5: Data Acquisition 

In the last step of the sequence, the data is appended to the s1p file (see figure A-6): 
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Figure 9-6: Data Appended 
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9.2 Matlab Code 

function [data_pdp, noise_level, SNR, tau_ref] = PDP(data_t, 

noise_begin, fp_tau, fp_SNR) 
% power-delay-profile (the first peak is at time point 0). 

% Inputs: 

% data_pdp          -> power-delay-profile: the first peak is at 

time point 0. 

%                      the first column is the stepped time, 

%                      the second column is the squared magnitude. 

% threshold_power   -> squared magnitude, which indicates the min 

excess power for the computation 

%                      of rms ds, normally 5-7 dB over the noise 

level. 

% max_excess_delay_threshold -> the SNR threshold value in dB to 

determin 

%                               the max_excess_delay. 

% Outputs:  

% max_excess_delay  -> max excess delay spread 

% mean_excess_delay -> mean excess delay spread 

% rms_delay         -> RMS delay spread 

% Author: L.CHEN 

 

[L_t, x] = size(data_pdp); 

if x ~= 2 

    error('The first input should be a N*2 matrix.'); 

end 

 

power_min = threshold_power; 

power_mag = data_pdp(:,2); 

t = data_pdp(:,1); 

power_mag = power_mag(power_mag>=power_min); 

t = t(power_mag>=power_min); 

 

% compute average excess delay 

sum_power = sum(power_mag); 

mean_excess_delay = sum(power_mag.*t)/sum_power; 

% compute rms-delay 

tau_sqr_average = sum(power_mag.*t.*t)/sum_power; 

rms_delay = sqrt(tau_sqr_average-

mean_excess_delay*mean_excess_delay); 

% compute max excess delay 

max_excess_delay_threshold_power = 1/power(10, 

max_excess_delay_threshold/10); 

tmp_pdp = data_pdp(data_pdp(:,2)>=max_excess_delay_threshold_power); 

max_excess_delay = tmp_pdp(end, 1); 
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function [data_pdp, noise_level, SNR, tau_ref] = PDP(data_t, 

noise_begin, fp_tau, fp_SNR) 

% function to build the power-delay-profile of the given impulse 

response. 

% Inputs: 

%   data_t      -> the impulse response data, a two-column-matrix. 

%   noise_begin -> begin from this time point, the noise level will 

be  

%                  computed.  

%   fp_tau      -> the min. delay time of the first peak. 

%   fp_SNR      -> the min. signal-noise-ration of the first peak.  

%                  Default: standard deviation of noise 

% Outputs: 

%   data_pdp    -> the power-delay-profile, the first peak is at 

time point 0. 

%                  a two-colum-matrix, 1st time, 2nd square of 

magnitude. 

%   noise_level -> the noise level in dB: the mean power of the tail 

of the  

%                  impulse response + 2.5 ~ 3.5 * standard deviation 

of noise. 

%   SNR         -> Signal-noise-ration in dB: max. peak/noise. 

%   tau_ref     -> the calculated delay time of the first arrival. 

%  

% Author: Ling CHEN 

 

tau = data_t(:,1); 

a = data_t(:,2); 

a_db = db(a); 

std_factor = 3; 

% determin the noise level 

noise_a = a(tau>=noise_begin); 

amp_noise_a = abs(noise_a); 

mean_noise = mean(amp_noise_a); 

std_noise = std(amp_noise_a, 1); 

noise_level = mean_noise + std_factor*std_noise; 

SNR = max(a_db) - db(noise_level); 

tau_max_a = tau(a_db==max(a_db)); 

% if the max peak arrives earlier than the given fp_tau, set fp_tau 

= the max arrival  

if fp_tau>tau_max_a 

    fp_tau = tau_max_a; 

end 

if SNR > 30 

    std_factor = 3.5; 

    noise_level = mean_noise + std_factor*std_noise; 

    SNR = max(a_db)-db(noise_level); 

end 

% the first arrival can 30 dB smaller than the max. peak 

if nargin < 4 

    fp_SNR = SNR - 30; 

end 
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if SNR < 20 

    std_factor = 2.5; 

    noise_level = mean_noise + std_factor*std_noise; 

    SNR = max(a_db)-db(noise_level); 

    % the first arrival can 20 dB smaller than the max. peak 

    if nargin < 4 

        fp_SNR = SNR - 20; 

    end 

end 

noise_level = db(noise_level); 

% determin the delay time of the first peak: tau_ref 

% fp_tau      -> the min. delay of the first peak 

(=min.Dist/lightSpeed). 

tau_tmp = tau(a_db>=(noise_level+fp_SNR)); 

% the first arrival should be after the given fp_tau 

tau_tmp = tau_tmp(tau_tmp>=fp_tau); 

% tau_ref = findDelayOfFirstPeak(tau(tau>=tau_tmp(1)), 

a_db(tau>=tau_tmp(1))); 

tau_ref = findApeak(tau(tau>=tau_tmp(1)), a_db(tau>=tau_tmp(1)), 2); 

% tau_ref = findApeak_1(tau(tau>=tau_tmp(1)), 

a_db(tau>=tau_tmp(1))); 

tau_pdp = tau-tau_ref; 

data_pdp = [tau_pdp(tau_pdp>=0) power(abs(a(tau_pdp>=0)),2)]; 

max_power = max(data_pdp(:,2)); 

data_pdp(:,2) = data_pdp(:,2)./max_power; 

 

% find a local max. which is bigger than 2 neigbors 

function fp_delay = findDelayOfFirstPeak (delay, value) 

 

N = length(delay); 

fp_delay = delay(1); 

if N == 1 

    return 

end 

if N == 2 

    if value(2)>value(1) 

        fp_delay = delay(2); 

    end 

    return 

end 

% the peak should larger than its two neigbors before and after it 

if value(1)>value(2) && value(1)>value(3) 

    return 

end 

for ii = 2:N-1 

    if value(ii)>=value(ii-1) && value(ii)>=value(ii+1) 

        pre_val = -300; % like -Inf. 

        post_val = -300; 

        if ii-2>0 

            pre_val = value(ii-2); 

        end 

        if ii+2<=N 

            post_val = value(ii+2); 

        end 



Appendix 56 

 

 

 

 

        if value(ii)>pre_val && value(ii)>post_val 

            fp_delay = delay(ii); 

            return 

        end 

    end 

end 

fp_delay = value(N); 

 

function peak_delay = findApeak (delay, value, peakWidth) 

% find out a peak, return the delay time and stop 

% peakWidth - an even number, the peak has a width of 

peakWidth*delta_t. 

%             The max. value is in the middle of the peak. 

N = length(delay); 

value = [ones(peakWidth/2,1)*(-1000); value(:); 

ones(peakWidth/2,1)*(-1000)]; 

window_length = peakWidth + 1; 

if N >= window_length 

    for ii=1:N 

        tmp_value = value(ii:ii+window_length-1); 

        [tmp_max, max_i] = max(tmp_value); 

        if max_i == peakWidth/2+1 

            peak_delay = delay(ii); 

            return; 

        end 

    end 

end 

peak_delay = -1; 

 

function peak_delay = findApeak_1 (delay, value) 

% find out a peak, return the delay time and stop 

% peakWidth - an even number, the peak has a width of 

peakWidth*delta_t. 

%             The max. value is in the middle of the peak and the 

%             difference of max. and min. value is 3 dB at least. 

N = length(delay); 

value = [-1000; value(:); -1000]; 

if N >= 3 

    for ii=2:N+1 

        if value(ii)>=value(ii-1) && value(ii)>=value(ii+1) 

            for lb = ii-1:-1:1 

                if value(ii)<value(lb) 

                    lb = lb + 1; 

                    break 

                end 

            end 

            if (value(ii)-min(value(lb:ii-1)))>=3 

                for ub = ii+1:1:N+2 

                    if value(ii)<value(ub) 

                        ub = ub - 1; 

                        break 

                    end 

                end 

                if (value(ii)-min(value(ii+1:ub)))>=3 
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                    peak_delay = delay(ii-1); 

                    return; 

                end 

            end 

        end 

    end 

end 

peak_delay = -1; 
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9.3 Antenna drawings 

9.3.1 The cone 

 

Figure 9-7: The cone 
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9.3.2 The disc 

 

Figure 9-8: The disc 
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9.3.3 Clamping bars 

 

 

Figure 9-9: The Clamping bars 
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9.3.4 The connector 

 

Figure 9-10: The N-Type Connector. RADIALL R161753000 
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9.3.5 Antenna mounting 

 

 

Figure 9-11: Exploded view 
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Figure 9-12: Antenna assembly 
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Figure 9-13: Antenna section 
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9.4 Results 

9.4.1 Test 1 

 

Figure 9-14: Frequency response 

 

Figure 9-15: Delay of First arrival, Attenuation  
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Figure 9-16: Maximum Excess Delay Spread, Attenuation 

 

Figure 9-17: Mean Delay Spread, Attenuation 
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Figure 9-18: RMS Delay Spread, Attenuation 

9.4.2 Test 2 

 

Figure 9-19: Frequency response 
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Figure 9-20: Delay of first arrival, Attenuation 

 

 

Figure 9-21: Maximum Excess Delay Spread, Attenuation 
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Figure 9-22: Mean Delay Spread, Attenuation 

 

Figure 9-23: RMS Delay Spread, Attenuation 
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9.4.3 Test 3 

 

Figure 9-24: Delay of first arrival, Attenuation 

 

Figure 9-25: Maximum Excess Delay Spread, Attenuation 
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Figure 9-26: Mean Delay Spread, Attenuation 

 

Figure 9-27: RMS Delay Spread, Attenuation 
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9.4.4 Test 4 

 

Figure 9-28: Frequency response 

 

Figure 9-29: Delay of first arrival, Attenuation 
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Figure 9-30: Maximum Excess Delay Spread, Attenuation 

 

Figure 9-31: Mean Delay Spread, Attenuation 
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Figure 9-32: RMS Delay Spread, Attenuation 

9.4.5 Test 5 

 

Figure 9-33: Frequency response 
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Figure 9-34: Delay of first arrival, Attenuation 

 

 

Figure 9-35: Maximum Excess Delay Spread, Attenuation 
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Figure 9-36: Mean Delay Spread, Attenuation 

 

Figure 9-37: RMS Delay Spread, Attenuation 
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9.4.6 Test 6 

 

Figure 9-38: Frequency response 

 

 

Figure 9-39: Delay of first arrival, Attenuation 
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Figure 9-40: Maximum Excess Delay Spread 

 

Figure 9-41: Mean Delay Spread, Attenuation 
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Figure 9-42: RMS Delay Spread, Attenuation 

 

 

 

 


