2.3.4. Boundary finite elements method 2.3.5. Ray tracing method 2.3.6. Plane wave spectrum method 2.3.7. Image theory method 3. Mode stirred reverberation chamber modelling based on circuit approach 3.1. Circuit model description 3.1.1. Equivalent circuit model for one resonance mode 3.1.2. Equivalent circuit model for several resonance mode 3.2. Losses and stirrer modelling

Conclusion

Chapter III: Emulation of realistic multi path channel for wireless communication system testing

This thesis was carried out in the XLIM laboratory of Limoges, OSA department (Waves and Associated Systems).

I would like to thank Mr. Thierry Monediere, Professor at the University of Limoges, for welcoming me in his team and providing the framework of my work. Many Thanks and Appreciations.

My sincere thanks to Mr. Carsenat David, Associate Professor, for supervising this thesis. His enthusiasm and support have contributed greatly in my research. I am pleased to have the opportunity to work with him in the last years.

I express my deep gratitude to Mr. Cyril Decroze, Associate Professor, for supervising this thesis and for participating to this Jury. His knowledge and advices were invaluable to the completion of this work. At the same time I also appreciate the confidence and the autonomy that he granted me, much appreciated. I would like to thank the former member, Moctar Mouhamadou for their precious advices. I sincerely thank Mr. David A. Sánchez-Hernández, Professor at the polytechnic University of Cartagena, and Mr. Tudor PALADE, Professor at the technical University of Cluj, for accepting to be part of the Jury and to perform the reporters' task.

I would like also to thank Mme. Stéphanie LIEBUS, Engineer at ANOVO Brive for doing me the honor in being part of this Jury.

A big thanks to M. Patricia Leroy, Secretary of the OSA department for her hard work and availability.

Finally I would like to thank my fellow OSA colleagues. They are too numerous to count. However I can mention M. A. Garcia Fernandez and I. Versman for sharing the office with me. Eric, Hassan, Aymen, Faycel, Thomas, Jamil, and Hussein for the good atmosphere. 

Conclusion General Conclusions

Appendix

List of publications

General Introduction

In the space of twenty years, the use of mobile communication services has grown remarkably. This is illustrated in the evolution of the number of mobile subscribers in relation to the world's population: we count at the end of 2014 nearly 6 billion subscribers worldwide that represents 87% of the world population.

Originally designed to provide mobile phone service only, the mobile radio communications technologies have evolved considerably and allows providing a high speed connection in mobility. Mobile networks complete the residential access networks such as x-DSL (x Digital Subscriber Line) and FTTH (Fibre to the Home) for broadband internet access. Users of mobile devices can browse the web, use their favourite applications and services, check email, download videos, music, watching TV, share photos, all on the same terminal and in mobility.

History of mobile networks is marked by four main stages (the fifth is actually in development), called generation (abbreviated respectively 1G, 2G, 3G and 4G). These four generations differ mainly in the techniques used to access the radio resource.

The evolution of these techniques has been guided by the desire to increase the capacity and the throughput offered by the system in a restricted frequency band.

The orientation to the 4G-LTE (Long Term Evolution) which has been considered since November 2004 as long-term evolution of UMTS, during a workshop organized by the 3GPP (3 rd Generation Partnership Project) called future evolution workshop. Works on this new standard began in 3GPP in January 2005 with a feasibility study, which ended in September 2006 with the definition of major principles of LTE.

The LTE is related to a combination of technical and industrial factors, such as capacity, throughputs, adaptation to available spectrum, ease of exploitation of networks.

The evolution of communications standards have made necessary the development of tools to characterize these wireless communication systems and their propagation environment. This is where the Multiple-Input Multiple-Output (MIMO) Over The Air (OTA) characterization methods make their appearance. Since one of the major features of wireless communications remains the environments in which the electromagnetic waves propagate. Indeed, these environments are most often of multipath type, and affect the quality of the received signal (fading, inter-symbol interference …) Thus, there is a strong desire of operators and mobile phone manufacturers to evaluate by standardized measurements, the performances of wireless communication systems. This evaluation must be performed in realistic environments. However, the standardisation of this kind of measurements in real conditions cannot be envisaged. This is why; the emulation in controlled environment of multipath propagation channels that represent equivalent conditions to realistic environments has to be investigated.

The work presented in this thesis focuses on channel emulation in reverberation chamber in order to propose real time and non real time characterization test beds for LTE mobiles, able to extract figure of merits of these devices. This work was conducted within "Signals & Multiple Antenna Systems" team of waves and associated systems department at XLIM research institute. This thesis report is divided into three chapters that detail the evolution of the performed work.

The first chapter presents the context of the study. First of all a bibliographic study for MIMO OTA methods will be drawn. Then, a MIMO channel model description necessary to carry out our study will be presented. This will lead us to the presentation of the MIMO OTA platforms, based on MSRC (Mode-Stirred Reverberation Chambers) method selected to evaluate the performances of a wireless communication system in controlled multipath environment.

Among the different possibilities, the Mode stirred reverberation chamber has been proposed to 3GPP (in Technical Report 37.976) as one of the candidate methodologies for conformance testing of MIMO OTA performance. MSRC are able to reproduce a rich multipath environment with a controlled delay spread of the channel. Nevertheless, this last point needs a long calibration procedure to be efficiently implemented.

The second chapter is therefore dedicated to the development of a simulator, using Matlab, modelling a mode stirred reverberation chamber in order to estimate the channel delay spread of the propagation channel generated in the chamber. This simulator will be developed based on a circuit approach to achieve a flexible and preferment simulation tool. Firstly, the theory of reverberation chambers is studied in order to identify and understand the mechanisms governing the functioning of these metallic cavities. Assumptions considered for this model will be selected and implemented to guarantee best possible performance

The elaboration of an analytical model able to predicting the value of Delay spread, taking into account the antennas, losses and stirrers; has made possible the emulation of different channel models in the MSRC and subsequently the performance evaluation of wireless communication systems and real mobile terminals in these channels. These will be discussed in detail in the third chapter.

Based on the results obtained in simulation, the third chapter will be devoted to the experimental establishment of a characterization test bed for wireless communications systems in controlled environment. The characterization process of these systems will be divided into three parts. The first part is intended to analyze the dependence of the diversity gain of a wireless communication system versus root mean square (RMS) delay spread, by the use of an OTA communication system with QPSK modulation. For this, several channels having different RMS delay spread are emulated.

The second part will be devoted to assessing the performance of a multi antennas communication system, in controlled multi paths propagation channel models. These channel models will be emulated following channel models predefined in the literature. The last step will be dedicated to assessing the performance of LTE mobile terminals in real time.

This manuscript is concluded with a retrospective of work and by proposing some research perspectives.

Chapter I: Over The Air Methodologies For Multiple Antennas Systems Characterization

Introduction

Wireless devices; need pass some evaluations showing that their performances reaches the minimum requirements considered to address a specific market. For this reason, various experiment methods to which wireless devices are subjected before reaching the final consumer and several measurements techniques proposed for the characterization and qualification of MIMO systems are necessary. Those methods are called Over The Air (OTA) methodologies.

Among factors that have an impact on the performance limits of any communication system, there is the wireless channel. Indeed, one of the major features of wireless communications remains the environments in which the electromagnetic waves propagate. Indeed, these environments are usually of multipath type because of reflection, diffraction phenomena, caused by scaterers in the propagation environment, which can affect the quality of communications. To reduce such phenomena, MIMO technology has been proposed. The MIMO technique uses multiple antennas at both transmitter and receiver ends of a communications system to increase the link performance by exploiting the multipath propagation. In the beginnings of cellular communications, fading and path loss of the narrowband channel were the key parameters. For broadband modern communications, the frequency selectivity of the channel presents a great interest.

The performance measurements of wireless terminals in a real environment are expensive and difficult to implement.

Hence the need to establish the experimental OTA tests methodologies capable of emulating these types of environments and giving access to the factors of merit of the device under test (DUT). This chapter aims to introduce and describe these methods.

Over the Air methodologies for MIMO devices testing 2.1. Overview

In a wireless communication, the transmitter and the receiver have one or several antennas.

The wireless communications are distinguished in four different cases according to the antennas number in transmitting and receiving side.

At this point it is necessary to clarify the terminology used in description of the four different cases of radio link structure, namely SISO, SIMO, MISO and MIMO.

 Single Input -Single Output (SISO) transmission is the traditional radio link structure that is used with both transmitter and receiver having single antenna. Examples of this structure would be existing cellular standards e.g. Global System for Mobile Communications (GSM) and Universal Mobile Telecommunications System (UMTS).

Only one spatial stream is transmitted.

 Multiple Input -Multiple Output (MIMO) transmission requires both transmitter and receiver to have multiple antennas. The important feature of MIMO transmission is it exploits the spatial aspects of the channel. Multiple spatial streams are transmitted in this case. In scatter-rich environment, multiple signal streams can be assigned to different spatial streams in order to achieve higher throughput.

 Single Input -Multiple Output (SIMO) and Multiple Input -Single Output (MISO) are degenerate cases of MIMO with transmitter or receiver (respectively) having only a single antenna. Although it is not possible in this case to transmit multiple signal streams, it is still possible to exploit the multi-path channel for better transmission reliability. In these cases, radio systems can implement different techniques to improve signal quality e.g. switching, selecting, combining and in MISO case, also

Transmit Diversity (TD).

Over-The-Air (OTA) measurement platforms give a highly accurate and effective method for measuring MIMO systems performance [1,2]. OTA testing solutions create an environment where signals are transmitted to verify the performance of a product and accurately distinguish a poorly performing device from a good device. OTA test methods evaluate the wireless device end-to-end.

If the device has a single antenna mode, it can be evaluated using traditional Single-Input Single-Output SISO OTA measurement methods [2]. In all other cases, new test methodologies and metrics are required to correctly characterize the device under test.

Single-Input-Single-Output (SISO) tests

For devices supporting only SISO transmission, traditional OTA measurement focuses on the radiation efficiency of the antenna. Parameters to be reported are Total Radiated Power (TRP) for uplink and Total Isotropic Sensitivity (TIS) for downlink transmission. TRP and TIS measurements can be performed in either anechoic chambers or reverberation chambers.

 TIS can be defined as an approximation of the reciprocal average of Equivalent Isotropic Sensitivity (EIS). For each Angle of Arrival (AOA), EIS is defined as the power that would have been received by a terminal with an ideal isotropic antenna under the same test conditions.

 TRP is a measure of how much power the device under test (DUT) actually radiates.

The TRP is defined as the integral of the power transmitted in different direction over the entire radiation sphere [START_REF]Technical Specification Group Radio Access Network; User Equipment (UE) / Mobile Station (MS) Over The Air (OTA) antenna performance[END_REF].
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EIRP  and EIRP  are the actually transmitted power-levels in corresponding polarizations.

Where the effective isotropic sensitivity (EIS) is defined as the power available at the antenna output such as the sensitivity threshold is achieved for each polarization.  is the solid angle describing the direction, f is frequency.  and  are the orthogonal polarizations.

The anechoic chamber is principally selected as the environment for SISO OTA testing, as depicted on figures I.1 and I.2. Two types of anechoic chamber structures are presented in standard SISO OTA measurements [3]. One Type has a dual polarized test antenna fixed in the chamber. The DUT is mounted on a dual-axis positioner as illustrated in In order to reach all possible orientations of the device under test (DUT) in the measurements, both presented test bed allow to the test antenna to move freely around the DUT.

Multiple-Input-Multiple-Output (MIMO) tests

User equipment (UE) with multiple antennas can be used to optimize the SNR in the presence of fading (use of reception combining, or space-time coding). Or it can be used to increase the throughput, and in this case we take advantage of the wealth of the canal in MIMO transmission modes (space multiplexing techniques (e.g. BLAST)). SISO OTA measurements are insufficient to evaluate this aspect without implementation of spatial diversity in the measurement testbed. Although the antennas of a MIMO terminal can be quantified separately, comparable to what is done in a SISO OTA test; the relations between their radiation patterns would be rejected. MIMO antenna terminals represent strong coupling between ports and cannot be handled as a collection of separate antennas. The goal of a MIMO OTA test is to quantify UE with respect to in-the-field performance for different MIMO transmission modes and an almost infinite choice of multi-path channel conditions.

An additional important necessity is to design low complexity platforms, since tests are to be performed for a large number of frequency bands, which could lead to increase measurements time significantly [4].

3GPP (3 rd Generation Partnership Project), CTIA (Cellular Telecommunications Industry Association) and COSTs (European Cooperation in Science and Technology) define the list of factors of merit (FOM) commonly used to evaluate the performance of MIMO terminals and methodologies referenced in Table I.1 [18]. The CQI is used for measuring the transmission quality in the downlink (DL). It indicates the modulation scheme and the coding rate for which the BLER in the channel does not exceed 5%. Mobile terminal can measure it and transmit it in uplink (UL) to the BS. In response, the BS adapts the transmission of signal in DL. These performance parameters and methodology are being standardized by the 3GPP [18].

Category

The process of the standardization is being performed by the 3GPP organization in collaboration with CTIA, in order to choose a common methodology in terms of complexity and cost efficiency that can emulate realistic multi paths propagation channel to evaluate the performance of the wireless communication systems [5,6].

Many propositions have been done during the last few years. The result is synthesized in the 3GPP document [7], and a lot of important points still not standardized.

Several candidates for MIMO OTA methods have emerged from the work of the 3GPP, European Cooperation in Science and Technology (COST): COST2100, and COST IC1004.

These candidates can be grouped in three main categories: Two-Stages Methods, Anechoic Chamber Method, and Mode Stirred Reverberation Chamber Method.

Two-Stages Method

The MIMO OTA testing using the two stage method is based on the theory that the far field antenna pattern of multiple antennas can completely capture the mutual coupling of the multiple antennas and their influence. This method is divided in two stages.

Stage 1:

The MIMO antenna radiation pattern is measured inside an anechoic chamber. Thus, to perform the antenna pattern measurement, the chamber is set up as showed in [8, 9, and 10], where the UE is placed inside a chamber and each antenna element's far zone pattern is measured. The chamber is equipped with a positioner, that makes it possible to carry out full 3-D far zone pattern measurements for both Rx and Tx radiated performance. The measurement antenna should be able to measure two orthogonal polarizations. Using this method it can be possible to determine the following figure of merit: 1) Throughput.

2) TRP and TRS.

3) CQI, BLER. 4) Antenna efficiency and mean effective gain (MEG).

5) Antenna correlation, MIMO channels capacity.

During antennas pattern measurement stage the coupling between the UE antenna and internal spurious emission of the UE might be characterized by lowering down the signal power. 

Anechoic chamber based method

In this case, the MIMO OTA test bed is composed of an anechoic chamber, a fading emulator, a number of OTA chamber antennas, a Base Station emulator and the device under test (DUT) [12,13]. The figure below represents an example of the OTA model. The principle of the figure is not to restrict the implementation, but rather to clarify the general idea of the MIMO OTA concept. The DUT is located at the centre of the anechoic chamber. This configuration gives the possibility to create a radio channel environment where the signal can arrive from different probable directions simultaneously to the DUT [12]. Transmitting antennas are positioned around the UE in a way that to be possible to modify the receiving spatial profile of Angle of Arrival (AoA) and therefore the Angle Spread (AS) at the UE location. Others characteristics, like correlation, delay, fading profile or Doppler shift can be implemented using a fading emulator [15].

The important challenge is to emulate realistic polarization and angular behaviour inside the anechoic chamber. antennas (or 8 bipolarized) in the case of dual polarization. In general, the softest configurations necessitate the higher number of transmitting antennas.

As an advantage, this method shows a flexibility to generate most of parameters that characterize a propagation channel model (Angle Of Arrival (AoA), Angle Of Departure (AoD), Doppler shift, polarization and delay).

On the other hand, the major disadvantage of this methodology is the cost and complexity when the number of probe antennas increases, compared to the other solutions.

2.4.Mode Stirred Reverberation Chamber based method

The reverberation chamber (RC) is a metallic cavity with reflecting walls providing a full isolation with the outside, which can generate an isotropic multi-path propagation environment with metallic stirrers that can produce a random variation in time of the field with a uniform angular distribution over all directions. This isotropic multi-path environment represents a reference environment for systems designed to work during fading. The idea is then to be able to compare the performances of various devices in a simple way. The Rayleigh or rice environment emulated in a reverberation chamber is well known as a good reference for urban and indoor environments, but does not well represent rural and suburban environments [16,17].

Nevertheless, for a Multi-antenna OTA measurement it is important to have a fast and reproducible test method to qualify and compare wireless devices in the environments and under the worse conditions where they going to be work. The great majority of calls/data connections with mobile phones are made in indoors and in urban zones that can be represented in the reverberation chamber.

Mechanical stirrers and switching between different fixed wall-mounted antennas allow emulating a dynamic Rayleigh fading inside the chamber for each antenna of the terminal.

The measurements begins by sending the transmitting signals inside the RC through the use of transmitting antennas facing the wall in order to reproduce a NLOS (Non Line Of Sight)

propagation channel [18]. Several UE metrics can be measured: throughput, TRP TIS, etc In [19] and [20] the authors have shown the possibility to generate a Rayleigh and Rice nonisotropic fading environment inside the reverberation chamber. Indeed, this measurements system has some advantages since it's able to assure the angular spread of multi paths of receiving antenna. However, it has also disadvantages which are represented by the inability to control the angle of arrivals of different paths at receiving side.

The reverberation chamber has a limited range of channel modelling capabilities. Particularly,
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•

The power delay profile is limited to a single decaying exponential.

•

The Doppler spectrum and maximum Doppler is limited by the relatively slow motion of the stirrers.

•

It is difficult to impart a specific, repeatable MIMO fading correlation on the downlink waveform.

These limitations can be surmount when a MIMO channel emulator and reverberation chamber are cascaded [START_REF] Valenzuela-Valdes | Diversity Gain and MIMO Capacity for Non isotropic Environments Using a Reverberation Chamber[END_REF][START_REF] Valenzuela-Valdes | Non-Isotropic Scattering Environments with Reverberation Chambers[END_REF].

The reverberation chamber based method for MIMO OTA represents several advantages:

-Cost effective solution: the number of probe antennas used in a MSC is lower than in other solutions.

-Measurement time: the capability of MSC to emulate a 3-D environment involves that the measurement time with this method is lower than in other techniques.

After a detailed study of various MIMO OTA test methodologies covering their advantages and disadvantages, the choice of the Mode Stirred Chamber based method was retained for this thesis. A study concerning MIMO OTA performance evaluation using MSC will be detailed later in this chapter.

Knowledge of the environment in which the mobile terminal is going to work remains important. For this, the following section is more focused on the definition of the propagation channel, its mathematical representation, the parameters characterizing the radio channel and classification of MIMO channel models.

3.

The MIMO propagation channel model.

3.1.Multipath propagation channel

In a real environment, the transmission of a signal is usually done by superposing in addition to a possible direct path, other propagation paths. These paths have a variable number and undergo different effects depending on the nature of the interaction between the wave and elements of the environment. The signal obtained at the receiving antenna corresponds to recombination of these waves, which have undergone a different weakening and phase rotation, and which arrive at the receiver with a delay due to the length of the propagation path [21,22]. The presence of multiple propagation paths can lead to a significant distortion of received signal. On the other hand, especially inside buildings, a line of sight (LOS) path is not always available. In this case, no line of sight (NLOS) paths, enabling radio communication [23]. The 

 Wideband channel

For signals occupying a wider frequency band, the various frequency components can be affected in different ways, so that the received signal has some distortion compared to the transmitted signal. This is called frequency selectivity fading, which manifested in a variation of the received power as a function of frequency. The bandwidth in which the spectral components of the signal are affected in the same way is called coherence band or correlation band.

We can then apply advanced techniques in reception, such as channel equalization, to retrieve the maximum energy of multipath [25,26,27], and Orthogonal Frequency Division Multiplexing (OFDM). As it is known OFDM signal gives better performance than using mono-carrier signal.

3.2.MIMO channel models

The MIMO propagation channel can be characterized by its impulse response h(τ), which is a function of delay. If both transmitter and receiver antennas and the elements that cause multipath reflections are static, then the channel impulse response is static. However, the usual case is that both the antennas and surrounding objects are moving, and therefore the impulse response is time-variant (h (t, τ)) [28].

MIMO channel describes the relationship between the transmitter (Tx) and receiver (Rx). The channel (H) matrix entirely illustrates the propagation channel between transmitters and receivers. Before arriving to channel matrix H there has to be some additional properties included, such as power delay, spatial correlation functions and impact of fading.

The MIMO channel matrix (H) without noise can be expressed as:

1 ( , ) ( , ) ( .2) 
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Where L is the number of taps of the channel model, H (t,τ) is the 2x2 matrix of the channel. 

H

    is a complex matrix which illustrates the linear transformation.

Between two considered antenna arrays at delay τ l and α l MN is the complex transmission coefficient from antenna M at the transmitter to antenna N at the receiver.

A study on different channel models is showed in [29]. Based on this study, channel models can be distinguish on two major categories.

 Physical channel model: describe the propagation environment from an electromagnetic approach. The bidirectional propagation channel that connects the positions of the transmitter and receiver is described, by propagation theory of electromagnetic waves. Thus, they are quantified parameters intrinsic to the physical channel as the AoA, the Delay Spread (DS), complex amplitude, or AoD. This channel models type is independent of parameters such as antenna radiation pattern, number of Apart from the models listed in the above categories, some international organizations have proposed a number of channel models for the purpose of comparing different wireless systems in order to define some reproducible conditions. These types of models are called empirical channel models. These models are based on field measurements made in real environments such as streets, indoors and rural environments [33, 34, 35 and 36].

Standardized channel models

3GPP spatial channel model (SCM)

In order to satisfy the need of channel models, serving as reference for outdoor measurements, the 3GPP has developed the spatial channel models (SCM) family. Three scenarios are distinguished to reproduce the use conditions of use that are experienced under real situations [33].

 "Urban macro cell" corresponds to the scenario where user equipment is located in a reflective (urban) environment, with a certain distance to the BS.

 "Suburban macro cell" corresponds to the case where user equipment is located in a non-reflective (suburban or rural) scenario, with presence of line of sight components.

 "Urban microcell" corresponds to the case where user equipment is located in a reflective scenario and is being serviced by a BS located within walking distance of it.

Extended spatial channel model (SCME)

The SCME model [37] suggests the extension of some of the parameters proposed by the SCM model, maintaining the basic idea of the original models. With the arrival of the LTE standards, an extension of the bandwidth of the channel applicability is essential to the channel model. The SCME model proposes to add intra-path DS following a one-sided exponential function. This approach is based in the methodology proposed by Saleh and Valenzuela for the modelling of indoor environments. 

Winner channel models

The winner channel model [34,35] results a series of extended channel models (3GPP-SCM) for "outdoor" environments and IEEE 802.11 TGn for "indoor" environments. It's considered in the literature as the most successful channel model. This model is born from the desire to have a MIMO geometric stochastic channel model representing several "indoor" and "outdoor" environments (cf. Table I.3) for bandwidth higher than 20MHz. Eighteen typical scenarios were studied (measured and modelled) for frequencies between 2GHz and 6GHz and a bandwidth that can reach 100MHz.

As mentioned before, the WINNER channel model belongs to the family of geometric and stochastic models, describing the propagation channel as a source of paths grouped in clusters.

Each cluster contains a paths group which has a similar propagation features. In the terminology of WINNER mode, it's possible to provide a geometrical interpretation to the concept of cluster. Indeed, each cluster contains all the rays that interact with obstacles in spreading zone. As well, the propagation channel is composed of a large number of clusters that varies according to the scenario considered. Each cluster is characterized by its delay, its power, and the angles of departure and angles of arrivals of each path in the cluster.

The WINNER channel model is generally built using the result obtained from measurements.

The advent of MIMO technologies, involves a very important demand on the efficient ways to evaluate the performances of diversity wireless communication systems. 4. MIMO OTA performance evaluation using MSRC.

4.1.Overview of the Mode Stirred Reverberation Chamber

A reverberation chamber is a closed metallic cavity with dimensions higher than a few wavelengths [44]. A MSRC is characterized by, the density of modes D n [modes/Hz], that means the number of modes present per Hz, is given by [45]: The electromagnetic fields inside the MSRC present a statistical uniformity in all measurement points, in all directions and all radiation source positions. This uniformity is obtained using mechanical stirrer (s) rotating inside the chamber. In recent years, an increasing interest has developed inside the scientific community to use reverberation chamber as test tool for the wireless communication system. The main reason is that one of the most important characteristics of reverberation chamber is that electric field amplitude along a giving polarization is distributed according to a Rayleigh distribution. This distribution is also used to model fading in a wireless communication channel. It's this characteristic that many studies are based on to compare the channel in reverberation chamber and the classical environment (indoor or outdoor). These characteristics make the MSRC an ideal solution for diversity system qualification. In the last few years some researches have been performed on the measurement capabilities of MSRC's. Parameters such as antenna efficiency, MIMO capacity, or diversity gain have successfully measured using MSRC. Different propagation channels have been emulated, by taking into account the delay spread.

MSRC characterization parameters

Impulse response and Power Delay Profile (PDP)

An example of impulse response measured in the reverberation chamber is shown in figure I.8-a. It shows clearly that h(t, τ) varies very rapidly with delay. This is due to the reflective nature of the RC. For a given position of mechanical stirrer, some delays correspond to a sum of constructive rays while further delays correspond to a sum of destructive rays [38,39]. To characterize the Power Delay Profile, different times can be calculated. The most used is the normalized second moment also called RMS delay spread [40], given by: An alternative distribution to model this case of scenario is provided by M.Nakagami [42].

this distribution is referred to as to the Nakagami distribution, whose the probability density is given by: 

Envelope correlation coefficient

The advantage of using diversity techniques is to receive multiple versions of the same signal to rebuild as better as possible the signal transmitted to the receiver. The antenna diversity system must be optimized to receive independents signals. One of these characteristics is the independence of the complex radiation pattern of the antennas of the receiving system [START_REF] Ying | Characterization of multi-channel antenna performance for mobile terminal by using near field and far field parameters[END_REF].

The envelope correlation can be deduced in isotropic Rayleigh channel from S-parameters, following this equation [START_REF] Adachi | Cross correlation between the envelopes of 900 MHZ Signals received at a mobile radio base station site[END_REF]: It sufficient that this coefficient is less than 0.5 for that received signals by antennas system are considered as un-correlated.
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Diversity Gain

The diversity gain (DG) is one of the most significant parameters to evaluate the performances of diversity system. DG can be defined as the improvement of the signal to noise ratio (SNR) obtained by combining the fading signals received from a multi antenna system, relative to SNR received from one reference antenna [START_REF] Vaughan | Channels, Propagation and Antennas for Mobile Communications[END_REF][START_REF] Janaswamy | RadioWave Propagation and Smart Antennas for Wireless Communications[END_REF]. 

Reverberation chamber quality factor Q: theoretical approach

The quality factor is defined in [46] by: ( .11)
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Where U s [J] is the electromagnetic energy stored in the chamber, ω is pulsation and P d is the dissipated power. In steady state, the energy stored by the reverberation chamber is given by the integral of the energy density, w [J.m -3 ] over the cavity volume, V [m 3 ]:
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And

w is the spatially averaged power density, defined as
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Through the assumption of ergodicity, this spatial average is equivalent to an average over all realizations (positions of mechanical stirrers), w=<w>. The most specific aspect of reverberation chambers appears here clearly since the energy density <w> is an average over all achievements of the channel. Finally, note that the average density of power flow c S [W.m -2 ] is given by:

( .15) c S c w I 
To calculate the quality factor of a reverberation chamber, the mechanisms of power dissipation must be identified. There are four mechanisms [45]: the power dissipated in the walls, in the objects in the chamber, in the load impedance of the antenna, and the power loss optionally present in the apertures. The total power dissipated is the sum of the powers dissipated by each mechanism. Each mechanism of power dissipation can be associated to one quality factor Q i and the global Q factor is given by [46]:
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Developing the calculation of magnetic energy and the power dissipated in the walls [START_REF] Inan | Electromagnetic Waves[END_REF], we have:
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Where R s is the surface resistance, H t is the magnetic field tangent to the wall and δ is the skin depth. The integral in the numerator is proportional to volume although the exact value depends on mode type and the chamber size. Similarly, the integral in denominator is proportional to the surface walls. This value of Q wall factor takes into account only the conduction losses in walls.

Delay spread and its relationship with reverberation chamber quality factor

Let us consider a reverberation chamber whose source is a transmitting antenna located inside the cavity. In steady state, the radiated power P t compensates exactly the total power dissipated in the reverberation chamber. [46] ( .18) td P P I  Using (I.18), (I.22) and (I.25), the average density of power flow c S is given by:
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The average power received by a matched antenna located in the reverberation chamber is given by the product of the equivalent surface of an antenna immersed [48] This Q factor relationship has the advantage of being based on the measured average received power, and therefore includes all dissipation mechanisms present in the reverberation chamber [49].

Consider the case of a reverberation chamber in steady state including a sinusoidal source.

This source is suddenly switched off, leading to a decrease of electric and magnetic fields in the chamber. Matching the variation of energy in the cavity to the power dissipated during an interval of time dt, we obtain [46] 



And the delay spread becomes:

2 RMS Q f   
The parameters described before allow the characterization of measurements performed inside the MSRC. These measurement evaluations are different depending on the desired results.

4.3.OTA measurement procedure

In this section, the MIMO OTA performance evaluation using RC method will be classified in two types of measurement methodologies. The first type is the passive measurement and the second is the active measurement. Regarding active measurements, two aspects will be distinguished not real-time active measurements, and real-time active measurements.

Passive measurements

Passive measurements are based on the use of a Vector Network Analyser (VNA). The transmission coefficients (Sij) are then collected in order to evaluate performances of the terminal under test, taking into account only antennas, in terms of diversity parameters such as: envelope correlation coefficient and diversity gain. In this case several works which carry an interest in the control of fading [50], and the characterization of diversity systems through the use of passive techniques were performed [51]. [START_REF] Hallbjörner | Terminal Antenna Diversity Characterisation using Mode Stirred Chamber[END_REF]. A characterisation method using a mode stirred chamber, with several advantages over passive techniques, is proposed [START_REF] Mouhamadou | Multiband diversity antenna performances evaluation for multistandard compact wireless terminal[END_REF]. The repeatability of the method, and the fact that the chamber represents a controlled environment, makes it suitable as a standard test method for diversity characterisation.

The cellular phones performance or wireless terminals operating in multipath propagation environment can be greatly improved by introducing different diversity schemes. The improvement is qualified in terms of a diversity gain. An effective diversity gain is defined in [START_REF] Kildal | Definition of effective diversity gain and how to measure it in a reverberation chamber[END_REF]. This is an absolute measure of diversity gain and can therefore be used to compare different diversity antennas. The research studies performed in [62 and 63] also show how the diversity gain can be measured in a mode stirred reverberation chamber. There is an increasing need to test the operation and functionality of wireless devices in different multipath environments, ranging from line-of-sight environment to a pure Rayleigh environment. Studies in [19, 64, 65 and 66] discuss how a reverberation chamber can be used to simulate a controllable Rician and No-isotropic radio environment. By changing the antenna configurations in the chamber and/or the characteristics of the MSRC, any desired Rician K-factor can be reached. Experimental results are presented in [64, 67 and 68] to illustrate how the reverberation chamber can be used to simulate different multipath environments, and to show the realization of a controlled K-factor test facility.

Reverberation chamber measurements suffer from fluctuations in the average power of a measured sequence. The standard deviation of these fluctuations depends on the independent samples number in the sequence. A common method to estimate this number of independent sample is based on a sample selection technique [START_REF] Sanchez-Heredia | Sample-Selection Method for Arbitrary Fading Emulation Using Mode-Stirred Chambers[END_REF]. With the sample-selection technique, the study [START_REF] Marin-Soler | Sample Selection Algorithms for Enhanced MIMO Antenna Measurements Using Mode-Stirred Reverberation Chambers[END_REF] has demonstrated the ability of MSCs to accurately emulate Rician-fading distributions. This has been done without any hardware alteration within the MSC for the first time. The obtained data set is composed of unmodified measured samples conforming to a Rician-fading statistical ensemble. The sample-selection technique can further enhance the capabilities of MSCs for MIMO OTA measurements. The technique is patent-protected by EMITE Ing.

Active measurements

Regarding the MIMO OTA active methodology it serves to emulate realistic multi paths propagation channels by considering the fast fading, and the frequency selectivity due to channel delay spread [START_REF] Orlenius | Measurements of total isotropic sensitivity and average fading sensitivity of CDMA phones in reverberation chamber[END_REF][START_REF] Franzen | Realized diversity gain of active DECT phones in talk position measured in reverberation chamber[END_REF][START_REF] Kildal | Overview of 6 Years R&D on Characterizing Wireless Devices in Rayleigh Fading Using Reverberation Chambers[END_REF]. The performances of the terminal under test are subsequently evaluated, taking into account the antennas and the full transmission chain, SNR, bit error rate (BER), symbol error rate (SER), and frame error rate (FER).

4.3.2.1.Not-real time active measurements

The evaluation of wireless devices in term of BER, FER and SNR does not need to realize measurements in real time. Figure I.11 shows an overview of the test bed that can be used to retrieve the desired figures of merit. As it can be seen, this test bed consists of a generator that allows generating a modulated frame and a receiver that ensures synchronization and demodulation. So it can be possible to evaluate the performance of the antenna system but also the processing algorithms in reception. Studies taken an interest on this type of measurements were made (it is mentioned here the contribution of Xlim and NIST research institutes). These contributions [71 and 72] show the use of the reverberation chamber to emulate wireless propagation environments including effects such as Doppler spread and narrowband fading. These effects have a significant impact on the wireless channel quality and the capability of a receiver to decode a modulated signal. Different channel characteristics such as power delay profile and RMS delay spread are modified inside the MSRC by introducing different amounts of losses. The studies shown in [71 and 72] illustrate the impact of the chamber configuration on the quality of a wireless communication channel, bit error rate measurements are performed inside the reverberation chamber for different loadings, symbol rates, and paddle speeds.

These studies showed experimentally that loading the chamber decreases the RMS delay spread value. The quality factor of the chamber was measured for different amounts of absorber material, and it is shown that, for a number of absorbers used in measurements, the field uniformity characteristics of the chamber were maintained. RMS delay spread was presented as a function of losses.

These studies showed also that the BER, changed significantly when the chamber is loaded or the paddle speed was changed. Thus, the BER is a function of the channel delay spread [71 and 73]. Using the BER as an indicator, it showed that it is possible to simulate many desired wireless channel properties. The results achieved in the reverberation chamber were compared to PDP measurements in outdoor. BER measurements inside the chamber were also compared to those made in a low multipath office environment.

4.3.2.2.Real time active measurements

Figures of merit like TIS, TRP and throughput need a real time measurement to be achieved.

The test setup (Figure I.12) for testing UE receiver diversity performance is composed of a base station emulator, channel emulator and a reverberation chamber. For these tests a real communication is established between the base station and the user equipment (mobile terminal). The base station generates a modulated signal that will be sent to the channel emulator in order to convolve it with the desired channel model. After the convolution, the signal is sent inside the MSRC through transmitting antenna. The Up-link (UL) signal is recovered by the base station, in order to evaluate the performance parameters of the wireless device. The authors in [75 and 76] explain two methods to measure receive performance of active mobile terminals by using a reverberation chamber, referred to as total isotropic sensitivity (TIS) and average fading sensitivity. The latter is a new method which can be measured very fast in a reverberation chamber. It is also more representative of the actual performance of a terminal in a real environment than the former. Based on measured results, they conclude that the average fading sensitivity is a promising alternative to TIS measurements for qualification of performance of mobile terminals. The reverberation chamber is well suited for both these measurements. Average fading sensitivity measurements can be done faster than TIS and give similar relative results.

Other study that takes an interest to the throughput evaluation is presented in [START_REF] Kildal | Threshold Receiver Model for Throughput of Wireless Devices With MIMO and Frequency Diversity Measured in Reverberation Chamber[END_REF]. This study presents a theoretical model for the throughput data rate of a wireless LTE device. This model includes the improvements of data rate due to the use of the Orthogonal Frequency Division Multiplexing (OFDM) and MIMO techniques under frequency selective fading. The model is based on defining an ideal threshold receiver for the line-of-sight (LOS) case, corresponding to reception with advanced error-correcting codes. The theoretical throughput model is in agreement with measurements in the MSRC of a commercial LTE terminal for the 1 × 2 SIMO case, both regarding diversity and MIMO array gains, and it can therefore be used to complement measured results in performance evaluation of LTE devices.

Conclusion

This chapter provides an introduction to MIMO OTA standardization, and describes the different test methodologies under consideration by 3GPP/CTIA. Many different MIMO OTA test methods have been proposed, which vary widely in their propagation channel characteristics, size, and cost. In this chapter, it has been shown that the test methodology adopted in this thesis is the MIMO OTA test methodology based on MSRC. This choice is made for several reasons: the ability to emulate a variety of fading scenarios and the cost effectiveness.

This chapter have shown that the measurement methodologies based on MSRC are classified in two types of measurements. The first type is the passive measurement and the second is the active measurement. Regarding active measurements, two aspects will be distinguished not real-time active measurements, and real-time active measurements.

In the MSRC, the emulation of a channel model encounters two major problems: the first is the control of the delay spread and the second is the control of the spatial parameters. For the second, it can be solved by the emulation of an isotropic environment.

Our first contribution to us in this thesis is manifested in the implementation of a method able to control the delay spread of an emulated channel in the MSRC.

The channel delay spread is strongly linked to the quality factor of the chamber. The first to explore is to control this parameter experimentally, but this solution will be costly in terms of time. A second solution that will make the goal of the second chapter is to control this parameter analytically. This means to develop an analytical model allowing the estimation of the channel delay spread value.
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Chapter II: Channel delay spread estimation in RC based on circuit approach

Introduction

In the literature it has been shown that the channel delay spread in RC may be controlled experimentally in RC by adding losses in the chamber. The disadvantage of this method is evident in the measurement time required before obtaining the desired value of the delay spread. Since, the amount of losses to be introduced into the chamber is not known in advance.

An alternative to the experimental approach is to develop an analytical solution able to estimate the delay spread in RC by computing the channel transfer function.

Several methods have been proposed in the literature to model a MSRC. These methods will be described later in this chapter. During this thesis, the choice of a solution based on a circuit approach is done. This solution represents as advantages, the flexibility and the simple implementation.

This chapter aims to develop an analytical model equivalent to the MSRC, based on a circuit approach. This approach takes into account the antennas, losses and stirrers. The analytical model to implement aims to extract the channel transfer function. Knowledge of the channel transfer function will allow retrieving the value of Delay Spread by Inverse Fourier Transform, and by using the equation shown in Chapter I (eq I.5). This analytical simulator will be developed with Matlab©.

This chapter is organized as follows, in section 2, MSRC functioning principle, and brief revue of simulation methods applied to MSRC modelling are shown.

In section 3, working hypotheses and description of the electrical circuit model chosen to estimate the channel transfer function are presented. Losses and stirrer effect modelling are also introduced in this part. Comparisons of simulations results with experimental measurements will be presented in this chapter to check the operation of the implemented Matlab simulator. Finally, a conclusion summarizing the work and representing prospects close this chapter.

Functioning principle of mode stirred reverberation chamber

The mode stirred reverberation chamber (MSRC) is composed of a parallelepiped-shaped metal cavity with a high quality factor and large dimensions compared to the wavelength. The MSRC functioning is based on the properties of the resonant cavities. These properties are

Chapter II: Channel delay spread estimation in RC based on circuit approach 53 described in this part. The resonance conditions of the cavity are changed by rotating a metallic stirrer. This disturbance acts also on the field distribution inside the cavity.

Modes concept applied to reverberation chamber

The MSRC described in the figure below, is a metallic enclosure containing antennas and stirrer. ( .1)
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Each mode is characterized by a field distribution law determined by Maxwell equations (Appendix I). The modes order m, n, p imply the TE polarization or TM polarization and the existence of modes (Table II.1).

Y X z Stirrer Antennas

Table II.1: classification of resonance mode of a cavity

The number of modes and the density of modes are crucial concepts for reverberation chambers functioning. Mathematical developments in [1] provided analytical solutions for the estimation of the evolution of the number of modes N E (II.2), included in the frequency band lower than the frequency f mnp and the mode density n E (II.3) according to the frequency f mnp .
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At high frequencies, the asymptotic behaviour of n E is similar to the law of Weyl encountered in statistical physics [2]. The density of modes then takes a new expression presented here versus the volume V of the cavity. ( .5)
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This formulation indicates that the number of modes N E contained in a band Δf changes in proportion to the square of the frequency. In fact, an accurate determination of N E involves a digital counting of modes. This shows that when the frequency is higher, the number of modes which are inserted in Δf band is more important. This property has important consequences for modes stirring.

Order Polarization

No evanescent components
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Under the condition that Δf is very small compared to f, the frequency interval is connected to f (II.6) by the global quality coefficient Q G of the cavity [4]. In an ideal cavity the global quality factor is infinite. In other hand, the presence of losses in the cavity reduces the quality coefficient and extends the Δf band. Number of available modes N E is then expressed in terms of the global quality coefficient (II.7).
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The global quality factor Q G can be expressed by the power ratio defined by (II.8), where W EM represents the electromagnetic energy stored in the cavity and the P d the power dissipated in the elements present in the cavity (walls, antennas, DUT, stirrer, ...) [5].
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Another definition (II.9) consist to introduce in equation (II.8) the total electric field E, the permittivity in vacuum ε 0 and the power P inj injected into the emission antenna, supposed well matched over all the frequency band [6].
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Antennas, objects located inside the chamber and the dissipation of energy on the walls affect the finale value of the global quality factor. It can possible to associate for each of these absorbing elements a quality factor Q i . In lower frequencies, the global quality coefficient is dominated by the quality factor related to antennas. In high frequencies, the walls or object located inside the RC that dominate the Q G [7]. It is easy to show [7] that Q G is defined by equation (II.10).
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Modes stirring in rectangular metallic cavity

Let 'us consider a punctual probe located inside the cavity. The amplitude and polarization of the received field at a point is a function of frequency and geometry criteria [8]. Geometric criteria means dimensions of the cavity and the presence of metallic and dielectric objects.

If the cavity is undersized, that means under a frequency equal or near to the first resonance cavity mode, the probability to obtain a field of maximum amplitude for a specific polarization is very low. At higher frequency, for oversized cavity, this probability is greatly increased because the wavelength is very small compared to dimensions. Thus, for a randomly selected frequency, the probability of exciting the cavity on an Eigen mode is much higher. However, this condition is not sufficient for the observation point to be subjected to the maximum field in the desired polarization.

The following discussion describes the physical principle of modes stirring.

Cavity modes perturbation

The stirrer consists of metal blades fixed to a pivot axis. By changing the angle of the stirrer, a modification of the boundary conditions that can shift the resonance frequencies of the modes is applied. Thus, when the mode density is sufficiently high, the cavity can be coupled whatever the excitation frequency.

The stirring method that gives until now the best test reproducibility seems to be the mechanical stirring method [9]. Mechanical stirring is efficient when excursion engendered on the resonant frequencies allow an overlap between modes. This overlap is easier to obtain at high frequencies, where the modes density is high. By cons, at low frequencies, the excursion caused by the rotation of the stirrer is insufficient. The use of MSRC is therefore submitted to limits at low frequencies, depending on the modes density and therefore the size of the chamber.

The dimensions of the chamber must be in an irrational ratio to avoid a modal degeneration. Indeed, consider the example where two dimensions (X and Y) of the chamber are equal. In this case, the modes with order (m, n, p) and (m ', n', p ') have the same resonant frequency when m = n' and n= m'. The modes are called degenerated and have the effect of reducing the modes density and thus increase the low frequency limit [8].

The quality factor of the cavity plays an important role in the effectiveness of stirring. A low quality factor reduces the amplitude of the available fields. Conversely too large quality coefficient provides high levels of fields, but can affect the efficiency of stirring, particularly in the frequency range where the modes density is low. The number of available modes N E is reduced.

Modal stirring has other consequences, like when rotating the stirrer, the field distribution in the cavity is disrupted. The variation law of the field amplitude becomes quasi random.

Field distribution inside mode stirred reverberation chamber

To approach these variations laws in simple statistical laws, this analogy imposes certain conditions that are identified. These conditions define the limits of use of MSRC as a test tool.

Consider the case where the wavelength is small compared with dimensions of the chamber (Condition 1). Several modes are excited. The field at a point of the chamber is the vector sum of the contributions of all these modes. By changing the orientation of the stirrer, the way how energy is distributed over each mode is changed. The energy provided to one mode behaves as a random variable towards the orientation of the stirrer.

The basic assumption is that the action of the mode stirrer can applied on DUT maximum amplitude for all polarizations. However, this condition is not strictly satisfied in the extent that it lives an area of uncertainty whose assessment escapes all determinism. Several physical reasons exist.

The principal raison is linked to the recovery of modes. Indeed, the cavity has a quality factor that depends on the power dissipated in the chamber. When the excitation frequency coincides with an Eigen mode, other modes are also excited but with a lower amplitude. Through assumptions derived from the statistical properties of the electromagnetic field, it can be shown that the field is similar to a random variable which distribution is derives from Gauss's law [10].

Cartesian components of the electric field Ex, Ey and Ez are expressed according to equations (II.11) in which r and i correspond respectively to the real and imaginary components of the complex field.
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Each of these six complex components is the sum of several random variables.
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By the central limit theorem, each of these components follows a normal distribution law.

This distribution law is centred if there is no direct coupling between the transmitting antenna and the point of measurement [6]. Therefore, the transmitting antenna must be directed to a corner of the room or to the stirrer (Condition 2). The probability density function f (x) of each component is expressed by function (II.13) in accordance with the standard deviations of the variable x, which is associated with each of the complex components. ( .14)
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The quadratic amplitude of the total field (II.16) also follows a known distribution: the law of  ² with 6 degrees of freedom (II.17). 
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The assumption of a completely disordered field implies that these variables are independent and follow the same distribution law provided that the measuring point is sufficiently far from the metal walls. Indeed, near the walls, the tangential component of the electric field becomes zero and the field components then have different mean square amplitude. By cons, in an area called useful test volume, the mean square amplitude of each component is identical (II. 19) and is equal to (II.20). This useful volume is placed at a certain distance from the walls (Condition 3). 
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These components have the same law of distribution and the same variance ², they produce the same statistical dispersion of their maximum amplitude.

These relationships reveal two essential properties of modes stirred reverberation chamber:

isotropy and uniformity of the field on a revolution of stirrer. Components have the same mean-square amplitude, the same maximum value and the same law of distribution over a revolution of stirrer. The field that illuminates the DUT is isotropic. DUT is subject to all its faces to the same maximum amplitude over a revolution of stirrer. Components observe the same amplitude and the same distribution regardless the point of observation, provided that this point is within the useful volume. The field in the working volume is uniform over a stirrer tour. The DUT can be placed anywhere in the useful volume.

In this part, a presentation of the behaviour of EM fields in the MSRC was made. It was mentioned that the mechanical stirring is an effective tool to install the isotropy and uniformity in the chamber. Mechanical stirring represents the type of stirring adopted during experimental works carried out in this thesis. It was also mentioned that we can assimilate the stirring operation at a change in the dimensions of the cavity.

The reverberation chamber is a statistical tool which may require many samples for some measurements. From a pragmatic point of view, modelling allows the simulation of experiments and measurements that can be long when the number of stirrer positions, the number of excitation frequencies and even the number of the source position in the room increased. A model allows the study of chamber under conditions where the measurements may be difficult: at low frequency, near the walls, etc. As the MSRC can be used to simulate the propagation channels, modelling can help to deduce the channel parameters.

Deterministic models, as models of statistical nature have their own limits and the field of investigation is still important. Between these two options, it is interesting to develop simple physical models, integrating physical parameters to describe the statistical behaviour of a reverberation chamber as faithful as possible. Physical simulation of a reverberation chamber allows understanding physical functioning by giving meaning to the observations achieved through measurement campaigns. In addition, physical models allow measure the influence of physical parameters on the behaviour of the chamber and so make theoretical assumptions about the physical functioning of a reverberation chamber. In the following an overview of MSRC modelling methods that exists is shown.

Brief revue of simulation methods applied to MSRC modelling

The simulation of the electromagnetic field inside a MSRC is a complex problem because of the large number of variables involved. Many methods have been proven. These methods can be distinguished into two categories, deterministic and statistical methods. For deterministic methods there are finite differences method and method of moments, which solve Maxwell's equations. These methods require the implementation of powerful computers but provide an accurate representation of the electromagnetic environment. On the other hand methods based on statistics, as the superposition of plane waves were used. These methods easier to implement, do not allow an accurate characterization of the intrinsic environment of reverberation chambers. The choice of the method will depend on the desired application.

Finite difference method in time domain

The FDTD (Finite Differences in Time Domain) method aims to simulate by finite difference in time domain the propagation of the electrical and magnetic fields from the Maxwell equations. Using Fourier transform, the results can be transposed into the frequency domain.

The geometry of the object is discretized by parallelepiped mesh. The mesh is called improper because it does not correctly follow the geometry of the object. The dimensions of meshes are inversely proportional to the maximum study frequency. Frequency study requires a fine mesh of the object and therefore increases of the computation time.

The excitation of the chamber by a pulse type signal provides an answer on a wide frequency band and thus a modal analysis of the chamber [12]. In addition, this method allows the calculation of the quality factor.

However, for a resonant structure as is currently the case, the calculation time must be very long to reach a convergence of the results.

The simulation of the stirrer rotation is possible. The mechanical stirrer can be represented, but rudely if the stirrer has a particular shape, to not prohibitively increase the computation time. In addition, an overall calculation can be performed for each stirrer position. The researchers, who have used the FDTD method to simulate the rotation of the stirrer, have made calculations for a small number of stirrer positions (8 simulation positions used by L.

Bail in [13]).

The FDTD method allows calculation of the fields only on the grid discretization. So the field cannot be calculated anywhere in the cavity unless if we use interpolation methods. In addition, the number of points where the field is calculated is limited by the storage capacity of used computers.

Transmission line method

TLM (Transmission Line Matrix) method is a space-time discretization of Maxwell's equations. The propagation of electromagnetic waves is supported by a dummy network of orthogonal transmission lines. The junctions between the transmission lines are characterized by S matrix.

The mesh is non-compliant and its dimensions are inversely proportional to the maximum of study frequency. The modelling of reverberation chambers were represented either by two dimensions to simulate mechanical stirring [14], or three-dimensional to simulate an electronic stirring [15].

Finite elements method

The Finite Element Method (FEM) requires discretization of the study domain by volume elements, generally tetrahedral form. The method aims to solve at each node relative to the elements of discretization, the propagation equation (II.1) resulting from Maxwell's equations. 
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Where: μ: permeability ε: permittivity k 0 : wave vector in the vacuum

E (x, y, z, t) : Electric field
This method is a volumetric method and therefore requires the discretization of study volume in its entirety. The internal volume of the reverberation chamber must be meshed. By cons, the mesh by non-rectangular elements can be according to the geometry of the object. The dimensions of the elements are inversely proportional to the frequency study.

FEM method is a frequency method used to simulate reverberation chambers. An overall calculation must be performed for each frequency. It does not conduct to a broadband study.

In the case of cavities, usually frequency calculation doesn't coincide with a resonant frequency [16].

Boundary finite elements method

The BEM (Boundary Element Method) method is an adaptation of the finite element boundary method in the frequency domain, taken from the method of moments. It requires discretization of the structure studied by surface elements, usually form triangular. This method is based on the integral formulation of the radiated field. This frequency method doesn't allow broadband frequency exploration of the response of the chamber. Calculations are performed globally at discrete frequencies. Except using interpolation or derivation methods, this method can't access to direct calculation of the quality factor.

One advantage of this method, excluding modelling of reverberation chambers is taking into account the radiation problems intrinsically, that means without approached conditions to truncate the spatial domain of study around the studied object, as this is done in FDTD, TLM and FEM methods. In addition, the field can be calculated everywhere at infinity or near the surfaces of the structure.

A major advantage of this method is in its surface character allowing lightens mesh manipulation and description of complex objects. The action of mechanical stirrer is simulated, but it requires rather long calculations. Some developments of the method, such as partial assembly, are used to simulate the stirrer rotation for more reasonable computing time.

Ray tracing method

Ray Tracing Approach (RTA) aims to consider that the field at a point is the sum of the field directly obtained from the source and field of the rays reflected from the walls. The field reflected by a wall is calculated by the image theory. This same field is mitigated by the reflection coefficient assigned to the wall.

The Walls of the chamber have a high conductivity and therefore a reflection coefficient near to 1. The number of images required to reach the convergence is very important. It is therefore recommended to reduce strongly the reflection coefficient [17] or limit arbitrary the number of reflections on the walls, which is equivalent to introduce "numeric losses" [18].

This method can only be used in high frequency, because the advantage of this theory appears when the conditions of geometrical optics are satisfied. This is an advantage in that the methods mentioned above do not allow simulations at high frequencies. This method is complementary to the previous as it is hardly applicable to the simulation of reverberation chambers for the first resonance modes.

Nevertheless, the calculations are performed at discrete frequencies. Calculation of cavity relaxation time, by combining images number and propagation time of waves, allows determining the constant of time τ. This constant is used to evaluate (II.2) directly the quality factor Q [17]. But to get the value of the quality factor, it's necessary to calculate a large number of images and thus increase the computation time. The computation time also becomes very long.

Plane wave spectrum method

The Plane Wave Spectrum (PWS) method means Spectrum or Overlaying planes waves. Its principle aims to assume that the field at a point in the reverberation chamber is represented by a summation of plane waves. The amplitude and phase of each plane wave are considered as random variables that depend on the position of the stirrer.

The calculations are performed at discrete frequencies. A development of this method allows access to the quality factor of the chamber [19]. It is based on the Kern theory calculated from S matrix (Scattering Matrix). Each S matrix is associated to a plane wave with a given incidence and polarization [10]. It is particularly suitable to the calculation of coupling on the receiving antenna or for the equipment under test [20,21].

The PWS method to be representative of reverberation chambers, considers that the field is perfectly uniform and isotropic. This implies that the density of modes is high. It is devoted exclusively to high frequencies. This method alone can therefore not be interested in the operating limits of the reverberation chamber at low frequencies.

The statistical hypothesis requires that the coupling calculations cannot be performed only in terms of mean values. The maximum values can only be obtained from estimates. The PWS method providing the distribution law of the field or the current on the antennas, these estimates are made through the determination of PDF (Probability Density Function).

But the estimates of the maximum field values from PDF conclude that, if the number of samples of field converges to infinity, then the maximum field also converges to infinity.

Therefore it cannot be possible to obtain an exact value of the maximum values of coupling based only on statistical principles. However, if this method is based on experimental results, the determination of the maximum values is possible. In addition, a major advantage of this method is that, as statistics, it does not require large calculation. The computation times compared to a deterministic method are greatly reduced [20].

Image theory method

This modelling method is based upon image theory [22]. In [23], a representation of a rectangular waveguide through image theory is given. This model is an adaptation of this model of a waveguide to the geometry of a rectangular cavity. It consists in closing the waveguide by adding two boundary conditions. In the model, an elementary current is placed in the cavity. The positions and the angular orientations of image-current created by the reflective walls must be determined. This very straightforward model does not directly involve Maxwell's equations or a spatial discretization of the environment. It fits the simple geometry of a shielded cavity. It only uses the far-field and free-space radiation approximation of millions of elementary currents to represent a complex interaction between elementary current and electrical conductor boundaries.

The core of the simulation is an impulse response. By convolving the impulse response with a chosen waveform, the model is able to simulate the behaviour of the RC with a particular waveform. By applying a Fourier transform on the impulse response, we can explore the frequency domain. The rough representation of the RC by a rectangular shielded cavity without a mode stirrer is too elementary to obtain deterministic results. But it has been shown that source stirring is equivalent to mechanical stirring [24]- [25] and so from a statistical point of view taking randomly N receiver positions is equivalent to taking N stirrer positions.

In our model, the stirrer is not described but its absence will not affect the statistics of the results as long as the receiver positions are taken randomly.

The modelling methods presented above show a certain degree of complexity to implement.

This complexity is reflected in the time required to complete these simulations (since the number of needed mesh cells is in the order of 10 6 ). Because of this we thought of setting up a new flexible, simple method, based on a circuit approach.

The objective is to implement an analytical model, with reduced calculation time, that takes into account the metallic cavity, losses, antennas, and the statistical aspect of the stirrers.

Mode stirred reverberation chamber modelling based on circuit approach

In this section, we propose a frequency domain model of reverberation chamber. The aim of this model based on a circuit approach is to allow simulating (under matlab) the behaviour of Several modes can be excited in an oversized cavity. Thus, in order to understand the functioning principle of cavities from a circuit approach, it will be interesting to start by studying the equivalent circuit model for a single resonance mode.

Equivalent circuit model for one resonance mode

In our circuit approach, the resonators can be modelled in discrete elements, such as an LC circuit.

This circuit resonates at a frequency: 0 
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During this study, a choice of setting the parameter C is done. The value C can be expressed by: In order to solve this problem, the model above will be used, with n1 the transformation ratio at access1 and n2 at access 2.

The application of the Kirchhoff's law allows drawing the following equations:
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; Then:
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The use of these two systems of equations aims to express V4 and I4 versus V1 and I1. 

I n I n I 

;

1 4 2 3 2 1 ( .28) I I n I n II n   3 4 4 2 3 1 1 2 2 2 2 11 ( ) ( ) ( .29) V I V V ZI n V Z II n n n n     
From (II.28) and (II.29), the characteristics relationships of the model are [27]:
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A. Channel transfer function expression for one coupled mode

The transmission coefficient can be estimated by calculating S-parameters. All of the currents and voltages must be normalized to the characteristic impedance Zc. 
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They can be expressed in terms of voltages and currents, by following relations:
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To obtain the S parameters, it is necessary to express b1 and b2 versus a1 and a2.

After normalization of voltages and currents, and replacing of voltage and current by the incident and reflected waves, the equation system (II.30) becomes.
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 By developing the system of equations expressed in (II.34), the transfer function becomes 

      
Writing the expression of normalized impedance z of the equivalent resonant mode, and introducing the coupling coefficients (on transmission side and reception side) which are expressed by: 1
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The frequency evolution of the channel transfer function becomes:
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B. Determination of transformation ratio

The estimation of the channel transfer function is insolvent, as the determination of the transformation ratios is not made. The following part will be devoted to the implementation of an analytical method capable of determining these transformation ratios.

The model circuit shown in Figure (II.4) can be assimilated to the schematic below. This schematic shows the nature of the problem to be solved. Before introducing the calculation method of the transformation ratios, it can be noted that this method needs the achievement of two previous steps. To reduce the calculation time, the Huygens theorem is applied another time. The field distribution of the resonance mode at position 1 (transmitting antenna) and position 2 (receiving antenna) can be then replaced successively by surface currents couples (J m1 ,J e1 ) and (J m2 ,J e2 ).

 Principle of calculation method

In this section, we will introduce a calculation method of the transformation ratios. This method is based on the reciprocity theorem. The calculation volumes obtained previously are discretized to several meshes.

-Resonance frequency -Cavity Dimension analytical calculation

Mode distribution inside cavity

E & H Fields

Retrieving component (Je1, Jm1) and (Je2, Jm2) corresponding to the position of the transmitting antenna and receiving antenna inside the chamber. The final transformation ratio will be the sum of transformation ratios calculated over all meshes. The transformation ratio calculation principle is based on reciprocity theorem.

The generalization of Reciprocity theorem to all linear and passive systems based on electromagnetism, other than single circuits, establishes some relationships between concepts that involve, by definition, reciprocity. This applies in particular to the transmission and reception of information in transmission systems using antennas.

The figure below shows the principle scheme of coupling between block 1 or 3 and block 2, while making use of the reciprocity theorem. U voltage that appears at access 1 when the antenna radiates to the resonant mode. U voltage that appears at access 2 when the resonance mode radiates to the antenna.

By analogy, the equation II.41 can be expressed in electromagnetic domain.

The correspondence can be made between the Voltage (U) and the electric field (E), and between the current (I) and the magnetic field (H).

Taking into an account the vector nature of the values of Electric and magnetic fields of antennas and Mode, equation (II.41) becomes:
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Equation (II.28) defines the coupling coefficient (transformation ratio) as a voltages ratio.

Similarly, we set the new definition of coupling coefficient as, the square root of the ratio between received power and available power:
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By introducing the values of E and H fields of the antenna and the Mode, the equation (II.43) that present the transformation ratio for one mesh becomes: To simplify the calculation, the E and H fields will be replaced by electric current and magnetic current (Je,Jm) obtained by applying the Huygens principle.
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By determining the different values of the elements of equivalences model, we will be able to estimate the transmission coefficient between the transmitting and the receiving antennas positioned inside a metal cavity.

C. Simulations results

In a first approach, a comparison of the simulations results for one mode carried out under the Electromagnetic Simulator CST Microwave studio and the semi-analytical method is made.

For the case presented below, two dipoles (of 10mm length) are placed in a small cavity of 20x20x10 cm3.The objective of this simulation is to validate the calculation of coupling: for this we consider a cavity without intrinsic losses (Perfect conductor). This validates the good estimation of the coupling at the input and output ports.

Regarding the phase (figure II.11.b), the two curves show a great similarity. This leads to confirm the validity of the implemented calculation method.

Equivalent circuit model for several resonance mode

The 
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By simplifying the expression below, we find:
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Using the same reasoning, we find:
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The generalization of equations (II.48) and (II.49) for k modes, gives the following expressions:
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Where k is the index of the excited mode. Where:
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To conclude this part, an analytical model based on a circuit approach, taking into consideration the empty cavity and the presence of the antennas inside the cavity is set up.

Comparisons between CST and analytical method are made in the next section.

Simulation results

As validation example, we set two antenna of 10mm oriented according to y inside a small metallic cavity of 20 x 20 x 10 cm 3 . The simulation is made over a frequency band between 2GHz and 3GHz. We can note that simulation with different dipole orientation have shown the efficiency of the calculation method to take into account others polarisations and then the excitation of TE and TM modes Finally simulations with bigger cavities have shown the interest of this method in terms on calculation time while keeping a great accuracy on the obtained results. For example a cavity of 50 x 10 x 20 cm3 needs more than 4 hours of simulation under CST MS, and only 5 minutes using the proposed method under matlab. The losses and stirrers method modelling will be described in the following section. This section will be completed by the presentation of the comparison results between measurements and Matlab simulations.

Losses and stirrer modelling A. Losses modelling

The analytical model developed until now takes into account the losses related to the cavity walls and losses related to antennas. Other losses to consider are, the ones that will be introduced inside the MRSC in order to control the channel delay spread. These losses will affect the quality factor of the chamber.

Generally, the absorption cross section a  [28][29], of a lossy object depends on the polarization and the incidence angle of the incoming plane wave. In a MSRC, we suppose that the fields in a metallic cavity can be written as a superposition of plane waves of all polarization and incidence angles. If lossy object is located in an isotropic area, the absorbed power (P) by the lossy object can be written as the product of the power density of the cavity S c , and the averaged absorption cross section a  . The quality factor related to the lossy object can be expressed as:
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Where λ is the free space wave length.

From the expression below, it can be seen very well that the unique key parameter to estimate, is the average absorption cross section a  .

Permittivity and permeability are essential properties of the materials, absorption properties of lossy object depend also on incoming wave polarization, direction of incidence and geometry.

In this part we consider the penetration of the cavity field inside a lossy object in order to characterize its absorbing properties and determine the average absorption cross section.

In the following, two approaches allowing the calculation of the absorption cross section are exposed.

 Numerical approach

The numerical approach is based on the solution given by CST Microwave Studio © that consist in the extraction of the broadband scattering response of the lossy object by using a broadband farfield monitor. The farfield monitor calculation deals with the field behaviour far away from the corresponding source of the electromagnetic waves.

This monitor already automatically writes the absorption cross section (total ACS). The total absorption cross section is defined as the ratio of the absorbed power by lossy object to the intensity of the incident plane wave. This approach is efficient, but needs a huge computation time for isotropic angle of arrival. In order to minimize the simulation time, it is necessary to look for another alternative capable to achieve the calculation of ACS with a tolerable error.

 Analytical approach

Wave plane Propagation direction (, )
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In figure II.16, the lossy object is illuminated by a plane wave. Analytical calculation of ACS requires the determination of a transmission coefficient that will be multiplied by the average surface of the object.

( , ) , (

Where is transmission coefficient, and Sis avreagesurface of the lossy object
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We assume that the electric component is unchanged, and the magnetic field will change its direction. The incident waveis explained by: ( , )

The reflected waveis explained by: ( , ) ( .56)

The transmitted wave is explained by: ( , ) The magnetic field intensities can be found from the Maxwell's equations or by using the characteristic impedances for two regions.
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The incident waveis explained by: ( , )

The reflected waveis explained by: ( , ) ( .57)

The transmitted wave is explained by: ( ,)
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We chose the interface between two media to be at z = 0, the exponent will be Therefore, at the boundary z = 0, we can write: ,
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Substituting the last results to (eq II. [START_REF] Orlenius | Measurements of total isotropic sensitivity and average fading sensitivity of CDMA phones in reverberation chamber[END_REF]) and (eq II.57), we obtain:
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We specify the reflection and transmission coefficients as: ,

Reflection:
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Since the characteristic impedance is:
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For two dielectric materials: The amplitudes of the total transmitted and reflected fields are
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Taking into account the huge number of reflections that exists inside the MSRC. The wave incident to the boundary with the second region is partially reflected back and partially transmitted to region 2. At the interface between materials 2 and 3, the transmitted to material 2 field is partially reflected back and partially transmitted to the material 3, etc.

We assume next that the reflection coefficient from the first interface is  1 in the +z direction and - 1 in the -z direction. Since the region 3 is identical to region 1,  2 = - 1 , and - 2 =  1 .

Similarly, the transmission coefficient through the first interface will be  1 + = 1 +  1 in the +z direction and  1 -= 1 - 1 in the -z direction.

The total reflected electric field is: 
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The total reflection coefficient is:
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Similarly, the total transmitted electric field is: 
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The total transmission coefficient is: The simulations results show that the error remains tolerable. The analytical approach is adopted during this work.

  2

B. Stirrer modelling

The stirrer consists of metal paddles attached on a pivoting axis. The stirrers' rotation allows the modification of the chamber boundary conditions. This modification implies a shift of resonance frequencies. A second property of stirring method is that it makes the field statistically isotropic and homogeneous over a stirring revolution. This means that over a stirring revolution, the maximum value of the electromagnetic field is almost identical in every points of the chamber and in all directions.

Let us assume that the X dimension of the cavity observe an amplitude excursion of ΔX that is small compared to X. Using the equation (II.1) and under condition that the wavelength is small compared to X, the use of Taylor development [7] shows that the deviation of the Eigen mode frequency f mnp correspond to a variation ΔX close to an amount of Δf mnp (II.68).

2 2 ( .68) 4 mnp mnp c m X f II f X X         
The variation in one direction remains a simple case. The expression of equation (II.68) can be generalized to have a variation in the three directions X, Y, and Z. The equations (II.68) becomes:
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The choice of a statistical modelling of stirrers is adopted. Since, the stirrers' rotation provides a virtual variation of the dimensions of the chamber. The stirrers' effect is introduced in the analytical simulator through the use of the equation (II.69)

The full analytical modelling of the MSRC is completed. The next step aims to validate the full model by performing simulations/measurements comparisons.

C. Model simulations/ Measurements comparisons

The simulation results obtained with the method developed in Matlab©, is compared with the measurements results performed for several stirrers' positions inside the MSRC with the use of a vector network analyzer. The comparison of simulated and measured values of the RMS delay spread shows a maximum difference of 9.5%. This difference remains tolerable, since we reach a rough estimation versus losses. For the case of empty chamber (no bottle filled with water inside the chamber), the delay spread represents a high value (about 296ns). The introduction of losses in the chamber (a bottle filled with four litters of water) showed a significant decrease in the RMS delay spread, since we go from 300ns to 145ns. This estimation has the effect of limiting channel sounding campaigns.

Conclusion

This chapter was aim to study the possibility of setting up an analytical Matlab© simulator able to estimate the value of the channel RMS delay spread in a reverberant room. The novelty brought by this simulator is that it was based on a circuit approach and takes in account the antenna, the stirrer, and losses effects.

The description of the circuit approach that has allowed the development of this simulator has been made. The challenge of this method was to calculate the coupling between the antenna and the mode excited in the metal cavity. For this reason a calculation method using the theorem of reciprocity and equivalence theorem has been developed.

The validation of the results obtained from Matlab simulator with CST simulations and measurements, has shown the performance of the developed simulator. The obtained results remain satisfactory.

The analytical simulator developed with Matlab allows having an idea about the average value of the RMS delay spread versus losses. The knowledge of this value will optimize the measurements campaigns time. And subsequently estimate the amount of losses to be introduced inside MSRC in order to obtain the desired channel RMS delay spread value.

Chapter III: Emulation of realistic multi path channel for wireless communication system testing

Introduction

In recent years, the characterization of the MIMO (Multiple Input Multiple Output) terminals has been the subject of many works, through research actions, such as COST 2100

or COST1004 [1]. Such "Over the Air" measurements, currently undergoing standardization (3GPP, CTIA), require the ability to emulate multipath propagation channels, which represent typical environments for testing mobile terminals.

Three approaches are currently being considered by the standardization committees [2], for the implementation of test scenarios in controlled environment. These approaches are: Mode Stirred Reverberation Chamber (MSRC), Anechoic Chamber (AC) and two stage method.

In real environment, the mobile terminals are submitted to strong constraints related to the multipath character of the propagation channel. Since the multi paths have different magnitudes and delays, their recombination at the terminal cause interferences, resulting in more or less deep fading on one hand and frequency selectivity on the other hand. This leads to a significant decrease of signal to noise ratio and therefore an increase of the link error rate.

The emulation and characterization of a reference propagation channel are necessary before starting performances measurement of MIMO terminals.

In this work, the proposed MIMO measurement scenarios test is based on MSRC. From a practical point of view, this solution is faster to implement, since it allows submitting the terminal at an instantaneous 3D multipath environment. Reverberation chamber (RC) is considered as a useful tool to emulate a rich multipath environment; this emulation is characterized by a given fading [3; 4] whose distribution can be Rayleigh, Rice, or

Nakagami…

The MSRC can be used to measure the diversity gain, the bit error rate, the total isotropic sensitivity [5], the total radiated power [6], or MIMO transmission quality in frequency selective channels [7; 8] of wireless devices. For the measurement of the diversity gain and the sensitivity the channel delay spread in MSRC may influence the results. Several research studies [9; 10; 11; 12] have shown the ability to manage the delay spread. This control of delay spread can be achieved through modifying the MSRC quality factor by loading it with absorbing materials.

Hence, in this contribution we suggest an experimental study using a small size reverberation chamber [13] in order to qualify performances of MIMO terminals for different scenarios and algorithms in terms of Error Vector Magnitude (EVM) [14,15,16], Block Error Rate (BLER) [17,18,19], throughput and total isotropic sensitivity (TIS) while maintaining a Rayleigh fading. In this experimental study, a multi cluster channel emulation which is conforming to channels models defined in literature is implemented. This emulation must be accompanied by a strict control of delay spread.

The work outlined in this chapter is divided into three phases:

 Phase1 is devoted to the analysis of the antenna diversity performance dependence on channel delay spread for a WiMAX application.

 Phase2 is dedicated to no-real time performances evaluation of the MIMO-LTE systems for different emulated realistic channel models inside reverberation chamber.

 Phase3 is devoted to real time measurements of MIMO LTE terminals. During this phase, measurements of EVM (Error Vector Magnitude), and BLER (block error rate)

and TIS (total isotropic sensitivity) will be conducted in SISO and MIMO mode.

Analysis of antenna diversity performance dependence on multi-antenna channel delay spread in MSRC

One of the major problems in a mobile communication system is the deep fading caused by the multipath propagating environment. To overcome this problem, one solution consists in using some diversity technique at the terminal side of the wireless link by means of gathering several antennas [20]. In order to assess the consequent diversity performance improvement, effective antenna diversity gain is the figure-of-merit (FOM) typically used to present the effectiveness of the diversity antenna system. Effective diversity gain (EDG) can be defined as the improvement in time-averaged signal-to-noise ratio (SNR) from combined signals of all the radiators of a multi-antenna system, relative to the SNR from a single reference antenna in the system. This definition is conditioned by the probability that the SNR is above a reference level. The probability value is arbitrary but usually set to 1% or 10% reliability level [21,22]. Despite the importance of diversity gain as figure-of-merit in multi-antenna OTA communication systems, scarce publications can be found in the literature related to how it is affected by the root mean square (RMS) delay spread of the communication channel. Thus, diversity gain dependence on this characteristic must be analyzed for a better understanding of MIMO OTA active measurements for device characterization. Even though MIMO OTA channels are usually characterized by their coherence distance, time and bandwidth, or equivalently by their reciprocal counterparts:

angular, Doppler and RMS delay spread, respectively [23,24,25,26], in order to simplify the analysis, this contribution is focused on the study of the antenna effective diversity gain dependence on the RMS delay spread of a frequency selective channel, with a fixed bandwidth modulated signal, by means of measurements using an RC. Diversity gain has been found to be in inverse variation to the RMS delay spread of the channel when it is varied through the introduction of absorbing material within the inner cavity of the RC.

Nevertheless, scarce publications related to the effect of root mean square (RMS) delay spread on these figures-of-merits can be found in the literature. In this work, we present an analysis of the dependence of the effective antenna diversity gain on the RMS delay spread of a wireless channel by means of a multi-antenna OTA communication system using a QPSK modulation inside an RC. For that purpose, several channel RMS delay spread profiles have been achieved inside the RC by varying the amount of absorbing material placed in the cavity.

2.1.Channel characterization

A. Measurement platform

The MSRC used in this study has dimensions of (110x 70x 60) cm 3 , as depicted in Figure .   (III.1) Rotating its two mechanical stirrers step wisely, the electromagnetic field inside (at a reasonable distance from the walls of the order of the wavelength) has a statistical uniformity at all points of measurement in all directions and for all positions of the radiation source, and the Doppler spread of the channel is negligible. 

B. Test plan

The use of a single antenna in transmission to illuminate one of the stirrers did not allow obtaining an isotropic Rayleigh channel. After the introduction of the measurement platform used for the channel sounding and the configuration showing the location of the antennas inside the MSRC, an interest will be brought to the presentation of the channel sounding results.

C. Emulation measurement results

In order to study the dependence of the antenna diversity system performance on the RMS delay spread of the multi-path channel in the RC, different amounts of absorbing material have been introduced inside its inner cavity, thus modifying the power-delay profile (PDP) of the channel, and achieving scenarios with different RMS delay spread values, as depicted in Channel sounding has allowed the characterization of the propagation channel, in which a diversity system is supposed to be tested. Performances Evaluation of this system will be the goal of the next section.

2.2.Measurements of diversity performance of multi-antenna system depending on channel delay spread

Presentation of the diversity measurement test bed

The measurement platform consists in a PXI chassis, as depicted in on the Error Vector Magnitude calculation [28]). Equalization or error correcting code has not been used along this study in order to present the raw performance of the system under test. 

B. Antennas

For all measurements we are going to use reference and diversity system. These two systems use a compact tri-band antenna based on PIFA elements. The antennas operate at following frequencies: 2.35 GHz, 3.5 GHz, and 5.5 GHz. The correlation coefficient is calculated according to the equation (I.9) shown in chapter I.

The diversity measurement test bed is implemented, in order to evaluate the performance of wireless diversity system for different emulated propagation channels. The obtained results are exposed in the following.

Performance evaluation of multi-antenna system versus channel delay spread

A. Correction of averaged received power

Adding absorbing materials and using the same level of transmitted power, applies that the averaged received power is not the same (see figure III.11). A different transmitted power has been chosen for each scenario, in order to compensate these losses, and thus obtaining the same average power at the diversity antennas as shown in (figure III.13) for each scenario, in order to make the all results directly comparable. As we can observe in these figures, the CDF calculated from the SNR of the reference antenna is Rayleigh distributed, and this is maintained along the different scenarios, even with the addition of absorbing materials, which will permit to compare their effective diversity gain results, since the environment remains a Rayleigh channel. The scenarios transmission performance is synthetized in Table I. As we can deduct from the results in Table I, the more absorbing material is introduced in the RC, the less multi-path components arrive at the receiving antennas, and therefore not only RMS delay spread value is reduced, but also mean SNR value is increased.

As presented in the table I the SNR is better for EGC and MRC than reference antenna.

Concerning the BER and FER are less for EGC and MRC than reference antenna.

Finally, the EDG of the 1x2 SIMO antenna systems is evaluated using EGC and MRC diversity combining techniques for 10% reliability levels. The results are presented in Table I and depicted in figures III.17-18.

Figure III.17: EDG for MRC & EGC techniques at (10%)

From these results it can be seen that an increase of the RMS delay spread of the channel inside the RC, not only reduces the mean SNR for both the reference and diversity antennas, but also the gap between them, and thus the EDG value decreases . The figure III.17 present the evolution of EDG versus delay spread, and it can be observed that when the delay spread decrease the DG increases, this phenomenon can be explained since the employment of diversity techniques can correct the channel fading effects in the system performance, but not the ones related to the frequency selectivity of the channel, which is increased when the RMS delay spread value increases, and thus EDG value becomes lower. These results can be confirmed by the figure III.18 that presents the SNR gain versus delay spread that allows observing the evolution of the wireless system performances versus the channel delay spread.

This part present a major interest in analysis of wireless systems depending on the channel delay spread. An experimental control of the delay spread is shown possible. In following section a performance analysis of wireless terminals for the LTE technology will be target.

During this analysis two kinds of measurements will be performed: no-real time measurements and real time measurements.

Real-time measurements are performed in the context of a project that aims to characterize the real 4G mobile devices. This project brings together XLIM institute, the Bouygues telecom operator and ANOVO society.

Analysis of MIMO-LTE terminals performances in reverberation chamber

In this section, two points dedicated to non real time and Real time Over The Air (OTA) measurement for evaluating wireless communication terminals performance are investigated.

Firstly, an emulation methodology of multiple clusters channels for evaluating wireless communication devices over-the-air (OTA) performance is investigated. This methodology has been used along with the implementation of the SIMO LTE standard. This method consists of evaluating effective diversity gain (EDG) level of SIMO LTE-OFDM system for different channel models according to the received power by establishing an active link between the transmitter and the receiver. The measurement process is set up in a Reverberation Chamber (RC). The obtained results are compared to the reference case of single input-single output (SISO) in order to evaluate the real improvement attained by the implemented system. The measurement process is performed in non real time.

Second part of this section aims to introduce a measurement test bed that has been associated along with a channel emulation platform in order to evaluate the terminals performances in real time. It consists of assessing the throughput and the total isotropic sensitivity (TIS) level of the 4G MIMO-LTE terminals by establishing a real communication between the base station (R&S CMW500) and the user equipment (mobile terminals). The performances evaluation is performed for different emulated channel models in reverberation chamber. This emulation must be accompanied by a strict control of delay spread. The obtained TIS results are compared to the results obtained in anechoic chamber.

Before taking an interest to measurements of LTE terminals a short presentation of LTE standard in downlink will be crucial.

Long Term Evolution (LTE) Downlink transmission.

A long term evolution (LTE) of the 3rd Generation Partnership Project (3GPP) access technology is being specified in Release 8 of the 3GPP standard. The LTE specification provides a framework for increasing capacity, improving spectrum efficiency, improving coverage, and reducing latency compared with current HSPA implementations. In addition, transmission with multiple input and multiple output (MIMO) antennas is supported for greater throughput, as well as enhanced capacity or range. To support transmission in both the paired and unpaired spectrum, the LTE air interface supports both frequency division duplex (FDD) and time division duplex (TDD) modes. The LTE downlink (DL) transmission system is based on orthogonal frequency division multiplexing access (OFDMA) and the DL OFDM supports high data rates. The following section provides a high-level description of the LTE physical layer (PHY).

LTE also uses adaptive modulation and coding to get better data throughput. This technique varies the downlink modulation coding scheme based on the channel conditions for each user.

When the link quality is good, the LTE system can use a higher order modulation system (more bits per symbol). On the other hand, when link conditions are poor due to troubles such as signal fading, the LTE system can modify to a lower modulation system to keep a satisfactory radio link. The modulation system supported for payload in the uplink and downlink are QPSK, 16QAM and 64QAM.

The LTE PHY is considered to congregate the following goals:

 Carry scalable bandwidths of 1.4, 3.0, 5.0, 10.0, 15.0, and 20.0 MHZ.

 High performances at speeds up to 120km/hr.

 Supported antenna configurations

o Downlink: 4x2, 2x2, 1x2, 1x1.

o Uplink: 1x2, 1x1.

In OFDMA, users are allocated a specific number of subcarriers for a determined amount of time. These are referred to as physical resource blocks (PRBs) in the LTE characteristics. The transmission bandwidth of system gives us an idea concerning the total number of available subcarriers. The LTE specifications define parameters for system bandwidths from 1.4 MHz to 20 MHz as shown in Table 2. A PRB is defined as consisting of 12 consecutive subcarriers for one slot (0.5 msec) in duration. A PRB is the smallest element of resource allocation assigned by the base station scheduler.

Table 2: Available downlink bandwidth is divided into Physical Resources Blocks

The LTE DL is composed of two sets of physical layer channels: physical channels and physical signals. Physical channels take information from higher layers and are used to carry user data, as well as user control information. Physical signals are used for system synchronization, cell identification and radio channel estimation, but do not carry information originating from higher layers.

Not-real time OTA measurements of MIMO-LTE system: Performances analysis for different 3GPP channel models emulated inside Reverberation Chamber

Active measurement methods are often based on the use of a channel emulator associated with a real-time transmission system, to test the operational terminals. In this part of work, the aim is to suggest an experimental platform using a small size reverberation chamber (described before) in order to study the feasibility of emulating multipath channel while maintaining a Rayleigh fading (in order to be able to compare deferent receivers in reference environments with the same distribution). On this platform, a multi cluster emulation method which complies with standardized 3GPP channel models is implemented, using only one vector signal generator (figure III.8.b). This emulation must be accompanied by a strict control of delay spread, to generate realistic channels [33][34].

This methodology, along with the presented model, emulates a Spatial-Channel-Model-Extended (SCME) for MIMO OTA active measurements.

The presented approach aims to develop a soft OTA methodology for characterization and implementation of digital multi antenna transmission systems inside a small size reverberant cell. On this test bed, the measurements are not carried out in real time and are not dedicated to performance evaluation in terms of throughput. However, it allows (through the use of an RF digitizer and baseband processing in MATLAB) to study in detail the impact of several transmission chain parameters, as antenna aspects (in MIMO context: coupling, correlation coefficient ρ), and test of signal shaping and reception algorithms (synchronization, equalization, MIMO coding). This method is applied to test the 3GPP LTE standard, by implementing an LTE-OFDM frame and using diversity at the receiver side. The frame is generated based on the 3GPP standard [35,36], which specify a downlink (DL) transmission system using an orthogonal frequency division multiplexing access (OFDMA) [37,38] as shown in the paragraph before.
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After having introduced the LTE requirements, it is necessary to focus on parameters for evaluating the performance of a system under test [39, 40, and 41]. Generally, these parameters are aimed to SIMO passive measurements at one frequency, which will be applied to the case of LTE active measurements [42, 43, and 44].

Measurement test bed

The LTE signal described previously is implemented on the measurement test bed (Figure Before taking an interest for measurements, it is necessary to introduce the method with which it is wanted to emulate different channels inside the MSRC. This emulation is based on the idea of convolving the desired model to emulate with the signal to be transmitted. Further explanation will be presented in the following.

Channel Emulation

The characteristics of the LTE-OFDM frame and measurement system to be used has been explained previously. This section will focus on establishing a method for the emulation of 3GPP channel models with a particular delay spread, which requires a control of the delay spread inside the RC.

A. 3GPP channel model

The 3GPP urban microcell and urban macro cell channel models in [35,36] are defined to be used for multi antenna OTA comparison measurements. The taps delay in urban micro-cell and urban macro-cell channel models are depicted in (Figure III.21). It can be seen that the urban macro cell channel presents a high delay spread compared to the urban microcell. The taps delay and the power magnitude are listed in details in Table 3. Some special consideration should be taken into account when implementing channel models in an RC. Indeed these models introduce intra cluster delay spread. Then, for each tap an RMS delay spread (τ rms ) of 90 ± 5 ns has to be considered. Table 3: Parameters of the urban microcell and urban macro cell scenarios.

B. Control of the RMS Delay Spread.

The same antenna configuration presented in (figure III.4) is adopted in this section. The delay spread τ rms can be changed by loading the chamber with an appropriate amount of absorbing material [34,46].

In order to check the fading distribution, a power measurement is made at the central frequency to plot the normalized CDF. Figure III.22 shows that the fading measured at 2.35GHz is still Rayleigh even after the addition of losses. The difference concerning the measured mean powers before and after adding absorbing materials is around 3 dB. In this part, the control of the τ rms has been achieved by the use of absorbing material, and maintaining a Rayleigh fading distribution. The goal now is to emulate a multi-cluster channel with the same delay spread for each cluster. When the chamber is loaded with a piece of absorbing material, which is solid, pyramidal shaped, and carbon loaded (urethane foam absorber [START_REF] Inan | Electromagnetic Waves[END_REF]) with dimensions of 16 cm × 9 cm × 4 cm, placed in a corner of the RC, the RMS delay spread is around 93 ns. This value stay depending on the MSRC dimensions. The use of absorbing materials decreases considerably the value of the delay spread and allows achieving the desired result which should be within 90 ± 5 ns.

C. Clusters Emulation

The method to emulate the channel model consists of convolving the base band signal to be The different results presented in this section highlight the possibility of controlling the intra cluster delay spread, and emulating 3GPP urban micro-and macro-cell channel models. This is obtained by combining a digital pre-processing and a RC to manage the τ rms value.

The implemented emulation method has shown great flexibility to reproduce the standardized 3GPP channel models inside the MSRC. This method plays the role of a channel emulator, but the measurements cannot be performed in real time, because the channel model is created in post-processing. This method is important for performance evaluation of the diversity system for different channels. 

Measurements of LTE performance of multi-antenna system for different emulated channel models inside RC

In order to realize these measurements, two boards representing a compact terminal are used:

one reference board with one tri-band antenna, and diversity board with two tri-band antennas (see Figure III.10). These antennas have been studied previously in [49,50].

A. SISO measurements

By using the LTE system implemented in Section 2, the SISO configuring measurement will be performed. In order to simplify the analysis, the stirrers of the RC used for this study were rotated step wisely for 1600 positions, so the Doppler spread of the channel is negligible.

The CDF curves plotted in Figure III.26 present two types of results:

(i) Cumulative distribution calculated from the measured power of a sub carrier.

(ii)

The CDFs from the averaged power of received signal, demodulated after equalization. 

Power CDF of one sub carrier

For this comparison, each measured power of these results is normalized to its own average power.

As it is known OFDM signal gives better performance than using mono-carrier signal. It is an efficient way to deal against inter-symbol interference, because such interference affects only a small percentage of the subcarriers. These interferences cause a frequency selectivity that can be well observed in Figure III.26. Indeed it can be clearly seen that the cumulative power distributions are influenced by the delay spread of the channel model. The performance in urban micro and urban macro cell channel models is worse compared to the mono cluster case. Nevertheless, the received powers of the LTE signals are higher than those in the mono carrier case (which fit with the Rayleigh reference distribution).

These results can be confirmed by the signal-to-Noise ratio measurement, presented below.

The estimation of the measured mean SNR presented in Table 4 is done through the Error Vector Magnitude (EVM) [51]:

SISO mono cluster SISO Urban Microcell SISO Urban Macrocell

Mean SNR (dB) 25 7.9 6.4

Table 4: Measured mean SNR value for SISO configuring for a 64-QAM modulation scheme.

The SISO measurement method allows assessing the capacity of a complete LTE transmission chain. This method makes it possible to know the performance as function of the receiver antenna, or base band processing (equalization, synchronization, etc.).

B. SIMO measurements

In this section, the tests of the diversity systems performance are under interest. Diversity combining techniques such as Maximum Ratio Combining (MRC) have been implemented.

Multiple antennas are expressed as a T × R combination, where T is the number of transmitting antennas, and R is the number of the receiving antennas. The channel impulse responses taking in consideration multipath propagation phenomenon are presented by h 1 and h 2. The envelope correlation coefficient is as follows:

(1, 2) (1,1) (2, 2) R RR   (III.2)           H meas meas meas meas R E H E H H E H    (III.3)
Where R is the covariance matrix.

The calculation of the fading correlation coefficient for the different channel models generated in the RC is presented in Table 5.

SISO mono cluster SISO Urban Microcell SISO Urban Macro cell

Fading correlation coefficient 0.15 0.21 0.32 Table 5: correlation coefficient It can be observed that for each channel model, the fading correlation remains low, which will lead to optimal diversity results.

Regarding the effective diversity gain (EDG), it is typically calculated for a particular frequency (passive measurements). EDG is the figure-of-merit (FOM) typically used to evaluate the efficiency of the diversity antenna system [43]. In our case, the evaluation of the EDG is made through the mean power of the received LTE signal in baseband. 

MIMO-LTE terminals in reverberant cell

Real time Over The Air (OTA) measurement test bed for evaluating wireless communication terminals performance is investigated. In this section, the proposed MIMO-LTE measurement scenarios test is based on MSRC.

From a practical point of view, this solution is faster to implement, since it allows submitting the terminal at an instantaneous 3D multipath environment. The MSRC can be used to measure the total isotropic sensitivity [5], the total radiated power [6], or MIMO transmission quality in frequency selective channels [7; 8] of 4G MIMO-LTE terminals. For the measurement of the sensitivity the channel delay spread in MSRC may influence the result.

Hence, in this contribution we suggest an experimental platform using a small size reverberation chamber ( [13]) to qualify performances of LTE-MIMO terminals in terms of Error Vector Magnitude (EVM), Block Error Rate (BLER), throughput and total isotropic sensitivity (TIS) while maintaining a Rayleigh fading in both SISO and MIMO configuration.

On this platform, a multi cluster channel emulation which compiles with channels models defined by 3GPP is implemented, using a channel emulator. This emulation must be accompanied by a strict control of delay spread.

As announced before this section of the thesis is conducted as part of a project between the XLIM institute, Bouygues Telecom operator and ANOVO society.

Channel characterization inside MSRC: impulse responses and fading measurements

This section aims to validate the illumination stirrer's method (in SISO and MIMO mode) by measuring the channel transfer function in order to determine the different parameters such as fading distribution (Rayleigh, Rice, …), the correlation coefficient in MSRC versus the chosen configuration (SIMO, MIMO). The correlation coefficient is an important parameter.

In fact for a MIMO configuration, the correlation between two receiving antennas has to be the lowest as possible in order to obtain a good separation of received signals. After the channel delay spread of the chamber is measured to control it. Finally the influence of mobile terminals on these parameters is studied. This channel characterization and measurements were performed with a Vector Network Analyzer (VNA).

Channel sounding platform

The channel sounding aims to measure the impulse response or the transfer function between the transmitting antenna and the receiving antenna. To perform these measurements, a vector The second configuration (configuration 2) is consists of four antennas that illuminate the stirrers and two receiving antennas. This configuration has been implemented to cheek that the MIMO channels are uncorrelated. As the propagation channel is reciprocal, the chamber is illuminated by the receiving antennas and the transmitted signal is received by the four transmitting antennas.

To analyze the impact of mobile terminals losses on the measured propagation channels, the experiments are made successively without and with LTE terminal. 

Channel sounding results

The channel sounding is performed with a reference antenna (UWB dipole) at central frequency of 2.595GHz for a bandwidth of 15MHz. The measurement results are presented in table7 and in figures III.32 and III.33. The table 7 gives the values of the transmitted power and the correlation coefficient of the signals received by the two sounding antennas, and the delay spread of each channel.

Table7: characteristics parameters of the channel From the table above, it can be observed that the mean transmitted power, and then the RMS delay spread decrease slightly when losses (due to the presence of the mobile) are introduced in the MSRC. Then, the influence of the device under test has to be carefully considered to emulate properly a frequency selective channel.

Without mobile With mobile

Antenna1 Antenna2 Antenna1 Antenna2 The channel sounding has allowed us to know the propagation channel emulated inside the MSRC. The mobile terminals measurements will be performed in a known propagation environment.

                

Correlation coefficient with mobile

Real time active measurements of MIMO-LTE terminals

A MIMO system is characterized by the use of multiple antennas at transmitting and/or receiving side. MIMO technology has been introduced to improve performances and increase the communication systems throughput, particularly for data applications. Using the spatial diversity of the channel, it is possible to use effectively the radio resources (frequency spectrum occupied). For this, the new transmission technique is also accompanied by new measurement requirements. And is therefore the subject of several studies initiated by the standardization committees. This section refers to MIMO OTA active measurements for 4G terminals in controlled multipath environment (MSRC) in order to evaluate its performance.

First, the hardware platform used and devices tested are presented. The second part is devoted to emulating realistic channels in the MSRC. The last part focuses on the experimental characterization of terminals. The key parameters associated and factors of merit are also described. To automate measurements, the set is controlled by a computer through a program developed in Matlab. The developed code allows simultaneous control of the CMW500 and stirrers, the platform configuration and the verification of communication between the terminal and the eNodeB emulator.

Implementation of MIMO-OTA measurements platform a) Mono-cluster measurements platform

b) Multi-cluster measurements platform

A multi clusters channel method is implemented in the paragraph 3.2. This method aims to convolve the transmitted signal with channel models emulated in base band. In the following, a method that allows emulating multi clusters in real time is shown.

It is also possible to add between CMW 500 and MSRC a multi-cluster channel emulator The area near the terminal corresponds to a strongly multipath environment (micro path due to multiple reflections in this area). At each movement, these micro paths will recombine constructively or destructively at the terminal, creating variations in the amplitude and phase of the signal for each of the impulse response delay (generating fading effects on received power: "Rayleigh fading"). The stirrer's rotation in the reverberation chamber can artificially recreate the movement of the mobile by changing multipath environment for each rotation angle.

Realistically, every time is an average delay spread as a function of environment (intra-cluster delay spread). This delay spread is "visible" by the transmission system, if it has a sufficiently fine time resolution (that is to say, a relatively wide bandwidth).

c) 4G MIMO-LTE terminals tested

In this study, we investigated the characteristics of five MIMO-OTA LTE 4G mobile devices. Indeed, the LTE standard classify terminals into five categories ( Among the potential candidates for the final standardization, we chose to emulate the "Single Cluster" "SCME Urban micro-cell" and "SCME Urban macro-cell" models. These channel models are presented in Table 3.

"Single Cluster" model simulates a mono-cluster environment, "SCME Urban micro-cell"

and "SCME Urban macro-cell" respectively emulates an urban macro-cell environment and urban microcell environment.

Verification of emulated realistic channels

The emulation platform of single and multi-clusters channel that we have implemented is In general, the principle of this method is to convolve the baseband signal to be transmitted with the channel models generated with the Spirent SR5500. The RF input Spirent SR5500 is connected to the RF output (port 1) of the VNA. The VNA is used here in order to verify the channel emulated by measuring the transfer function (S 21 ) (between transmission antenna connected to the RF output of Spirent SR5500 and the receiving antenna) of the MSRC.

In order to verify the proper functioning of the implemented emulation platform, a channel sounding was carried out at the frequency of 2.595GHz over a frequency band of 64MHz.

This bandwidth is selected so as to achieve good temporal resolution to observe the entire emulated channel. A time spread intra-cluster 90 ns ± 5 ns is considered. As the reverberation chamber has inherently an important delay spread (of the order of several microseconds) which depends on its quality factor. Control of the delay spread was therefore carried out by charging the room with absorbing materials. After presenting the generation of single and multi-channel clusters, we are interested in the following paragraph to performance tests of LTE terminals.

Performance measurements of UE a) Performance parameters and factors of merit

As CMW 500 allows performing measurements of performance parameters described in 3GPP TS 36521-1, sections 6 and 7. We used it to measure the figures of merit such as BLER, throughput, sensitivity, EVM and spectral flatness of the equalizer.

 Block error rate (BLER) expresses the loss of information that may be due to problems with bad blocks or disruptions on the system. 

b) Methodologies and measurements tools

As stated above, the goal here is to evaluate experimentally the performance of MIMO-LTE terminals in controlled environment (MSRC). The picture above shows the implemented experimental setup. This test bed is compound from an emulator BS (R&S CMW500), a channel emulator (Spirent SR5500) and a mini MSRC with two mechanical stirrers (controlled by two motors) and four illumination antennas. Indeed in Rx measurements, LTE terminal measures the RSRP, the RSRQ, ACK and NACK and transmits them in uplink to the BS. Throughputs measurements and BLER is achieved by counting the number of ACK and NACK.

According to the 3GPP standard, these measurements must meet certain criteria in terms of frequency, bandwidth, number of resource blocks (RBs), etc.. The operating band selected during these measurements is the band 7 with a bandwidth of 15MHz. 

c) Measurements Results

Terminals we used have a TX and two RX (receive diversity). And in MIMO mode that is means «Two RF ports» configuration, the CW500 supports only two Tx (transmit diversity) and one Rx. This amounts to the MIMO in downlink (figure III.44). On the uplink, this means one antenna for transmission at the mobile and one receiving antenna at BS side (figure III.44). Therefore, the performance of MIMO terminals (BLER and throughput) can only be measured in DL. So we will distinguish two types of MIMO according to CMW500 configuration.

 If CMW500 is in «Standard cell» mode (one transmit antenna), it is therefore SIMO mode. This mode will be referred in this document as DL-SISO.

 If CMW500 is in «Two RF output port» mode (two transmit antennas), it is full-MIMO mode. This mode will be referred in this document as DL-MIMO.

But the quality of signal transmitted by the UE is measured in UL (UL-SISO) with one transmission antenna and one receive antenna. Table 12 summarizes the measurements and their durations for different terminals. ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- ----------------------------------------- DL-MIMO measurements are compared with measurements DL-SISO. Tables 13 and14 summarize the average figures of merit measured in single-cluster channel, multi-clusters Urban Micro and multi-clusters urban Macro. For the three emulated channels, the average power of signal received by the UE is almost identical. Even with a MIMO throughput twice higher, the level of BLER in SISO mode is higher than that of MIMO. This can be explained by the use of antenna diversity. For this, whatever the mode (SISO or MIMO) used BLER levels remain very low. Whatever generated channel, performance in terms of BLER and throughput remain similar. The same observation is done for the Mobile1 and the Mobile2. MIMO performances of Mobile2 are better. Quality of signal transmitted by the Mobile1 and the Mobile2, measured in terms of the mean EVM is reported in Tables 15 and16. We must remember that the EVM is measured in UL (in SISO mode) and channel emulator is placed on the DL link (connected to the Tx ports of CMW500). So, the terms SISO, MIMO, Single-cluster, Urban Micro and Urban Macro (Tables 15 and16) simply indicate the DL configurations for which the EVM is measured. 

- 5h 5h 5h 5h

Subcarrier

Equalizer Spectrum Flatness (dB) throughput does not allow obtaining the sensitivity threshold at 5% of BLER. As mentioned above, the Measurements are made until the mobile is no longer able to attach to the BS. So the average power received by the UE, revealed at step before (last level of received power or the lowest value of the RSRP) will be the threshold sensitivity of the device under test (Table 17). Comparison of values in table 18 shows that the Mobile1 has better performance in terms of sensitivity in the case of single cluster channel. The sensitivity of each mobile in SISO and MIMO modes (mono cluster channel) is very close with a maximum deviation of 3 dB for the tablet and 1 dB for other mobiles. In the case of the Mobile1, the sensitivity in mono cluster channel is better than multi-cluster case. However, these values are consistent with the sensitivity value given in [3GPP TS 36521-1, Section 7]. The comparison of values presented in table 17 shows, an identical result of measured sensitivities for MIMO and SISO mode in mono cluster case. This is due to the use of diversity combining, when the base station is configured in SISO mode. Another observation that can be made is the degradation of the sensitivity that is logical, when the channel delay spread is most important.

 Sensitivity measurements results: comparison with TIS measurement performed in anechoic chamber

In the following, a measurement of TIS in anechoic chamber equipped with SATIMO SG24 system for mono cluster case is made in order to compare it with the TIS measurement carried out in reverberation chamber (table17).

The SATIMO SG24 system illustrated in figure III.54 is an effective device capable of performing passive and active measurements to evaluate the performance of mobile communication terminals under test. This system is installed in an anechoic chamber of 4 meters wide, 4 meters long and 4 meters in height. The probes of the system are uniformly distributed every 15 degrees on a circular arc with a diameter of 2.4 meters.

Each probe allows measuring the electromagnetic field for both vertical and horizontal polarizations. This system allows making 3D measurements using a CMW500 wideband communication tester. The figure above shows that in mono cluster channel, the obtained results are similar. But this is not always the case. In fact, the received power varies in MSRC with stirring (fading phenomenon), so the TIS are calculated for an average received power. This is not the case in anechoic chamber (since received power stay constant). Here the antenna diversity and frequency diversity on the mobile make this power variation smoothed; so logically for a terminal with single antenna/single carrier we would have certainly a less good TIS due to the fading. 

Mono -cluster

Conclusion

In the beginning of this work, the dependence of a 1x2 SIMO antenna diversity system on the RMS delay spread of a multi-path channel inside an RC has been studied. The results presented in this contribution demonstrate that the effective diversity gain (EDG) is in inverse variation to the channel RMS delay spread of the channel. This delay spread is varied by introducing different amounts of absorbing material inside the MSRC.

The presented work helps to understand the channel characteristics under which the active multi-antenna measurements have been performed in the RC.

Experiments presented in (IV.2) allowed us to perform a complete statistical characterization of the radio channel in the MSRC. From the data collected we were able to evaluate the cumulative density function and the correlation coefficient. We have shown that two illumination antennas (SISO case) or 4 illumination antennas (MIMO case) are required to obtain an isotropic environment Rayleigh within the MSRC. The same results are observed in the presence or absence of the mobile, stirrers in step by step mode or continuous mode (which minimizes the measurement time). For MIMO-LTE terminals measurements, configuration 2 with two illumination antennas (horn illuminating the horizontal stirrer and UWB dipole illuminating the vertical stirrer) will be useful for the SISO mode and the configuration with four illumination antennas will be useful for MIMO mode.

Concerning the last part of this chapter, a first measurement of MIMO-LTE total isotropic sensitivity (TIS) inside reverberation chamber for multi clusters channels is performed. A rapid measurement method ( 5 minutes for a fixed transmitted power, compare to 5 hours in step by step mode) based on continuous stirring that aims to measure sensitivity of MIMO-LTE terminal has been proposed . A comparison between TIS measurements in RC and in AC is made, but still not generalized due to the fading. This work is of particular interest for OTA characterization of MIMO-LTE terminals in MSRC, because it allows the implementation of a measurement platform that can assess the terminals sensitivity while respecting parameters defined by the 3GPP standard.

General Conclusions

The work presented in this thesis focused on the study and implementation of an analytical method to control the temporal spread of a channel emulated inside a reverberation chamber.

And on experimental characterization for wireless communication system.

This first chapter provides an introduction to MIMO OTA standardization, and describes the different test methodologies under consideration by 3GPP/CTIA. Many different MIMO OTA test methods have been proposed, which vary widely in their propagation channel characteristics, size, and cost. In this chapter, it has been shown that the test methodology adopted in this thesis is the MIMO OTA test methodology based on MSRC. This choice is made for several reasons: the ability to emulate a variety of fading scenarios and the cost effectiveness.

This chapter have shown that the measurement methodologies based on MSRC are classified in two types of measurements. The first type is the passive measurement and the second is the active measurement. Regarding active measurements, two aspects will be distinguished not real-time active measurements, and real-time active measurements.

In the MSRC, the emulation of a channel model encounters two major problems: the first is the control of the delay spread and the second is the control of the spatial parameters. For the second, it can be solved by the emulation of an isotropic environment.

Our first contribution to us in this thesis is manifested in the implementation of a method able to control the delay spread of an emulated channel in the MSRC.

The channel delay spread is strongly linked to the quality factor of the chamber. The first to explore is to control this parameter experimentally, but this solution will be costly in terms of time. A second solution that will make the goal of the second chapter is to control this parameter analytically. This means to develop an analytical model allowing the estimation of the channel delay spread value.

The second chapter was dedicated to study the possibility of setting up an analytical Matlab© simulator able to estimate the value of the channel RMS delay spread in a reverberant room. The novelty brought by this simulator is that it was based on a circuit approach and takes in account the antenna, the stirrer, and losses effects.

The description of the circuit approach that has allowed the development of this simulator has been made. The challenge of this method was to calculate the coupling between the antenna and the mode excited in the metal cavity. For this reason a calculation method using the theorem of reciprocity and equivalence theorem has been developed.

The validation of the results obtained from Matlab simulator with CST simulations and measurements, has shown the performance of the developed simulator. The obtained results remain satisfactory.

The analytical simulator developed with Matlab allows having an idea about the average value of the RMS delay spread versus losses. The knowledge of this value will optimize the measurements campaigns time. And subsequently estimate the amount of losses to be introduced inside MSRC in order to obtain the desired channel RMS delay spread value.

In the beginning of this third chapter, the dependence of a 1x2 SIMO antenna diversity system on the RMS delay spread of a multi-path channel inside an RC has been studied. The results presented in this contribution demonstrate that the effective diversity gain (EDG) is in inverse variation to the channel RMS delay spread of the channel. This delay spread is varied by introducing different amounts of absorbing material inside the MSRC.

The presented work helps to understand the channel characteristics under which the active multi-antenna measurements have been performed in the RC.

Experiments presented in (III.2) allowed us to perform a complete statistical characterization of the radio channel in the MSRC. From the data collected we were able to evaluate the cumulative density function and the correlation coefficient. We have shown that two illumination antennas (SISO case) or 4 illumination antennas (MIMO case) are required to obtain an isotropic environment Rayleigh within the MSRC. The same results are observed in the presence or absence of the mobile, stirrers in step by step mode or continuous mode (which minimizes the measurement time). For MIMO-LTE terminals measurements, configuration 2 with two illumination antennas (horn illuminating the horizontal stirrer and UWB dipole illuminating the vertical stirrer) will be useful for the SISO mode and the configuration with four illumination antennas will be useful for MIMO mode. Concerning the last part of this chapter, a first measurement of MIMO-LTE total isotropic sensitivity (TIS) inside reverberation chamber for multi clusters channels is performed. A rapid measurement method ( 5 minutes for a fixed transmitted power, compare to 5 hours in step by step mode) based on continuous stirring that aims to measure sensitivity of MIMO-LTE terminal has been To determine the electric and magnetic fields in closed rectangular cavity, we consider this cavity as a waveguide with a rectangular section oriented to z that should have shorted both ends with perfectly conducting walls (see figure AI.1). Modes of waveguide with rectangular section are classified into types, TEnm (transverse electric) modes and TMnm (transverse magnetic) modes. These are characterized respectively by a lack of the z component of the electric field (TE) or the magnetic field (TM). For the case of the TE mode, the expressions of electric (E) field and magnetic (H) field are given by [chapter I. 
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    By applying the boundary conditions, Hz must be zero at z=0 and z=d (where d is the dimension of the cavity in the z direction), using the following conditions (Hz =0 for z=0; and Hz =0 for z=d) we obtain A + = A -, therefore it can be written: The nontrivial solution of this equation is β 10 d=pπ, for p=1, 2, 3…; the result for p=1: 0 s( ).sin ( 1.12)
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Where H 0 =-2jA + is a new constant. Within a cavity, there are three parameters defining parameters: m, n, p. using previous equations, we obtain the other components of the field.

The mode TE 101 is given by: 0 ( , , ) sin( ).cos( ) ( 1.13) . Generally, there is a discrete infinity of modes satisfying Maxwell's equations and respecting the boundary conditions of the cavity. These modes exist at a specific frequency which explains the appellation of "resonant cavity". The resonance frequency of a mode is given by: 

Figure.I. 1 .

 1 The other type has the dual polarized test antenna mounted on a one-axis boom positioner, making it possible to move along a vertical circle. The device is mounted on a platform which is capable to turn around the Z-axis as given in Figure.I.2.

Figure I. 1 :Figure I. 2 :

 12 Figure I.1: Standardized anechoic chamber with a combined axis structure as introduced in [3]

1 :

 1 Categories of factors of meritThese figures of merit are classified into two categories depending on the measurement methodology: active measurement (active FOM) and passive measurement (passive FOM). The passive method uses a vector network analyzer to evaluate the effectiveness and performance of antenna diversity techniques such as diversity gain, correlation and MIMO capacity in a controlled (referenced) multipath channel. It therefore does not require a base station emulator (BS).Concerning the active measurements aims to assess the parameters of MIMO system such as throughput, channel quality indicator (CQI), EVM (error Vector Magnitude), BLER (Block Error Rate), total radiated power (TRP), or total radiated sensitivity (TRS) by establishing a real-time communication between the User Equipment (UE) or terminal and base station (BS) emulator.

Stage 2 :

 2 Combining the antenna patterns measured in stage 1 to desired MIMO channel model, emulate the MIMO channel model with the measured antenna patterns incorporated in a commercial channel emulator and perform the OTA test in wired approach. The MIMO OTA method based on the two-stage method is illustrated in Figure I.3. The integrated channel model with both MIMO antenna effect and the multipath channel effect can be emulated with a commercial MIMO channel emulator. The BS emulator is connected to the MIMO channel emulator and then to the MIMO device's. These ports are the standard ones provided for conducted conformance tests. By controlling the power settings of the channel emulator and also the integrated channel model, the end-to-end throughput with the MIMO antenna radiation influence can be measured. In the following two different approaches are presented in order to combine the antenna patterns with MIMO propagation channel model. a) Apply antenna patterns to Ray-based channel models. b) Apply antenna patterns to correlation-based channel models. The correlation matrix and the UE and the antenna imbalance can be calculated and then generated by the channel emulator.

Figure I. 3 :

 3 Figure I.3: Proposed two stage test methodology for MIMO OTA test[11] 

Figure I. 4 :

 4 Figure I.4: Anechoic chamber methodology for MIMO OTA test[14] 

Figure I. 10 :

 10 Figure I.10: Illustration of stage1 test

Figure I. 5 :

 5 Figure I.5: Reverberation chamber methodology for MIMO OTA test

  Figure I.6 below illustrates the concept of multipath, and the main propagation phenomena.

Figure I. 6 :

 6 Figure I.6: main propagation mechanisms[24] 

Figure I. 7

 7 Figure I.7 shows a 2x2 MIMO system with the channel matrix (H) and the scattering environment around.

Figure.I. 7 :

 7 Figure.I.7: MIMO channel representation

  antennas. Channel models based on ray tracing are examples of this type of models.  Analytical channel model: Analytical channel models characterize the impulse response (equivalently, the transfer function) of the channel between the individual transmit and receive antennas in a mathematical/analytical way without explicitly accounting for wave propagation. The individual impulse responses are subsumed in a (MIMO) channel matrix. Analytical models are very popular for synthesizing MIMO matrices in the context of system and algorithm development and verification. Analytical models can be further subdivided into propagation-motivated models and correlationbased models. The first subclass models the channel matrix via propagation parameters [30]. Examples are the finite scattered model, the maximum entropy model, and the virtual channel representation. Correlation-based models characterize the MIMO channel matrix statistically in terms of the correlations between the matrix entries. Popular correlation-based analytical channel models are the Kronecker model and the Weichselberger model [31, 32].



  And the total number of modes in a frequency band Δf is given by: b and c are respectively the dimensions of the MSC along the x, y, and z axis. A modal representation of the electromagnetic field is represented in the Appendix1.

Figure I. 8

 8 Figure I.8-a: example of impulse response measured inside reverberation chamber

Figure I. 8

 8 Figure I.8-b: example of PDP measured inside reverberation chamber

  is the power of the combining signal , and P ref is the power of the reference antenna. Both power levels must be read it from a cumulative density function (CDF) representing the probability that an arbitrary power sample is smaller than a certain power level. In Figure I.9 it is shown an example of a DG measurement.

Figure I. 9 :

 9 Figure I.9: DG of a given dual antenna for calculated at 99% signal level reliability

Figure I. 11 :

 11 Figure I.11: overview of MIMO OTA No-real time active measurement test bed

Figure I. 12 :

 12 Figure I.12: overview of MIMO OTA real time active measurement test bed

Figure II. 1 :

 1 Figure II.1: Modes stirred reverberation chamber overview



  This relationship allows estimating again the number of modes N E (II.5) contained in a frequency band Δf centred around Eigen frequencies that is supposed, according to this interpretation, continuously distributed. This relationship is valid if and only if Δf << f[3].



  From this expression, we can define the probability density function of squared amplitude of a cartesian component of field (II.14). This variable is the sum of the squares of two random variables that follow a normal distribution. Its distribution law follows a law of  ² with two degrees of freedom[11]. The expression of the probability density of the squared amplitude is given for cartesian component Ex by equation (II.15), but it can be extended to Cartesian components Ey and Ez.

(

  for each stirrer position is necessary to simulate the rotation of the stirrer.

  Figure II.2: Overview of the system to be modelled

Figure II. 3 :

 3 Figure II.3: Equivalent circuit for resonator with losses

V

  and Z the dimensions of the cavity. is the vaccum permeability. c is speed of light.The writing of equations (II.24) and (II.25) lead to the determination of the three parameters R, L, and C constituting the equivalent circuit of a single mode. The resonant frequency and the quality factor can be analytically calculated using the equations (II.1) and (II.26). is the volume; S is the surface, μ the permeability, and σ w the conductivity of walls.In our case, the cavity is coupled by transmitting antenna and the receiving antenna that are positioned inside the metallic cavity. In Figure II.4, the transformer of access 1 represents the coupling between the transmitting antenna and the excited mode inside the cavity. At the access 2, the second transformer represents the coupling between the excited mode in the cavity and the receiving antenna.

Figure II. 4 :

 4 Figure II.4: Equivalent model for a single coupled mode

  Q e1 and Q e2 present the extern quality factors related to the coupling.The global quality factor is:

Figure II. 5 :

 5 Figure II.5: Concept of the study



  Step1This step (figure II.6) concerns the simulation of antenna used in the MSRC. The simulation is carried out under CST Microwave studio in a small volume, with a very fast simulation time.

Figure II. 6 :

 6 Figure II.6: Antenna simulated under CST Microwave Studio

Figure II. 7 :

 7 Figure II.7: Resonance mode calculated analytically

Figure II. 8

 8 Figure II.8: coupling method

Block 1 ,Figure II. 9 :

 19 Figure II.9: Equivalent quadruple

2 aU 1 bU

 21 voltage that appears at access 2 when the antenna radiates to the resonant mode. voltage that appears at access 1 when the resonance mode radiates to the antenna. 2 b

FigureFigure

  Figure II.10: Simulation configuration

  equivalent model circuit shown in Figure II.4 can be assimilated to a quadruple Q1.The model depicted in (figure II.12) aims modelling infinity of modes that can be excited in a frequency band, within a cavity.

Figure II. 12 :

 12 Figure II.12: complete model of excited modes in the cavity

S 21

 21 is derived from the incident voltage Vi and the reflected voltage Vr on each port. Based on the system of equations shown in (II.33), the S 21 coefficient can be expressed by:

FigureFigure

  Figure II.14: simulation configuration

  of the study, an analytical model that takes into account the cavity and antennas is made. Below, an interest is taken to full analytical modelling of the MSRC, taking into account the cavity, antennas, losses and stirrers.

  angle average over 4π steradians, and an average over all polarizations.

Figure II. 16 :

 16 Figure II.16: Illumination of the lossy object illuminated by a plane wave

  k 1 and k 2 are the wave numbers for the regions (media) 1 and 2 respectively, constants A and B indicate the terms propagating in the +z and -z directions.

  Figure II.17: Plane wave propagation through the cylindrical object filled with water

  Figure belowshows the results of comparisons between the numerical approach and the analytical approach. Simulations are performed for two different volumes of water (Voume1 & volume2). Simulations are performed over a frequency band of 10GHz.
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 18 Figure II.18: Comparison of ACS's simulated with CST Microwave Studio and calculated analytically

Figure II. 19 :

 19 Figure II.19: View of simulated reverberation chamber

Figure II. 20 :

 20 Figure II.20: the positioning of the antennas within the MSRC Figure II.21: Overview of antennas location inside the MSRC

Figure II. 22 :Figure II. 24 :

 2224 Figure II.22: Simulated and measured impulse Figure II.23: Simulated and measured impulse response for empty chamber response for chamber with one litter of water

Figure II. 26 :Figure II. 27 :

 2627 Figure II.26: Simulated transmission coefficients for different losses quantities.

Figure III. 1 :

 1 Figure III.1: Mode stirred reverberation chamber (RC)

Figure III. 2 :

 2 Figure III.2: transmitting module of the measurement platform

Figure III. 2 :

 2 Figure III.2: receiving module of the measurement platform

Figure III. 4 :

 4 Figure III.4: configuration used during measurements

FigureFigure III. 5 :

 5 Figure (III. 5).

Figure III. 6 :Figure III. 7 :

 67 Figure III.6: Measured received power for different absorbing material quantities

Figure III. 8 .

 8 The chamber is excited by two horn antennas connected to the transmitter, which integrates the controller and Aeroflex modular RF signal generator with an integrated dual-channel arbitrary waveform generator, and with a modulation bandwidth up to 66 MHz. The antennas under test are compact wideband tri-band antennas for mobile terminals[27], based on planar inverted-F antenna (PIFA) elements, as depicted in figure III.10. They are connected to the receiver, which integrates two Aeroflex digitizers with conversion of the RF signal to digital IQ data. At the transmitter and receiver, IQ data processing is done under MATLAB, and via the PXI controller. Diversity combining techniques such as maximal-ratio combining (MRC) and equal gain combining (EGC) have been implemented and are based on a channel estimation algorithm, using a pilot sequence inserted in the transmitted frames. For the measurements presented here, a bandwidth of 1 MHz has been chosen, with a QPSK modulation scheme, over a carrier frequency of 5.5 GHz. For each measurement point, 2•10 5 symbols are captured to estimate the Frame Error Rate and the Signal to Noise Ratio (based -----Rayleigh Empty Loaded

Figure III. 8

 8 Figure III.8.a: SIMO diversity measurement platform

FilterFigure III. 9 :

 9 Figure III.9: Data frame form

Figure III. 10 :

 10 Figure III.10: Compact wideband triband antennas for mobile terminals based on planarinverted-F antenna (PIFA)[27] 

Figure III. 11 :FrequencyFigure III. 12 :

 1112 Figure III.11: measured average received power before compensation

Figure III. 13 :

 13 Figure III.13: measured average received power after compensation

Figure III. 14 :

 14 Figure III.14: Cumulative Distribution function: EDG using MRC & EGC combining for  RMS =270ns

Figure III. 18 :

 18 Figure III.18: SNR improvement between MRC combining and antenna1 & antenna2

  PRBs thus have both a time and frequency dimension. Allocation of PRBs is handled by a development function at the 3GPP base station.

Figure III. 19 :

 19 Figure III.19: LTE Frame Structure (Ref: TS 36.101 V9.3.0)

III. 20 )

 20 . The measurement test bed is based on the Aeroflex PXI 3000 series architecture described in (III.8.b), with two PXI chassis integrating a control PC for generating frames on transmission and for processing received data. The transmitter part includes one RF signal generator (76 MHz-6 GHz), which can provide a level of RF power from -120 dBm to +5 dBm over a modulation bandwidth of 33 MHz. The receiver integrates two digitizers, which provide conversion of RF signal to baseband digital IQ symbols[45]. Data processing is done with MATLAB.At the transmitter side, a frame based on LTE specifications is generated. The duplex mode used is TDD, and a bandwidth of 5 MHz has been chosen, with 64QAM modulation scheme, over a carrier frequency of 2.35 GHz.

Figure III. 20 :

 20 Figure III.20: Measurement test bed

Figure III. 21 :

 21 Figure III.21: Urban micro-and macro cell channel model taps.

  Urban Micro-cell (UMi, 6 taps) Urban Macro-cell (UMa, 6 taps)

Figure III. 22 :

 22 Figure III.22: CDF measured in the loaded and unloaded RC at 2.35GHz.

  transmitted with the urban macro-cell or urban micro-cell channel model tap delay line generated using a MATLAB program (see Figure III.23).

Figure III. 23 :

 23 Figure III.23: Channel emulation overview

Figure III. 24 :

 24 Figure III.24: PDP measured in RC for the urban micro-cell (UMI) channel model emulation.

Figure III. 25 :

 25 Figure III.25: PDP measured in RC for urban macro-cell (UMA) channel model emulation.

Figure III. 26 :

 26 Figure III.26: SISO cumulative distribution function measured in RC for one cluster, urban micro, and urban macro cell channel model cases

Figure III. 27 : 1 × 2

 2712 Figure III.27: 1 × 2 Multiple antenna configuring.

Figure III. 28 :

 28 Figure III.28: SIMO cumulative distribution function measured in an RC for one cluster (a), urban microcell (b), and urban macro cell (c) channel model cases.

3 . 3 .

 33 Real time measurements of Total isotropic sensitivity (TIS) and throughput for

  network analyzer (VNA) is used. The VNA allows characterizing the propagation channel by the use of frequency sweeping. The port 1 of the VNA is connected to the transmitting antenna, and the port 2 is connected to the receiving antennas (UWB dipoles). The channel transfer function is determined by measuring the transmission coefficient S 21 (f) for each frequency step. Figure III.30 presents the used channel sounding platform.

Figure III. 30 :Figure III. 31 :

 3031 Figure III.30: Channel sounding platform

For the purposes of

  the statistics, 40*40 different stirrers' positions (rotation step of 9°) were chosen. The transmission coefficients are analysed to extract the channel parameter, such as: correlation coefficient, mean relative power, and power delay profile (PDP) (computed by applying the inverse Fourier transform to the transmission coefficients (S 21 (f)), cumulative density function (CDF), and probability density. The CDF's and probability density curves allow obtaining an idea concerning the channel type (Rayleigh, Rice, Nakagami…). Configuration 1 results « stirrers in step by step mode »

  antenne1 sans mobile signal reçu par antenne2 sans mobile signal reçu par antenne3 sans mobile signal reçu par antenne4 sans mobile signal reçu par antenne1 avec mobile signal reçu par antenne2 avec mobile signal reçu par antenne3 avec mobile signal reçu par antenne4 avec mobile --------Rayleigh ---------Signal received by antenna1 without mobile ---------Signal received by antenna2 without mobile ---------Signal received by antenna3 without mobile ---------Signal received by antenna4 without mobile ----+----Signal received by antenna1 with mobile ----+----Signal received by antenna2 with mobile ----+----Signal received by antenna3 with mobile ----+----Signal received by antenna4 with mobile Threshold power/<power> (dB)

  Figure III.35: Comparative study of cumulative probability density function with mobile

Figure III. 36 :

 36 Figure III.36: Mono-cluster measurements platform (MIMO configuration)

Figure III. 37 :

 37 Figure III.37: R&S CMW500 Wideband Radio Communication Tester

(

  SPIRENT SR5500) (Figure III.38) to generate the arrival times of the macro channel paths.

Figure III. 38 :Figure

 38 Figure III.38: Multi clusters measurements platform (configuration 2x2 MIMO)

  shown in FigureIII.40. As the figure shows, the platform consists of a reverberation chamber described in the first part of this report, a VNA, a channel emulator (Spirent SR5500) and a base station emulator (R&S CMW 500). The set is controlled by a computer through a Matlab implemented code.

Figure III. 40 :

 40 Figure III.40: XLIM channel emulation platform

Figure III. 41 :

 41 Figure III.41: Mono cluster channel emulated in XLIM MSRC

138

  Throughput is the amount of information transmitted per unit time. It is obtained from the BLER [3GPP TR 37.976]. Throughput (%) = 100 -DL_BLER DL_BLER (%) = (1-(NACK+DTX)/(ACK+NACK+DTX))*100 With, -ACK: percentage of packets transmitted and received by the EU. -NACK: percentage of packets transmitted and not received by the EU. -DTX: percentage of packets transmitted without response.  EVM is representation of distortion of the amplitude and phase of the constellation diagram of characteristics of a digital modulation states. 3GPP recommends a maximum average EVM of 12.5% for 16QAM and 17.5% for QPSK or BPSK [3GPP TS 36521-1, Section 6]. The sensitivity can be defined as the lowest received signal, which can be decoded by the device. The sensitivity level reference for a throughput ≥ 95% (BLER ≤ 5%) depending on the band and the duplex mode is given in [3GPP TS 36521-1, Section 7].

Figure III. 42 :Figure

 42 Figure III.42: Photo of the measurements platform used for MIMO-LTE terminals characterization In the case of multi-cluster measurements, LTE signal generated by the CMW 500 is sent to the RF input of the SR5500. The output of the SR5500 is connected to the illumination antennas through a circulator and 1x2 power splitter. For The RF1COM channel (Figure III.37) is used for transmission and reception.



  Configuration of the channel emulator (SR5500) with respect of the parameters defined in Table3(Urban micro-cell or cell-Urban macro) for the generation of multi-cluster channels. Adjusting the average level of output power. The power level of transmission through RS EPRE (reference signal energy per resource element). P e = RS EPRE+10*log10(N_RE) With N_RE number of resource elements that is equal to (12*[number of RBs]).  Localization of terminal under test inside reverberation chamber, in the position shown in figure III.41.  Implementation of the connection :  if the mobile is attached to the BS, initiate measurements of figures of merit. Two types of test are performed:  Step by step stirring with a constant transmitting power of BS: at every stirrers step (1600 positions), 5000 sub frames are captured or 8000000 sub frames for measuring average throughput and average BLER. And 20 sub frames are captured, a total of 32000 sub frames for the average EVM measurements and spectrum flatness of the equalizer.  Continuous stirring with variable emission power of BS: 5 minutes of measurement are performed for each of the powers. The measurements are performed until the mobile can no longer be attached to the BS (disconnection of mobile). At each power, mean values of throughput, BLER and the average received power are identified.

Figure III. 44 :

 44 Figure III.44: MIMO-LTE configuration in Downlink with transmitting and receiving diversity
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  Measurements results: step by step stirring with constant transmitting power of BSThe measurements are performed with three channels previously generated. Each channel has an intra cluster delay spread of 92.80 ns (for Mobile1), and 86.4 ns (for Mobile2). The transmit power of the RS EPRE base station is set to -72 dBm/15kHz. In each measurement cases of EVM in UL-SISO and BLER and throughput in DL (SISO & MIMO) are performed.

Figure III. 45 :

 45 Figure III.45: Variation of amplitude of equalizer coefficients versus sub-carriers

  This is in agreement with the value recommended in the standard (the difference between maximum and minimum coefficient must not exceed 5dB) [3GPP TS 36521-1, Section 6].

Figure II. 46

 46 Figure II.46.a : Averaged amplitude coefficients of equalizer versus sub-carriers (Mobile1).

Figure

  Figure III.46.b : Averaged amplitude coefficients of equalizer versus sub-carriers (Mobile2).

Figure 47 .

 47 Figure 47.a: Comparison of SISO and MIMO BLER versus RSRP in monocluster channel (Mobile1).

Figure 47 .

 47 Figure 47.b: Comparison of SISO and MIMO Throughput (%) versus RSRP in mono-cluster channel (Mobile1).

Figure 48 .

 48 Figure 48.a: Comparison of SISO and MIMO BLER versus RSRP in monocluster channel (Mobile1) Figure 48.b: Comparison of SISO and MIMO Throughput (%) versus RSRP in mono-cluster channel (Mobile2)

Figure 50 .Figure 52

 5052 Figure 50.a: Comparison of SISO and MIMO BLER versus RSRP in mono-cluster channel (Mobile2) Figure 50.b: Comparison of SISO and MIMO Throughput (%) versus RSRP in mono-cluster channel (Mobile2)

Figure III. 54 :

 54 Figure III.54: 3D measurement test bed

  a constant, ω [rad.s-1 ] is the pulsation, μ [H.m -1 ] permeability of the propagation Where a and b are respectively the dimensions along the x and y axis, ε [F.m -1 ] is the permittivity of the propagation environment and m and n are not simultaneously zero. Modes in the wave guides propagate if their cutoff frequency is less than the operating frequency.Consider that TE10 (n=1, m=0) and close the waveguide at its two ends. Hz component can be written as superposition of two modes propagating in opposite directions (following the reflections on the walls closing the guide).



  density of modes D n [modes/Hz], that means the number of modes present per Hz, And the total number of modes in a frequency band Δf is given by: A. EVM calculation EVM (Error Vector Magnitude) is the representation of amplitude and phase distortions over the constellation diagram of states characteristics of a digital modulation.

Figure (AII. 2 )

 2 Figure (AII.2) represents a portion of digital communication chain with the signals transmitted (reference signals: S) and the signals received (distorted signals: Z). The in-phase signal components of transmitted and received signal are given by S I and Z I respectively. Their components in quadrature phase are S Q and Z Q .

Figure AII. 2 : 7 )

 27 Figure AII.2: Representative scheme of the signals used for the calculation of the EVM
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  The geometry-based stochastic channel models (GSCM) family is well appropriate for MIMO OTA testing. The GSCM include 3GPP Spatial Channel Model

(SCM), Spatial Channel Model Extended (SCME) and WINNER channel models. This polarization and angular behaviour creates suitable correlation at the DUT antennas. The correlation is defined implicitly via the per-path angle of arrival and real antennas. Correlation matrix based model is not suitable for this, because it includes the antenna information in the model itself.

This test methodology gives flexibility in the number of transmitting antennas. The important question is how the channel model is emulated accurately. Based on the quiet zone discussion, it was proposed to use 8 antennas in the case of single polarization and 16

Table I .2: Parameters of SCME scenarios (3GPP document TR 37.976)

 I 

Modified Winner II Outdoor-to-Indoor Cluster # Delay [ns] Power [dB] AoD [] AoA []

  

	1	0	5 10 -3	-5.2	-7	0	0
	2		0		-8.7		32	101.5
	3		5		-3.7		-21	66.2
	4		10		-11.9		37	-118.7
	5		35		-16.2		-43	138.5
	6		35		-6.9		28	-90.4
	7	65 70 75	-3.9	-6.1	-7.9	-49	32.7
	8	120		-10.3		-34	10.5
	9	125		-20.7		-49	156.6
	10	195		-16.0		43	137.7
	11	250		-21.0		49	-157.7
	12	305		-22.9		51	-164.7
	Delay spread [ns]						40.5
	Cluster AS AoD / AS AoA []					5 / 25
	Cluster PAS shape					Laplacian
	Total AS AoD / AS AoA []					28.6 / 56
	Mobile speed [km/h] / Direction of travel []			3 / 120
	XPR							9dB
	NOTE: V & H components based on assumed BS antennas
	Mid-paths Share Cluster parameter values for:		AoD, AoA, AS, XPRV and XPRH
		Table I.3: Parameters of WINNER II scenarios (3GPP document TR 37.976)
	The MIMO OTA based MSRC is retained to be the MIMO OTA test methodology used
	during this thesis. A complete description of this methodology and the measurements aspects
	related to it are presented below.		

.2. Fading signal strength distribution

  

				envelope of the received complex signal follows the Rice distribution defined
				as [41]:
	2 0  ( ). ( ). P d P d             2 ( ). ( ). P d P d          22 2 2 0 22 , d rr d d rr r e I r and r                   Where r d is the amplitude of the direct path and I 0 the modified Bessel function of the first ( .5) RMS I  ( ) ( .7) p r I
	kind and zero order.
	Where	P	2  Nakagami distribution ( ) ( , ) h t  
	In most cases, Rayleigh and Rice distributions are sufficient to characterize the fading distribution of received signals in a mobile radio channel. However, some channels are not 4.2The fading statistical behaviour qualified by an electromagnetic signal in real environments characterized either Rayleigh or by Rice. For example, if the channel is characterized by two
	represents an interesting tool for quantifying and designing wireless systems. In a propagation paths with comparable power and stronger than the other paths, the statistical expression of
	environment with limited noise, the system behaviour is determined by the received field the received signal cannot be approximated by the Rice distribution.
	strength. The field strength has a stochastic behaviour, and therefore must be analysed in
	statistical terms. Thus the power density function (PDF), both in the field amplitude, and
	phase, is important parameter when characterizing the environment fading. The most used
	distributions are: Rayleigh, Rice and Nakagami.
			 Rayleigh distribution
				In this case, the complex received signal consists of large number of indirect
				paths (NLOS) having random amplitudes and phases, independent and
				uniformly distributed. The envelope of this signal follows a Rayleigh law
				defined by the following equation [40]:
		( ) p r	2  2 r  2      2 , r e r 	0	( .6) I
	σ is the standard deviation of the real part or of the imaginary part of the received signal
	r is the complex envelope of the received signal
			 Rice distribution
				In other situations, a propagation channel is characterized by indirect multi
				paths and a direct path (LOS). Therefore, the probability density of the

  44) This implies that the final transformation ratio is nothing other than the surface integral of transformation ratios in each mesh.

	E	antenna	and antenna H	represents the radiated field of antenna.
	N	 		E	mod	e		H	antenna	  	E	antenna		H	mod	e		ds	( .46) II
																	P		
	n			E		e		H	antenna		E	antenna		H	e	II
																P			
	Where P can be expressed by:	P		1 2		E	mod	e		H	mod	e	  .	E	antenna		H	antenna		( .45) II

mode

E

and mode H represents the field distribution of the mode at the antenna position.

Table 1 :

 1 Scenarios transmission performances

	EDG

Antenna system Mean SNR (dB) BER FER Reference antenna 13.8 2.8 10 -2 2.2 10 -1 Antenna1 13.54 3.1 10 -2 2.3 10 -1 Antenna2 14.8 2.2 10 -2 1.8 10 -1 EGC 14.34 5.5 10 -3 5.7 10 -2 MRC 15.2 1.6 10 -3 2.7 10 -2 Referenc e antenna 14.95 1.1 10 -2 1.1 10 -1 Antenna1 14.32 1.9 10 -2 1.3 10 -1 Antenna2 15.12 9.7 10 -3 9 10 -2 EGC 17.5 1.2 10 -3 1.7 10 -2 MRC 18.55 2 .810 -4 8.6 10 -3 Referenc e antenna 15.73 6.6 10 -3 7 10 -2 Antenna1 15.76 1.8 10 -2 1.2 10 -1 Antenna2 15.49 7.2 10 -3 6.4 10 -1 EGC 19.05 8.4 10 -4 1.2 10 -2 MRC 19.82 2.7 10 -4 6 10 -3 Scenario RMS delay spread (ns)

  

		EDG(10%)
		EGC	MRC
	270	3.8 dB 4.8 dB
	88	4.8 dB 6.7 dB
		6.2 5dB 7.28 dB
	55	

Table 6

 6 

	summarizes the

Table 6 :

 6 Configurations tested during channel characterization

				MSRC			MSRC
		Receiving UWB			
		antennas			UWB dipoles
	horizontal Stirrer	1	2	vertical Stirrer	horizontal Stirrer		Vertical Stirrer
					1	2	3	4
		Horn Antennas			Horn Antennas
		UWB Antennas			UWB Antennas

  Figure III.32: Comparative study of cumulative probability density function with and without mobile The figure III.32 presents CDF (Cumulative Density Function) curves of transmitted power for antenna 1 and antenna 2 (in presence and in absence of mobile). Each CDF is normalized to its own mean transmitted power. The figure shows that the obtained results are very close to that of the theoretical Rayleigh distribution. The figure III.33 shows the curves of the average normalized PDP in presence and absence of mobile versus time. The impulse response obtained inside MSRC follows an exponential law (exponential decay). When the mobile is introduced The PDP's curves fade faster. As observed in table 7, this can be explained by the fact that mobile brings more losses compared to empty chamber. The mean

	10 2  Configuration 2 results « stirrers in step by step mode »	
	<abscissa)[%]	10 0 10 1						
	(Power CDF	10 -1					Rayleigh, signal received by antenna1 without mobile, σ= 0.5175 signal received by antenna2 without mobile, σ= 0.5272 σ= 0.5175
							signal received by antenna1 with mobile,	σ= 0.5196
		-40 10 -2	-35	-30	-25	-20	-15 signal received by antenna2 with mobile, -10 -5 0	5 σ= 0.56	10
						Threshold power/<power>(dB)	
	Figure III.34: Comparative study of cumulative probability density function with and without
							mobile	
	The measurements results (configuration 2) with « stirrers in step by step mode » are
	presented in table 8 and figures III.34. The average power values of signals received by the
	four received antennas (without and with mobile) are quasi-similar. As in configuration 1, the
	<IS21I²> (dB) Standard_deviation(dB) Correlation coeffievient τ rms (ns) delay spread is around 380 ns for an empty MSRC (without mobile) and 328ns for a loaded -46.4258 -46.7222 -47.263 -47.4146 8.21 8.27 7.23 7.29 0.0441 0.0155 370.35 389.7 334.06 323.85 MSRC (with mobile). 0 0.5 1 1.5 x 10 -6 0 0.1 0.2 0.4 0.5 0.6 0.8 0.9 1 Antenna1 without mobile channel delay spread decrease in presence of mobile. The CDF curves (figure III.34) show Antenna2 without mobile Antenna1 with mobile that the emulated propagation environment still Rayleigh and isotropic. Antenna2 with mobile 0.7 Normalized PDP 0.3 Table 8: characteristics parameters of the channel The correlation coefficients between the four emulated propagation channels are shown in table 9. The correlation coefficients are very low; it can be conclude that the different time(s) channels are strongly uncorrelated.
		Figure III.33: Comparison of obtained PDP's with and without mobile

Table 10

 10 

	) [3GPP TS 136

Emulation of realistic channel inside MSRC As

  explained above, the main source of disruption experienced by a signal as it propagates between the transmitter and the receiver, is the propagation channel. Indeed, because of the phenomena of multipath propagation, the signal suffers fading, frequency or even temporal offsets. Unlike conventional systems, MIMO systems take advantage of these types of propagation to improve its performance.

	Several channel models have been developed by organizations like 3GPP, COST and CTIA
	2100. The result of their work is synthesized in 3GPP TR 37.976 document. These channel
	models are likely to be used for testing MIMO-LTE terminals. However, several major
	issues (channel models used, measurements techniques or emulation of these channels) are
	not yet clear. The 3GPP proposes the Spatial Channel Model Extended (SCME) to model
	the broadband MIMO systems. It is actually a set of models allowing the simulation of
	channel propagation of several propagation environments.

Table 12

 12 

	summarizes

Table 11 :

 11 BS emulator parameters (CMW500) Measurements process : CMW 500 configuration with respect of parameters of table11

Table 12 :

 12 list of performed measurements of mobile terminals

Table 13 :

 13 Comparison of factors of merit of Mobile1 in SISO and MIMO mode

Table 14 :

 14 Comparison of factors of merit of Mobile2 in SISO and MIMO mode

Table 15 :

 15 UL signal quality in mono cluster and multi clusters channel (Mobile1)

		Mono-cluster	Urban Micro	Urban Macro
		SISO		MIMO	SISO	MIMO	SISO	MIMO
	RSRP(dBm)	-81,09	-80,05	-81,53	-80,09	-82,04	-81,10
	BLER (%)	0,001667	0,000486	0,000722	0,001021	0,002222	0,001069
	Throughput (Mbits/s)	6,0409	12,0819	6,04096	12,0819	6,04087	12,0819
	Throughput (%)	99,9983	99,9995	99,9993	99,999	99,9978	99,9989
		Mono-cluster	Urban Micro	Urban Macro
		SISO		MIMO	SISO	MIMO	SISO	MIMO
	RSRP(dBm)	-83,82	-83,42	-84,86	-83,93	-85,70	-85,14
	BLER (%)	0,001194	0,000160	0,001111	0,000333	0,001014	0,000076
	Throughputt (Mbits/s)	6,04093	12,082	6,04093	12,082	6,04094	12,082
	Throughput (%)	99,9988	99,9998	99,9989	99,9997	99,999	99,9999
			Mono -cluster	Urba n Micro	Urba n Macro
		SISO	MIMO	SISO	MIMO	SISO	MIMO
	EVM (%)		8,97	9,05	9,33	9,37	9,39	9,25
	Standard deviation EVM (%)	6,0677	6,5947	7,3935	7,2773	7,4139	7,1508
	SNR (dB)		20,94	20,87	20,61	20,56	20,55	20,68

Table 16 :

 16 UL signal quality in mono cluster and multi clusters channel (Mobile2)The average values of EVM obtained for the six DL configurations are substantially identical. This shows the repeatability of measurements. Moreover, these values are lower than 17.5% (max value of EVM. Defined by the standard for QPSK [3GPP TS 36521-1]). The SNR is the inverse of the EVM.

  at the UE. For each power step, 5 minutes of measurement (rotation of stirrers) are performed, about 300,000 Sub frames captured. The average values of throughput, BLER and the received power (RSRP) are identified. The theoretical throughput in SISO and MIMO modes are respectively 6.0410 Mbit/s and 12.082 Mbit/s. The measurement results are shown in

	Figures 46-52.	
	SISO Mono-cluster	
	SISO Urban Micro	
	SISO Urban Macro	
	MIMO Mono-cluster	
	MIMO Urban Micro	
	MIMO Urban Macro	
	RSRP (dBm)	RSRP (dBm)

Table 17 :

 17 Sensitivities of the different 4G mobiles

Cela nous amène à trouver des méthodes de mesures capables de reproduire des modèles de canaux de propagation réalistes. Dans le cadre de cette thèse la méthode utilisée est la chambre réverbérante. Dans cette thèse, nous nous intéressons à l'aspect temporel. La chambre réverbérante (RC) est considérée comme un outil utile pour émuler des environnements riches en multi-trajets. Dans cette contribution, ce dispositif est utilisé pour émuler des modèles canaux multi-trajets, et évaluer la performance des systèmes de communication sans fil. Cette évaluation est effectuée avec des mesures en temps réel et non temps réel. Parmi les objectifs de cette thèse est d'obtenir un modèle de simulation électromagnétique de la chambre réverbérante basé sur une approche circuit, afin de déterminer la fonction de transfert de canal en fonction des pertes.

Acknowledgments

The determination of the transfer function of the complete model involves evaluating the transmission coefficient S 21 . In order to simplify the calculation of the transmission coefficient expression, the calculation is firstly shown for three modes only 

The system defined by equation (II. 29) and (II. 30) 

The CDFs of the received power (for the diversity and reference systems) are depicted in In conclusion, as we can observe in Figure III.29 that the more significant improvement in terms of diversity gain is achieved for the macro urban channel case (7.5 dB). The Diversity Gain obtained for the mono cluster case is less important, and it reaches 5.2 dB. This limitation is due to the fact that the SNR of the SISO system in this case was already high when compared to the SNR in multiple clusters channels.

In this part, we achieve to emulate the 3GPP channel models in a small reverberation cell. The performance of an LTE SISO/SIMO-OFDM system has been studied through no-real time active measurements for different channel models with Rayleigh fading distribution. The work developed in this part allowed to evaluate capacity of a wireless system in controlled environments and gives the opportunity to test different transmission chain parameters (base band processing, modulation scheme, antennas, etc.) in the same environment and compare their performance. This approach could be of particular interest for OTA characterization of multi antenna terminals in reverberation chambers, because it helps to understand the impact of the channel characteristics under which measurements have been performed.

The implemented measurement test bed showed large Capacities to evaluate the performance of an LTE system. But this test bed has a disability for the performance evaluation of a terminal in terms of throughput and sensitivity, as these measurements should be carried out in real time. Hence the usefulness to set up a real time tests bed.

proposed . A comparison between TIS measurements in RC and in AC is made, but still not generalized due to the fading. This work is of particular interest for OTA characterization of MIMO-LTE terminals in MSRC, because it allows the implementation of a measurement platform that can assess the terminals sensitivity while respecting parameters defined by the 3GPP standard.

Perspectives

 Active characterization of MIMO system in controlled channel (space/time).

 Management of angles of arrivals by using the inverse time principle.

 A new definition of TIS in MSRC linked to the standard deviation of RSRP variation will be investigated.

Appendix I: Electromagnetic analysis of MSRC 1. Modal representation of the electric field

Let us consider a perfectly conducting parallelepiped cavity, if we insert source inside the cavity, electric and magnetic fields that satisfy the Maxwell equations are established. Electric and magnetic fields meet the Maxwell's equations and boundary conditions of the cavity.

These conditions require that the tangential components of the electric field and the normal component of the magnetic field are equal to zero on the walls. The unique solutions of Maxwell's equations satisfying the boundary conditions are called cavity modes.

If an object is inserted into the cavity, the boundary conditions are changed and a new spatial redistribution of electric and magnetic fields can be calculated. If we move the object, the electric and magnetic fields at any point are changed. Different realizations of these fields are obtained. It's then a reverberation chamber, which means a cavity where the field distribution can be changed easily and repeatedly. ( 1.18)

Stochastic modeling of the reverberation chamber

The quality factor is defined by [chapter I.34]:

Where U s [J] is the electromagnetic energy stored is the chamber, ω is pulsation and P d is the dissipated power. In steady state, the energy stored by the reverberation chamber is given by the integral of the energy density, w [J.m -3 ] over the cavity volume, V [m 3 ]:

( 1.20)

And

w is the spatially averaged power density, defined as

Through the assumption of ergodicity, this spatial average is equivalent to an average over all realizations (positions of mechanical stirrers), w=<w>. The most specific aspect of reverberation chambers appears here clearly since the energy density <w>is an average over all achievements of the channel. Finally, note that the average density of power flow c S [W.m -2 ] is given by:

Where c is the speed of light.

To calculate the quality factor of a reverberation chamber, the mechanisms of power dissipation must be identified. There are four mechanisms [chapter I.33]: the power dissipated in the walls, in the objects in the chamber, in the load impedance of the receiving antenna, and the power loss optionally present in the apertures. The total power dissipated is the sum of the powers dissipated by each mechanism. Each mechanism of power dissipation can be associated to one quality factor Q i and the global Q factor is given by [chapter I.34]:

Where Q 1 , Q 2 , Q 3 , Q 4 are respectively the Q factors associated to each of the four mechanisms described above. The smallest Q i factor, that means, the dominant mechanism in term of dissipation of power, will be the dominant value in the calculation of the global Q factor.

In most cases, the power dissipation due to the finite conductivity of walls is the dominant factor. In order to calculate the Q factor resulting from this loss power, we need to evaluate (A1.18), knowing that the dissipated power P d , is the power dissipated in the walls. The stored energy U s is the sum of the electric and magnetic energy. In one chamber, the electric and magnetic energy are equal [chapter I.35] and it can be write:

Where U m is the magnetic energy. Therefore (I.18) is written 2( 1.26)

Where P wall is the power dissipated by conduction in the walls. This power dissipation is due to the currents induced in the walls. Developing the calculation of magnetic energy and the power dissipated in the walls, we have [35]:

Where R s is the surface resistance, H t is the magnetic field tangent to the wall and δ is the skin depth. The integral in the numerator is proportional to volume although the exact value depends on mode type and the chamber size. Similarly, the integral in denominator is proportional to the surface walls.

This value of Q factor takes into account only the conduction losses in walls. An experimental method incorporating all the dissipation mechanisms, easy to use is introduced in the next section.

Appendix II: Reminders on digital communication systems

The general block diagram of a digital communication channel is shown in figure AII.1.

According to this figure, before it was transmitted, the signal source is modulated. The modulation technique is to adjust the signal, typically in baseband, in propagation channel. It is an operation which consists in transmitting a modulated signal through an analog signal called carrier signal.

Figure AII.1: General block diagram of a digital transmission chain

The carrier is an electromagnetic wave that can be written in complex form:

Or in a sinusoidal shape:

With A the amplitude, ω the carrier pulsation and F is the frequency,  p is the phase at time origin.

Based on the equation (AIII.1), the modulated wave is equal to:

At the reception, the process is reversed. The signal is first demodulated before being received by the receiver, the demodulation process being the inverse of the modulation. 

Bit error probability, the probability of symbol error and frame error probability

In digital communications, the signal to be transmitted is presented in the form of data frames whose the total number is denoted N T . Each frame is composed of o total number of symbols (Ns) and each symbol from k bits. The total bits per frame is Nb=kNs.

We denote by:  Bit error rate (BER), is the ratio between the number of erroneous bits (nb_error) and the total number of transmitted bits (Nb), or:

 Symbol error rate (SER), is the ratio between the number of erroneous symbols (ns_error) and the total number of transmitted symbols (Ns):

 Frame error rate (FER), is the ratio of erroneous frames (nt_error) to the total number of frames sent (N T )

These parameters added to the classical parameters (correlation coefficients, mean SNR, effective diversity gain) enable a more complete assessment of the antenna diversity.

Signal to noise ratio measurement

The signal to noise ratio (SNR) is a parameter of great importance for the study of digital communications and diversity. There are several channel estimation techniques, including the method of moments, the method of estimation by maximum likelihood (ML) and the calculation of the EVM . The latter was chosen to be implemented on the measurements test bed. The difference between the transmitted signal vector (ideal symbol or reference) and the received signal vector (distorted symbol) is the error vector. For one symbol, the EVM of the received signal is the modulus of the vector error. If, however, several Ns symbols are generated, the EVM is given as follows
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B. Signal to noise ratio calculation

The effective diversity gain is calculated with the received SNR on the branches of diversity system and the reference system. It can also check the necessary condition for antenna diversity (difference of mean effective gain for example). It will be calculated from the EVM by the equation: 

Thesis abstract

This thesis is part of the field of the characterization of wireless communication systems using antennas diversity. Indeed, such systems allow fighting against the signals fading, when the terminal is inside a strong multipath environment. The issue of such research is: to study the association of multiple antennas at transmitting and/or receiving sides to improve the link budget, and the capacity of wireless systems, (decrease of BER (Bit Error Rate), increase of throughput …). This thesis takes an interest to the electromagnetic aspect, and signal processing. In order to understand the involved phenomena, and to characterize the terminal performance, it should be placed in a controlled multipath propagation environment in time, and in space. This brings us to find measurement methodologies able to reproduce models of realistic propagation channels. As part of this thesis the method used is the reverberation chamber. In this thesis we are interested in the time aspect. Reverberation chamber (RC) is considered as a useful tool to emulate rich multipath environments. In this contribution, this device is employed to emulate multi clusters channel models (cluster is defined as a group of multipath), and evaluate performance of wireless communication systems. This evaluation is performed with real time and not-real time measurements. It remains to note that among the objectives set out in this PhD thesis is to obtain electromagnetic simulation model of the reverberation chamber based on circuit approach, in order to determine the channel transfer function versus losses quantities.

Résumé de thèse

Cette thèse s'inscrit dans le domaine de la caractérisation des systèmes de communication sans fil utilisant la diversité des antennes. En effet, ces systèmes permettent de lutter contre les évanouissements des signaux, lorsque le terminal est placé dans un environnement riche en multi-trajets. L'objectif d'une telle recherche est: d'étudier l'association de plusieurs antennes à l'émission et / ou la réception pour améliorer le bilan de liaison, et la capacité des systèmes sans fil, (diminution de BER (Bit Error Rate), augmentation de débit ...). Cette thèse s'intéresse à l'aspect électromagnétique et traitement du signal. Afin de comprendre les phénomènes mis en jeu, et de caractériser les performances du terminal, il doit être placé dans un environnement de propagation multi-trajets contrôlable dans le temps et dans l'espace.