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Résumé 

La chambre réverbérante est l'un des environnements d'essai dans le domaine des Interférences 

ElectroMagnétiques et de la Compatibilité ElectroMagnétique (IEM/CEM). Les chambres 

réverbérantes ont été couramment utilisées pour plusieurs essais CEM tels que les essais 

d'immunité rayonnée, les essais d'émission rayonnée, les mesures d'efficacité de blindage. Dans le 

cadre du développement des systèmes de communication mobile 4G/5G, cette chambre peut être 

utilisée comme émulateur de canal pour les liaisons sans fil. 

Pour tester un appareil électronique de petite taille fonctionnant à basse fréquence, il ne devrait 

pas être nécessaire d'utiliser une chambre de grande taille. Réduire la taille de la chambre a 

plusieurs avantages : sa fabrication utilise moins de matériaux de construction, ce qui permet de 

réduire le coût de fabrication par rapport à une chambre plus grande ; elle pourrait également être 

déplacée. Pour une chambre conventionnelle, donc complètement métallisée, la fréquence de 

fonctionnement est déterminée par ses dimensions puisque la fréquence la plus basse utilisable 

(LUF) peut être estimée à partir de 60ième mode. Cette LUF correspond à la fréquence à partir de 

laquelle les champs peuvent être considérés comme homogènes et isotropes dans le volume où le 

dispositif sous test peut être positionné. Cette LUF est donc nécessairement élevée pour les 

chambres réverbérantes métalliques de petite taille. L'utilisation de métamatériaux comme parois 

de la chambre réverbérante peut permettre de réduire cette LUF. De plus, le choix du meilleur 

métamatériau est difficile à prévoir car ces matériaux artificiels sont nombreux. En outre, 

l'optimisation des parois métamatériaux de la chambre nécessite un temps de calcul important sans 

aucune garantie qu'un optimum puisse être atteint. L'objectif principal de cette thèse est d'étudier 

cette nouvelle topologie de chambre réverbérante utilisant des parois métamatériaux pour 

concevoir une chambre de taille réduite mais fonctionnant aux fréquences basses. 

Dans ce travail, la Théorie Modale Elargie (TME) est proposée pour définir les parois 

métamatériaux à insérer, elles sont qualifiées comme des parois homogénéisées anisotropes 

appelées impédances de surface. Diverses impédances de surface sont testées pour connaitre la 

gamme la plus favorable à réduire la LUF. Puis, une cellule élémentaire correspondant à ces 

impédances de surface est déterminée et insérée sur les parois de la chambre réverbérante. Les 

modes sont calculés grâce à une simulation de modes propres d'une cavité rectangulaire avec des 

parois en métamatériaux afin d'observer l'efficacité de la cellule unitaire proposée. Dans un second 

temps, l'ensemble de la structure de la chambre réverbérante, qui comprend la cage de Faraday, le 

brasseur, l'antenne d'excitation et les parois métamatériaux, est construit pour validation par des 

mesures. Les données relatives à l'amplitude du champ électrique pour 9 positions de la sonde dans 

le volume dédié aux mesures du dispositif sous test, suivant les 3 polarisations orthogonales, pour 

36 angles de rotation du brasseur sont extraites pour évaluer la LUF. Les valeurs des LUF de deux 

cas, avec et sans les parois métamatériaux, sont comparées pour prouver l'avantage de la nouvelle 

topologie de la chambre avec les parois métamatériaux et son usage à des fréquences plus basses 

que la chambre réverbérante conventionnelle. 
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Abstract 

Reverberation chamber is one of testing environments in Electromagnetic 

Interference/Electromagnetic Compatibility (EMI/EMC) domain. The reverberation chambers 

have been commonly used for several EMC tests such as the radiated immunity test, the radiated 

emission test, the measurement of the material shielding effectiveness, the evaluation of the 

permittivity of material and the antenna characterization. In the development of 4G/5G mobile 

communication system, the chamber can be used as the wireless channel emulator.  

To test a small-size electronic device operating at low frequency, small-size reverberation 

chamber is preferred. Despite its size and perhaps ability to be moved, its fabrication uses less 

construction material resulting in reduction of the fabrication cost compared to a larger chamber. 

For the conventional chamber, the operation frequency is ruled by its dimensions since the Lowest 

Usable Frequency (LUF) may be estimated from the frequency of the 60th resonant mode. This 

LUF is high for small reverberation chamber. Using metamaterials as walls of the reverberation 

chamber can lead to the chamber’s LUF reduction. However, the best choice of metamaterial is 

difficult to predict since these artificial materials are numerous. Furthermore, the optimization of 

the metamaterial walls in the chamber require large amount of times without any guarantee that an 

optimum can be reached. The main objective of this thesis is to study this new topology of 

reverberation chamber using metamaterial walls to conceive a small chamber operating at low 

frequency.  

In this work, firstly, the Modal Expansion Theory (MET) is proposed to define which 

anisotropic walls should be inserted. Various metamaterial unit cells are tested to find the unit 

cell’s impedance. Then, a unit cell structure is selected, modeled and inserted in an ideal 

reverberation chamber. Modes are computed thanks to an Eigen-mode simulation of rectangular 

cavity with metamaterial walls to observe the efficiency of the proposed unit cell. Secondly, the 

whole structure of the reverberation chamber which includes the stirrer, the excitation antenna and 

the two panels of metamaterial is constructed for the measurement validation. To achieve this 

purpose, the structure of the stirrer is selected, the excitation antenna and its position on the 

chamber wall are evaluated. The electric field strength data, from the 9 positions of the field probe 

in the working volume with the 36 step angles of stirrer rotation, are extracted to evaluate the LUF 

value. The LUF values, with and without the metamaterial walls, are compared to prove the 

advantage of the new topology of the chamber with metamaterial walls.      
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Chapter 1: Introduction 
1. Introduction 

In this chapter, some electromagnetic compatibility testing environments are introduced. The 

application domain, the advantages and disadvantages of each chamber is discussed. Then, a focus 

is done on reverberation chamber with the presentation of the problem statements, the objective 

and the methodology of research. At the end of this chapter, the dissertation contribution and the 

thesis structure are presented.       
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1.1. Electromagnetic interference and measurement environment  

The electromagnetic interference [1] is one of the complex problem in modern technology. 

The source of the ElectroMagnetic Interference (EMI) could be a man-made source that interferes 

on the devices/systems through various parts (conducting coupling, inductive coupling, capacitive 

coupling and the radiated coupling) or a natural source (solar radiation and lighting strike). The 

natural EMI sources are generally not significant since many solutions have been already 

developed to solve those problems. The EMI effects can cause either small variation of the 

operation of nearby device or serious failure of the device or the system no more working properly. 

Some examples of the EMI effect are the error of the radio/television’s reception signal, the error 

of the transmitted data in digital transmission system, the delay/fault/failure of the production line 

due to error in the control system, malfunction of the medical electronic equipment, failure 

operation of the automotive electronic control board, the inaccuracy of navigation equipment, the 

malfunction of the explosive system, etc.   

From the beginning of the third industrial revolution known as the digital revolution, the 

electrical and electronic device usage in industry as well as in daily life has grown exponentially. 

In addition, more frequency bands and/or high operation frequencies are occupied by several 

electronic devices. The digital devices operating with high frequency clock and switch have 

rapidly increased. Hence, problems with the electromagnetic interference also became significant 

issues. As a result, electromagnetic interferences are more complex.  

Many problems with the electromagnetic interference are observed and included in methods 

and tools to solve them [2]. Even if it is included in design, to avoid EMI/EMC problem, 

measurement methods [3, 4] are also proposed to evaluate the field emission to strengthen the 

immunity of the device. These methods are done by using some testing environment for the 

EMI/EMC applications. The test objective is to guarantee the normal operation of the device with 

other nearby devices or systems. The test is used to confirm that the devices are designed or 

installed correctly following the specific standard requirements.  For these EMC tests, several kind  

of chambers are created and standard rules are defined for each chamber validation and test 

operation. Some testing environments/chambers are presented in the following part.  

1.1.1. Open Area Test Site (OATS) 

The Open Area Test Site [5] is a large open space with almost perfect reflective floor (the 

shape and size of this reflective floor is not infinite and can be defined against the measurement 

conditions [6]), usually located far away from any surrounding structure, which can cause 

reflection, as well as from any man-made interference source. The OATS can be used for the 

immunity test [7] and the emission test [8] of the electronic devices and the measurement of the 

antenna [9].  

The advantage of the OATS is its low cost, since it needs few equipment (transmitter/receiver 

antenna, a signal generator, a spectrum analyzer/a network analyzer, a turntable and a metallic 
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ground plane). No specific walls are necessary [10]. The available large space [5] for the 

Equipment Under Test (EUT) is also a main advantage.  

However, some disadvantages of the OATS are also to be mentioned. With the requirement of 

the large free space area, transportation time and cost need to be added for the test operation if the 

company location is far away from the OATS site (considering the office normally in the city and 

the test site need to be constructed in rural area where less electromagnetic interference signal 

exists from the nearby structure and man-made electromagnetic interference source). The tester 

must also be an expert to distinguish the interference signal from the test signal on the EUT. 

Additional electromagnetic wave from the sources due to surrounding environment can penetrate 

into the EUT. This phenomenon leads to measurement errors. These interference waves come from 

some source such as the radio transmitter, TV, mobile phone tower, etc.  Moreover, difficulties 

exist to find the suitable site that must be far away without ambient radio signals. The site is also 

sensitive to the effect from the natural sources like wind and rain. There are still unwanted signals 

from the ground or from any structure close to the OATS since there is no 100% clearance space. 

Finally, the strong radiated electric field for immunity test may get out from the site and interfere 

with things nearby since the site has no wall (This condition is not recommended by the regulation 

of the radio communication body).   

1.1.2. Anechoic Chamber (AC) 

The Anechoic Chamber [11] is a chamber acting as free space environment to perform EMC 

tests of the electronic components, devices or systems. The chamber is constructed by using 

Radiation Absorbers Materials (RAM) [12, 13] inside a Faraday cage to absorb the incident wave 

into the chamber walls, so that there is no reflection from the walls to the Equipment Under Test. 

Generally, there are two types of anechoic chamber: the Full Anechoic Chamber (FAC) [14] where 

all walls are covered by absorbers materials and the Semi-Anechoic Chamber (SAC) [15] where 

the floor is not covered by the electromagnetic absorbers. Normally, the performance of the 

anechoic chamber is related to the reflection properties and the arrangement of the RAM [16]. The 

applications of the AC are the electromagnetic compatibility tests which refer to the radiated 

emission [17] and radiated immunity measurement [18], the antenna radiation pattern 

measurement [19] and the radar cross-section measurement [20, 21].  

The advantage of the anechoic chamber is the isolation from the intrusive electromagnetic 

wave from the surrounding environment thanks to the metallic room. The results are repeatable 

since the chamber structure is fixed compared to the OATS. Moreover, since the radiated electric 

field from the excitation antenna cannot get out from the metallic room, there is no problem with 

the radio communication regulation when strong electric fields are needed for the immunity test. 

The maintenance cost is also low compared to the OATS. The chamber is not affected by weather 

conditions compared to the OATS. The disadvantage of the AC is its price since the RAM are 

expensive.  
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1.1.3. Reverberation Chamber (RC) 

The reverberation chamber [11] is another kind of testing environment composed only of 

metallic walls and stirrer to mix the electromagnetic field in the chamber. The chamber is used for 

EMC tests while the over-mode condition in the working volume is reached. The reverberation 

chambers have been commonly used for several applications [22]. Those applications include the 

radiated immunity test [18, 23], the radiated emission test [24], the measurement of the material 

shielding effectiveness [25], the antenna radiation pattern measurement [26]. In the design of 

4G/5G applications, the chamber can also be used as the wireless channel emulator [27].  

According to the structure of the reverberation chamber, it is more convenient for construction 

compared to the anechoic chamber. The construction cost is also lower since there are no radiation 

absorbers materials inside.   

The disadvantage of the reverberation chamber is that its lowest usable frequency is still high 

even with large size chamber because many modes must resonate in the same frequency range to 

get fields homogeneity and so to use the chamber to test devices. Since the number of resonant 

modes is increasing with frequency, the 60th resonant mode frequency is first considered as 

criteria. Moreover, the measurement results need complex method for the extraction of the EUT 

sensitivity to electromagnetic interferences as presented in [26, 28].  

Beside the three testing environments described above, there are testing environments such as 

the TEM cell [29, 30], the GTEM cell [30-32] , etc. 

After this short introduction of the electromagnetic measurement environments, the 

reverberation chamber is interesting because it can emulate different environments. Currently, this 

chamber is used in many EMC tests more than other chamber tests and will be used for more 

applications in the future. Therefore, this thesis is focused on this chamber improvement.  

1.2. Problem statement and research motivation 

According to the principle of the reverberation chamber, the operation at low frequency implies 

large chamber size [33]. With large chamber size, to get suitable field strength, high gain power 

amplifier is required. For small size device test, small reverberation chamber can be preferred, 

where lower power can also be injected. Under this condition, the space for chamber and the 

material used for chamber construction are reduced which significantly affects the construction 

cost, the mobility of the chamber and the power amplifier. In contrary, the disadvantage of the 

small chamber is the measurement frequency band which is moved to high frequencies.  

To extend the RC band to lower frequencies, metamaterials [34] are of interest. Metamaterials 

are artificial materials fabricated by using a periodic structure. They can present properties such 

as the Single Negative (SNG) metamaterial [35, 36] or the Double Negative (DNG) metamaterial 

[37], depending on the negative sign of the effective permittivity and/or permeability. Such 
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properties do not exist in nature. The properties of the metamaterial depend on the shape and/or 

size of the elementary cell that is periodically repeated, and acts on the transmission and reflection 

properties of the incident electromagnetic field [38]. Metamaterial are used in antenna reflector 

[38], metamaterial clocking [39] or the metamaterial super-lens [40], the metamaterial waveguide 

[41, 42] and many other applications. Metamaterial can be used as reverberation chamber walls, 

according to the investigation and the experiment in [43-46] to lower the LUF, it is adjusted from 

288 𝑀𝐻𝑧 to 165 𝑀𝐻𝑧. This study provides the important guideline to further investigate the 

application of metamaterial for reverberation chamber walls. Normally, the properties of 

metamaterial are difficult to predict. Additionally, the analysis and optimization of the 

metamaterial walls on the chamber require large amount of times and computational resources. 

So, it is interesting to use an efficient method for the analysis of the reverberation chamber with 

metamaterial walls. The Modal Expansion Theory (MET) method [47] has been used for the 

analysis of waveguide with metamaterial walls [41, 42] efficiently. This method will be modified 

for the analysis of the reverberation chamber with metamaterial walls in this thesis.   

1.3. Research objective and methodology  

The objective of this thesis is to construct a small reverberation chamber by using the 

metamaterial as walls to operate at lower frequencies than with metallic RC. To accomplish this 

objective, the modal expansion theory will be used to analyze reverberation chamber with 

metamaterial walls. In this method, metamaterials are represented by anisotropic surface walls. So, 

several values of surface impedance will be tested in the RC to find the proper walls to adjust the 

operating band of the RC. 

 In order to reduce the complexity, the scope is limited to two parallel metamaterial walls while 

other parts of chamber are kept metallic. To finalize the prototype of the reverberation chamber 

with this topology of the metamaterial walls, the chamber components such as the stirrer, the 

excitation antenna and location of field probe, will be reviewed, analyzed and designed. The 

prototype of the small reverberation chamber with and without the metamaterial walls will be 

constructed for the measurement validation.  

1.4. Dissertation contribution and structure    

The originality of this work is related to the MET as analysis tool to find the type of 

metamaterial to be inserted as walls on the reverberation chamber. This work will contribute to the 

development in the research field of the electromagnetic compatibility as well as the 

telecommunication since the reverberation chamber can be used for several applications in both 

field. The advantage for the EMC is that more electronic devices are produced in small size so that  

there is no need to construct large testing chamber, it will therefore save resources and money. For 

the telecommunication sector, the small chamber can be used to test small antenna that are used 

for the 4G and 5G applications since this chamber emulates real world urban environment better 

than other testing chamber. Additionally, the MET method for analysis of the reverberation 

chamber with metamaterial walls is proposed for the first time in this condition. By using this MET 
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method, the type and location of the metamaterial walls are selected. This method can be improved 

for optimization of the metamaterial RC by hybridization with FEM simulation of the unit cell to 

take into account the frequency-dependency of surface impedances. 

 In this research work, the small reverberation chamber with and without the metamaterial 

walls is designed, analyzed and experimentally characterized. The validation method by using 

VNA and electric field probe is also operated. This small chamber is expected to operate from low 

frequency, so that the small device can be tested on a wide range.  

This manuscript is divided into five chapters. In chapter 2, the reverberation chamber 

characteristics and challenges are discussed. This chapter defines the structure and components in 

the chamber, the chamber’s properties, the standardized qualification of the reverberation chamber 

and the designed challenges of the reverberation chamber with metamaterial walls. Chapter 3 

focuses on the design of the metamaterial unit cell for use as reverberation chamber’s walls. In this 

chapter, the MET is applied to select the metamaterial’s type through a sensitivity analysis on the 

unit cell’s surface impedances. Then several structures of the unit cell are simulated to reach the 

required impedances. Finally, a unit cell is selected for the analysis, simulation and measurement 

validation. Chapter 4 is related to the sensitivity analysis and characterization of the reverberation 

chamber prototype. In this part, the chamber materials are selected through sensitivity analysis. 

Moreover, the stirrer structure, the excitation antenna and the field probe’s position are also 

reviewed, selected and designed. Finally, the prototype of the reverberation chamber with and 

without the metamaterial walls are tested and compared with the expected results from the 

simulation. Chapter 5 will conclude on all the results and define the perspectives for the related 

future work.   
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Chapter 2: Reverberation chamber characteristics 

and challenges 
2. Reverberation chamber characteristics and challenges 

In this chapter, the basic properties of the reverberation chamber will be reviewed. Then the 

qualification method of the chamber according to the commercial standard IEC 61000-4-21 will 

be described. Additionally, the reverberation chamber with metamaterial walls will be discussed 

in the last section of this chapter.   
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2.1. Structure and components of the reverberation chamber  

The Reverberation Chambers (RC) are constructed in a variety of shapes and sizes. Some are 

in arbitrary shape, for example, as in [48], the aeronautical metallic hall which has gable roof is 

converted to be used as the mode-stirred reverberation chamber by adding the rotating metallic 

paddle inside. Another example is the RC constructed from the thermal vacuum chamber in [49] 

to give the advantage of EMC test and thermal test simultaneously. So, the shape of these RCs 

depend on the remaining chamber. Mostly, the reverberation chamber are constructed in 

rectangular shape [50-53] because this shape is simple for construction and the resonant modes 

can be known analytically as in [54]. 

 

Figure 2.1 : The typical components of the reverberation chamber [55] 

The minimum frequency from which the RC can operate correctly is named the LUF. Since 

the reverberation chamber is a resonant cavity, the resonant modes occur at specific frequencies. 

Figure 2.1 shows the schematic of the reverberation chamber. In the figure, the Equipment Under 

Test (EUT) is placed in the Working Volume (WV) for measurement. The WV is the region where 

the electromagnetic field is uniform and isotropic. Inside the chamber, there are one or two stirrers 

[56], a transmitter antenna, a receiver antenna, some field probes, a non-conductive stand to 

support the EUT and some power and signal cables to feed the EUT and transfer signals. Outside 

the chamber, the equipments for generating, monitoring and recording the data are placed so that 

they are not perturbed by EM radiation. Amongst these equipments, computer is used to control 

the stirrer position through a board connected to motors for stirrer rotation and also to perform the 
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field monitoring with connections to the spectrum analyzer at receiver part and through the power 

meter and function generator at transmitter part. In addition, the attenuators, couplers, filters and 

amplifiers may be used to control the EM field properties.    

There is also alternative combination of components in the reverberation chamber such as in 

[57, 58], for the validation of the reverberation following the Anderson-Darling Goodness-of-Fit 

(AD-GoF) method which is different from the IEC 61000-4-21 standard, the required equipments 

are only the antenna and the Vector Network Analyzer (VNA) [59]. Within this method, the field 

uniformity evaluation is extracted from the 𝑆11 data [57, 58] and/or 𝑆21 [60, 61] by the calculated 

rejection rate and autocorrelation function. Figure 2.2 shows the typical components for validation 

of reverberation chamber by AD-GoF method.  

 

Figure 2.2 : Typical components of RC validated by AD GoF method [59] 

The material used as the chamber’s walls could be the galvanized steel or the aluminum [62, 

63]. For example, the galvanized steel is mostly used for construction of big commercial RC while 

in small RC, the aluminum is preferred since it is less expensive than copper but has comparable 

mechanical strength.  

The stirrer function is to create various boundary conditions in the chamber so that each stirring 

state gives different electromagnetic field distributions. The field uniformity condition is created 

in a dedicated area called the working volume for one stirring cycle. There are many stirring 

methods that can be categorized into two groups: the mechanical or the electronic mode stirring 

[64, 65]. The mechanical mode stirring technique refers to the physical movement of components 

such as paddles or walls [66] of chamber. For example, rotating paddle (the Z-fold [67], the 

irregular reconfigurable stirrer in [68] and the carrousel stirrer shape [69, 70]) and the walls stirring 
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RC (the VIRC [71], the oscillating quasi-wall stirrer [72, 73]) are in this group. The electronic 

mode stirring technique refers to a change in the boundary condition of the chamber by using 

electronic methods. For example, the frequency stirring [74], and source stirring (the random 

excitation of several antennas stirring [75], the reactively-loaded antennas stirring [76] and the 

source position stirring [77]). 

2.2. Reverberation chamber properties  

Three important parameters are considered to design and characterize a reverberation chamber:  

the Working Volume, the Lowest Usable Frequency (LUF) and the Quality Factor (Q-factor). 

2.2.1. Working Volume 

The Working Volume is also known as the testing volume. In the WV region [70], the electric 

field is uniform for one complete rotation of stirrer. Therefore, the Equipment Under Test is placed 

in WV region during the measurements. Classically, the WV is located inside the RC with a 

distance of a quarter wavelength at LUF from each chamber wall and metallic parts such as the 

mechanical stirrer [78].   

2.2.2. Lowest Usable Frequency 

The lowest frequency of the frequency band used for measurement is defined as the Lowest 

Usable Frequency. Above this frequency, the electric field in the chamber is supposed homogenous 

and isotropic in the working volume. The LUF depends on the chamber size. According to the IEC 

standard for commercial product known as IEC 61000-4-21 [55], the value of the LUF is generally 

between 3 to 6 times of the cavity first resonant frequency or the LUF can be defined as the 

resonant frequency of the 60th modes. However, some researches select the LUF from the resonant 

frequency of the 100th resonant mode [43, 46] to be confident on the field uniformity. The exact 

number of resonant modes in the cavity can be numerically calculated in the rectangular case. 

However, for simple hand calculation, the smooth approximation formula (or the extension of 

Weyl’s formula for the rectangular cavity) of N resonant mode number in the rectangular cavity is 

often used to estimate this number in a metallic walls rectangular cavity of size (𝑎 × 𝑏 × 𝑑) at 

specific frequency. From [54], the formula is re-written as:   

   
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where 𝑁 is the number of modes having a resonant frequency below 𝑓, with 𝑓 the frequency in 

(Hz), 𝑐 the speed of light in vacuum, 𝑎, 𝑏, 𝑑 the dimensions of the chamber and 𝑉 the volume of 

the chamber.   

The formula (2.1) gives results similar to the rectangular cavity resonant mode calculation in 

[54]. For example, the cavity box of size 30 𝑐𝑚 × 40 𝑐𝑚 × 50 𝑐𝑚 presents 60 resonant modes up 

to 1.5337 𝐺𝐻𝑧 according to analytical calculation and 1.5223 𝐺𝐻𝑧 with (2.1) formula. Similarly, 
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it presents 100 resonant modes up to 1.7799𝐺𝐻𝑧 according to analytical calculation and 

1.7887𝐺𝐻𝑧 with (2.1) formula. In this thesis, the frequency of the 60th resonant mode is considered 

as the LUF definition.   

2.2.3. Quality Factor (Q-factor) 

The Quality Factor (Q-factor) represents the ability of the chamber to store energy during a 

time period. The value of the chamber Q-factor provides the information for setting the input power 

to get the required electric field strength for testing operation in the chamber. By definition, the Q-

factor of the perfect metallic walls RC is determined by the formula as in [79]:   
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              (2.2) 

where 𝑆 is the total inner surface of the chamber, 𝛿𝑠 is the skin depth of the material used as 

chamber walls, 𝑘 is the wavenumber where 𝑘 = 2𝜋𝑓/𝑐 and 𝜇𝑟  is the relative permeability.  

 

Figure 2.3 : Quality factor curves of RC with aluminum walls and with copper walls compared to 

threshold of Q-factor 

For the cavity box of size 30 𝑐𝑚 × 40 𝑐𝑚 × 50 𝑐𝑚, the Q-factor curves are plotted on Figure 2.3 

for aluminum and copper walls. The 60th resonant mode of this chamber appears at 1533.7 𝑀𝐻𝑧. 
In [80], they show that Q-factor needs to be higher than the threshold value 𝑄𝑡ℎ𝑟  to have an 
effective reverberation chamber that the stirred energy exceeds the unstirred energy throughout 

most of the chamber volume. This quality factor threshold value is related to the wavelength 𝜆 and 

the chamber volume 𝑉 as:   
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In Figure 2.3 plot, the Q factor for aluminum and for copper walls RC are compared to this 

threshold value. It shows that the Q-factor of the aluminum walls RC is comparable with the copper 

walls RC. Both curves are much higher than the threshold level whatever the frequency. Hence, 

using aluminum for chamber walls is acceptable and economic compared to copper chamber.  

2.3. Qualification method with standard IEC 61000-4-21  

There are many methods and standards for reverberation chamber calibration [81]. The choice 

of the validation standard depends on application domains of device that will be tested in the 

chamber. For example, for space and civil aviation equipment, the RC is validated by the standard 

RTCA/DO-160G [82]. Generally, the standard IEC 61000-4-21 [55] is used to qualify the chamber 

for commercial electronic product. In this thesis, the RC is qualified according to the IEC standard. 

This standard is reminded in this part.  

 

Figure 2.4 : Configuration of RC for validation by IEC 61000-4-21 

To validate the value of the RC’s LUF by IEC standard, one needs to statistically evaluate the 

electromagnetic field uniformity properties in the defined working volume. For the metallic walls 

RC, the region of the working volume is at least at a quarter wavelength (at the LUF frequency) 

from the metallic walls. The procedure is therefore to extract the LUF from the electric field 

homogeneity data. With the reference standard IEC 61000-4-21 for reverberation chamber 

validation, the procedure to get the measurement data and to calculate the standard deviation 



27 

 

parameters in order to evaluate the field uniformity is described in next sub-sections. Figure 2.4 

shows the configuration of reverberation chamber validation according to the IEC standard.    

2.3.1. Location of field probe 

As the LUF is the minimum frequency for which the electric field is isotropic and uniformly 

distributed in the WV, the location of WV needs to be defined. Data are collected with a field 

probe located at the 8 corners and in the center of the WV. Therefore, 9 positions of E-field probe 

are normally necessary. Ideally, large number of data points in WV give more accurate estimation 

of the field uniformity. The field should be measured in all the WV points but it is not reasonably 

practical because a lot of field probe positions would be required. So, only 9 probe locations will 

be considered. Figure 2.5 shows the WV and the 9 locations of the field probe represented as FP1 

to FP9. Measurements must be done for each FPi and each polarization successively since only 

one probe is available. 

 

Figure 2.5 : Field Probe locations in the RC 

2.3.2. Measurement procedure and stored data   

In order to get significant measurement data, stirrer positions and frequency points in the band 

must be set according to IEC 61000-4-21. They are reported in Table 2.1. The 𝑓𝑠 is the starting 

frequency with value around 3 times of the first resonant mode. The table shows that from 
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frequency 𝑓𝑠 to 3𝑓𝑠, a measurement must be stored for at least stirrer positions separated by 30 

degrees. In the band (𝑓𝑠 → 3𝑓𝑠), the recommended frequency samples are 20 log spaced. This 

standard gives the rule for stirrer positions and sample frequencies up to more than 10𝑓𝑠. 

Table 2.1 : The required number of stirrer positions and the sample frequencies according to IEC 

61000-4-21 

Frequency band Minimum number of stirrer step 

angle 

Number of log spaced frequency 

for each band 

𝒇𝒔 → 𝟑𝒇𝒔 12 20 
𝟑𝒇𝒔 → 𝟔𝒇𝒔 12 15 

𝟔𝒇𝒔 → 𝟏𝟎𝒇𝒔 12 10 

>  𝟏𝟎𝒇𝒔 12 20/decade 

 During the RC qualification, the collected data are:   

 The excitation frequencies  

 The angular position of the stirrer  

 The magnitude of E-field in the three axis (𝐸𝑥 , 𝐸𝑦 , 𝐸𝑧) by using polarized field probe 

 The input and reflected powers 

The reflected power needs to be considered when it is significant. Otherwise, only the input 

power is required in the normalization of the electric field as in the formula (2.4) to (2.6).  

2.3.3. Standard deviation evaluation   

To evaluate the E-field uniformity property in the WV, one needs to calculate the standard 

deviation from the measurement data stored for a cycle of the stirrer at each excitation frequency.  

Considering that the stirrer has 𝑁+ 1 positions corresponding to 0,𝜑1, … , 𝜑𝑁 angles. The 

maximum of E-field’s magnitude amongst all the stirrer positions for each 𝑝 position of the field 

probe is written [83]:  
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where 𝜑 is the stirrer angle position, 𝑝 is the location of field probe, 𝑃𝑖𝑛𝑝𝑢𝑡  is the input power.  
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The average value of the E-field magnitude from M positions 𝑝1, 𝑝2 , … , 𝑝9 , … , 𝑝𝑀  of the field probe 

is calculated as:   
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Supposed 〈𝐸̂〉3M represents the average value of all E-field for M positions of field probe and for 

the 3 components of electric field. It is calculated as:   
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Then the standard deviations are calculated for the different polarizations and the mean value of 

E-field by the formula:  
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Finally, the standard deviation relative to the mean value in 𝑑𝐵 form is calculated as: 
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2.3.4. LUF assumption with tolerance requirement of the IEC 61000-4-21 

The standard deviation value is then compared to the standard IEC 61000-4-21 requirement 

recalled in Table 2.2. From 80 MHz to 100 MHz, the standard deviation value must be lower than 

4 𝑑𝐵. The requirement decreases linearly from 4 𝑑𝐵 at 100 𝑀𝐻𝑧 to 3 𝑑𝐵 at 400 𝑀𝐻𝑧. From the 

frequency higher than 400 𝑀𝐻𝑧, the requirement is set to 3 𝑑𝐵. The LUF is the frequency upon 

which the requirement is met.  

Table 2.2 : The tolerance requirement of the standard deviation according to IEC 61000-4-21 [55] 

Frequency Tolerance requirement for standard deviation 

80 MHz -100 MHz 4 dB 

100 MHz – 400 MHz 4 dB at 100 MHz, decreasing linearly to 3 dB at 400 MHz 

Higher than 400 MHz 3 dB 

2.4. Design challenges of RC with MTMs walls 

When designing the conventional metallic walls reverberation chamber, one needs to consider 

some factors such as the material used for chamber walls, the stirring technique [64, 84], the type 

and the structure of the stirrer and also the source and receiver antenna choice [85].  

For the material, the electrical and the mechanical properties need to be rightly selected. One 

important electrical property is the conductivity of the walls, since it is related to the RC quality 

factor. The Q-factor influences the field uniformity in the chamber [80]. One important mechanical 

property of the walls material is its hardness since it affects the RC strength.  
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The selection of the stirring technique must be suitable with chamber size and structure. One 

common stirring technique is the rotating paddle, the stirrer has also some effects on the field 

uniformity of the RC [86, 87]. In order to design the chamber with rotating paddle, one needs to 

consider the structure, size and the number of stirrer [56]. Some stirrers have been simulated or 

measured for performance comparison in [88-91]. The comparison shows that the z-fold stirrer is 

suitable for implementation in our project since it has simple structure and gives good field 

uniformity. For selection of the stirrer structure, some criteria have been proposed in [92]. Even 

though many other criteria exist, the [92] criteria are chosen in this thesis to design the stirrer. The 

location of the stirrer is also studied in [93]. The study shows that stirrer locations have less effect 

on the field uniformity but it is better to select their position so that the working volume is 

optimized. 

Another factor to consider is the type of antenna for emission and reception. Some wideband 

antennas [94-96] or multiple antennas operating in various frequency bands [53] are used when 

one antenna cannot cover all the frequency band. Another parameter is the size of the antenna. The 

antenna is usually inserted in the chamber and must be considered to define the RC working 

volume for EUT.  Small antennas are mandatory for small RC.   

Additionally, the chamber peripherals such as the hardware and software control on stirrer 

movement also need to be included in the RC design. Moreover, the measurement equipment to 

connect to the transmitter part and the receiver part are also carefully selected for suitable operation 

frequency.  

To design the reverberation chamber with metamaterial walls, the type and structure of the 

metamaterial are included in the RC design. Its design is one of the challenge since there are variety 

of metamaterials. So, before constructing the real prototype of the chamber, new RC must be 

analyzed with numerical and simulation models.  
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Chapter 3: Design of the metamaterial unit cell 
3. Design of the metamaterial unit cell 

In the first part of this chapter, the modal expansion theory (MET) method has been modified 

to analyze the reverberation chamber with anisotropic walls. In this method, the 2D metamaterial 

can be represented by anisotropic surface impedances. The second part of the chapter will focus 

on the design and characterization of the metamaterial unit cell which will be used for the chamber 

walls.   
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3.1. MET for the analysis of anisotropic walls reverberation 

chamber 

The modal expansion theory method can be used to analyze the propagation model of the 

electromagnetic field in waveguides [42, 97] or resonant cavities. In this method, the impedance 

boundary condition is used to link the electromagnetic field components. The MET method for the 

analysis of the anisotropic walls waveguide is explained in [47]. It helps to study the properties of 

the propagation mode at frequency lower than the first resonant frequency of the conventional 

waveguide [97]. The MET for the analysis of the reverberation chamber with anisotropic walls is 

described in the following sub-sections.   

3.1.1. Analysis of anisotropic walls reverberation chamber 

First, the RC representation is given in the Figure 3.1 below. The walls in the planes 𝑦 = {0, 𝑏} 

and 𝑧 = {0, 𝑑} are perfect electric conductor (PEC) walls. The anisotropic walls are placed in the 

planes 𝑥 = {0, 𝑎}.  

 

Figure 3.1 : Representation of the reverberation chamber with two anisotropic walls 

According to PEC conditions, 𝑘𝑦 =
𝑛𝜋

𝑏
 stands for the phase constant along y direction; 𝑘𝑧 =

𝑝𝜋

𝑑
 stands for the phase constant along z direction. So, 𝛾𝑧 = 𝑗𝑘𝑧 = 𝑗

𝑝𝜋

𝑑
 is the propagation constant 

along z direction. The 𝑛 and 𝑝 parameters are integers. According to the anisotropic representation 

of the walls at 𝑥 = 0 and at 𝑥 = 𝑎, the propagation constant along x direction is represented by 

the variable 𝛾𝑥 which is unknown and needs to be found to get the resonant modes in the cavity.   
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3.1.1.1. Surface impedance boundary conditions 

As mentioned in [47], the anisotropic boundary condition is defined as:  

 t tsE Z H n                ( 3.1)  

where 𝐸⃗ 𝑡  is the tangential electric field on the anisotropic wall, 𝐻⃗⃗ 𝑡 is the tangential magnetic field 

on the anisotropic wall, 𝑛⃗  is the normal vector to this wall oriented outside the cavity.  

This impedance 𝑍𝑠 is decomposed in tangential and a longitudinal components at 𝑥 = 0 and 

𝑥 = 𝑎. They are noted (𝑍𝑡1 ; 𝑍𝑧1) and (𝑍𝑡2; 𝑍𝑧2) respectively. So, the boundary conditions at the 

anisotropic walls of the chamber can be written as in (3.2) to (3.5)  
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                  (3.5) 

Since all the boundary conditions are defined, the field components will be expressed in the 

next part to get the equations for the resonant frequencies of the reverberation chamber with 

metamaterial walls.  

3.1.1.2. Analysis with the modal expansion theory 

In this analysis, 𝑧 axis is supposed to be the longitudinal direction of the electromagnetic field 

in the cavity. All the electromagnetic field components can be written as:  

i i iE E E                   (3.6) 

i i iH H H                   (3.7) 

with 𝑖 = 𝑥, 𝑦, 𝑧 
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The first part of the expression corresponds to the propagation waves in +𝑧 direction and the 

second part in – 𝑧 direction.  

The purpose in this part is to focus on the ,i iE H  terms.  

From Maxwell equation in annex 6.1.1, transverse components can be expressed as function of 

the longitudinal field by:  

     2 2

0 0Tz r z T z T zk E E j H z   


                          (3.8) 

     2 2

0 0Tz r r T z z T zk H j E z H    


                           (3.9) 

With ,T TE H
 

the transverse field components propagating in +𝑧 direction. And 2 2 2

0z r ck k   . 

Considering the boundary conditions along 𝑦, the PEC conditions impose a sin(𝑘𝑦𝑦) for 𝐸𝑧
+ and 

a cos(𝑘𝑦𝑦) for 𝐻𝑧
+. The variation in 𝑥 condition is supposed to be the superposition of both 

components.  

     1 2cosh sinh sinz z

z x x yE x x e k y
                           (3.10) 

     1 2cosh sinh cosz z

z x x yH x x e k y
                       (3.11) 

with 1 2 1 2, , ,    four unknown complex coefficients.    

Introducing (3.10) and (3.11) in (3.8), it yields to:   
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       (3.13) 

Inserting (3.10) and (3.11) in (3.9), it yields to:   
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Up to this section, all the necessary components for the surface impedance conditions , ,y y zE H E  

and zH   are expressed.   

A similar work is done for the ,i iE H 
terms 

Equation (3.8), (3.9) are similar in this case and recalled:  

     2 2

0 0Tz r z T z T zk E E j H z   


                  (3.16) 
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

                       (3.17) 

With ,T TE H 
the transverse field components propagating in −𝑧 direction. 
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z x x yE x x e k y
                      (3.18) 
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z x x yH x x e k y
                          (3.19) 

Introducing (3.18) and (3.19) in (3.16), it yields to:   
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Inserting (3.18) and (3.19) in (3.17), it yields to:  
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The complete expression is recombined thanks to (3.6) and (3.7) 
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with 1 1 2 2 1 1 2 22 , 2 , 2 , 2A A B B       .  

Also the recombination of the longitudinal components gives, thanks to (3.6) and (3.7):  

       1 2cosh sin cosh sinhz z y x xE z k y A x A x               (3.26) 

       1 2sinh cos cosh sinhz z y x xH z k y B x B x                               (3.27) 

The boundary conditions (3.2) to (3.5) are applied on (3.24) to (3.27) fields expression to get the 

system (3.28) which can be written     0M X  . For more details, see Annex 6.2.  
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In order to get 
x  value, and then the resonant frequencies and the resonant modes, the 

condition det([𝑀]) = 0 is imposed. From this condition, 
x  is found.  Then the resonant 

frequency of each resonant mode is computed thanks to 

2 2

2 2

0 x

n p
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b d

 


   
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   
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Special case with zero order modes 

Case (𝒏 = 𝟎 & 𝒑 ≠ 𝟎) 

If 0n  , 0y

n
k

b


  . So,  sin 0yk y   and  cos 1yk y  .  

From zE  expression in (3.26),        1 2cosh sinh sin cosh 0z x x y zE A x A x k y z       , the 

resonant modes are ruled by zH , they are called 
0m pTE .    

From annex 6.2.5.1, the linear system becomes in this case:   
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Case (𝒏 ≠ 𝟎 & 𝒑 = 𝟎) 

If 𝑝 = 0, 0z z

p
jk j

d


    . So,  sinh 0z z   and  cosh 1z z   resulting in 

       1 2cosh sinh cos sinh 0z x x y zH B x B x k y z         from equation (3.27). The modes are 

ruled by zE  only. So, the resonant modes are 0mnTM modes.   

From the same procedure as in the previous section, the formula becomes:  

       

2

11 0

2 2

22 0 2 0

0

0cosh sinh sinh cosh

c z x

c x z x x c x z x x

Ak Z j

Ak a Z j a k a Z j a

 

       

     
      

     
                      (3.30) 

3.1.2. Validation of the MET method 

To validate this model, resonant frequencies of two cases are computed with the analytical 

MET in-house code and compared to the analytical theory results of the resonant modes in 

rectangular cavity for one case (metallic walls) and compared to ANSYS-HFSS simulation results 

for the other case (isotropic walls).  
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The reverberation chamber dimension is 𝑎 × 𝑏 × 𝑑 = 1.90 𝑚 × 2.58 𝑚 × 2.91 𝑚. The value 

of the surface impedance here is considered as constant over different frequency points and 

incident angles.  

3.1.2.1. Metallic walls or PEC case (𝒁𝒕 = 𝒁𝒛 = 𝟎 𝛀) 

In the first case, the value of the surface impedance of the walls at 𝑥 = 0 and at 𝑥 = 𝑎 are set 

as 𝑍𝑡1 = 𝑍𝑧1 = 0 Ω and 𝑍𝑡2 = 𝑍𝑧2 = 0 Ω. This case is equivalent to the case of the chamber with 

all metallic walls or PEC case. So, the results of the resonant frequencies from the MET method 

in this case can be compared to the resonant mode frequency results from the analytical theory of 

the rectangular cavity as in [98].  

 

Figure 3.2 : Tthe resonant frequencies of the PEC walls RC 

The LUF in this analysis is considered as the frequency of the 60th resonant mode. The resonant 

frequency obtained with the MET method and the rectangular cavity theory sorting from low to 

the high frequency are plotted in Figure 3.2 for comparison purpose. Because the main purpose in 

this section is to validate the MET method with the exact solution from the rectangular cavity 

theory, only the first 20 frequencies are extracted from the HFSS simulation. The HFSS simulation 

is done with Eigen-mode solver with the conditions ∆𝑓 = 0.01 % accuracy, maximum 30 number 

of pass and solved for 20 number of modes. With CPU Core i5 @ 2.3 GHz RAM 12 GB, it spends 

2mn44s for simulation with HFSS for all the 20 modes. It is only 1mn 52s for 100 resonant modes 

computation with MET in MATLAB with the same computer.  

The results show that the resonant frequencies from the MET method coincide well with those 

from the exact solution. The first 20 resonant frequencies of both methods fit well with results 
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from the Eigen mode solver of the commercial software (ANSYS-HFSS). The LUF value found 

in this case is 246 𝑀𝐻𝑧. Additionally, the MET computational method is faster than HFSS 

simulation.   

3.1.2.2. Isotropic walls case (with 𝒁𝒕 = 𝒁𝒛 = −𝒋𝒁𝟎) 

In this section, one isotropic case is chosen to validate the MET method by comparison with HFSS 

results. In this case, the values of the surface impedance at the walls 𝑥 = 0 and walls 𝑥 = 𝑎 are 

chosen as 𝑍𝑡1 = 𝑍𝑧1 = 𝑍𝑡 = −𝑗𝑍0 and 𝑍𝑡2 = 𝑍𝑧2 = 𝑍𝑧 = −𝑗𝑍0 where 𝑍0 = 120𝜋 Ω. Since no 

exact solutions exist, results from the commercial software ANSYS-HFSS are used as reference 

for comparison.  

Figure 3.3 : Resonant frequencies in the RC with two isotropic walls 𝒁𝒕 = 𝒁𝒛 = −𝒋𝒁𝟎 

Figure 3.3 shows the MET and HFSS results comparison. A good agreement between these 

two methods is shown. So, MET can be used confidently to compute the number of resonant modes 

in the isotropic walls reverberation chamber. It should be noticed that for the case of 𝑍𝑡 = 𝑍𝑧 =

−𝑗𝑍0 , the LUF is 186 𝑀𝐻𝑧 for 60 resonant modes. A reduction is observed by using the 

metamaterial walls instead of the PEC walls (𝐿𝑈𝐹 = 246 𝑀𝐻𝑧). With the same computer 

specification as in the PEC case, the simulation parameters in HFSS are ∆𝑓 = 0.01 % accuracy, 

30 maximum number of pass and for 3 to 6 modes per simulation. With simulation until 100 

modes, it takes 58mn2s with HFSS simulation for all 100 modes (with 3 to 5 modes for 1 

simulation) and only 3mn2s by MET for all the 100 modes in one time. 
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3.1.3. Sensitivity analysis to the surface impedance  

In this section, the reverberation chamber LUF with two anisotropic walls is analyzed 

according to the surface impedance variations. The MET method is used to provide the LUF since 

its computation time is lower than the Eigenmode solver of Ansys-HFSS.   

In this analysis, 𝑍𝑡  the transversal component and 𝑍𝑧  the longitudinal component of the 

anisotropic impedance walls are substituted with several values to get their effect on the chamber 

LUF. Table 3.1 shows the resulting LUF values from several combinations of surface impedance. 

Here, the values are set to 𝑍𝑡1 = 𝑍𝑡2 = 𝑍𝑡  and 𝑍𝑧1 = 𝑍𝑧2 = 𝑍𝑧 .  

Table 3.1 : LUF table for first 60 resonant modes of the anisotropic walls reverberation chamber 

Frequency of the 
60th resonant 

mode 

𝑍𝑧/(𝑗𝑍0) 

1 0.5 0.25 0.1 -0.1 -0.25 -0.5 -1 

𝑍𝑡/(𝑗𝑍0) 

1 202MHz 214MHz 218MHz 225MHz 214MHz 211MHz 196MHz 223MHz 

0.5 214MHz 225MHz 230MHz 234MHz 219MHz 218MHz 196MHz 205MHz 

0.25 220MHz 230MHz 235MHz 238MHz 224MHz 210MHz 198MHz 195MHz 

0.1 223MHz 236MHz 237MHz 244MHz 218MHz 214MHz 184MHz 190MHz 

-0.1 217MHz 223MHz 223MHz 223MHz 120MHz 152MHz 129MHz 163MHz 

-0.25 208MHz 212MHz 212MHz 192MHz 172MHz 75MHz 119MHz 157MHz 

-0.5 197MHz 197MHz 189MHz 167MHz 129MHz 124MHz 131MHz 159MHz 

-1 224MHz 203MHz 188MHz 192MHz 165MHz 146MHz 155MHz 186MHz 

In table 3.1, cells in green correspond to the surface impedance cases that allow good LUF 

reduction compared to the PEC case (246 𝑀𝐻𝑧). The cell in blue is the best reduction of the LUF. 

This region corresponds to negative surface impedance components. This sign represents a 

capacitive metamaterial. In this region, the minimum LUF value is 75 𝑀𝐻𝑧 for 𝑍𝑡 = 𝑍𝑧 =
−𝑗0.25𝑍0 . Compared to the PEC case LUF, the reduction presents a factor 3.   

3.2. Design and characterization of the metamaterial unit cell 

To achieve at the end a prototype in the laboratory and observe a significant reduction of the 

LUF, the cavity size is changed for 𝑊 ×𝐻 × 𝐿 = 30 𝑐𝑚 × 40 𝑐𝑚 × 50 𝑐𝑚. This size will be 

kept until the end of the thesis. According to the section 3.1, to reduce the LUF, the metamaterial 

walls should present a small negative imaginary surface impedance. In this part, the required unit 

cell is designed and characterized to meet this criterion. First, some unit cell structures are 

introduced and analyzed to highlight which structure can present the required surface impedance. 

Then the selected structure of unit cell has been simulated and analyzed. Finally, validation 

samples are proposed and measured.    
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3.2.1. Unit cell structures    

Several unit cell structures are simulated to qualify their surface impedances. Table 3.2 shows 

a list of unit cell structures. A Floquet port simulation as shown in Figure 3.4 is performed with 

Master/Slave boundaries in commercial software ANSYS HFSS to qualify them. The impedance 

results are obtained with the de-embedding from the top surface of the metamaterial unit cell.    

If the imaginary part of surface impedance walls is considered as negative constant as  

−𝑗94.25 Ω, the LUF will be reduced from 1.53 𝐺𝐻𝑧 (in the PEC case) to 454 𝑀𝐻𝑧 for 60th 

resonant mode and 582 𝑀𝐻𝑧 for 100th resonant mode criteria (in the metamaterial case). Since the 

general metamaterial cannot present constant impedance for the whole frequency band, the 

frequency of 600 𝑀𝐻𝑧 is considered as the baseline for the unit cell design. Hence, the unit cell 

must be designed to present a capacitive value below 600 𝑀𝐻𝑧 and up to 1.5 𝐺𝐻𝑧. 

For small reverberation chamber box with size 30 𝑐𝑚 ×  40 𝑐𝑚 ×  50 𝑐𝑚, the metamaterial 

walls must be placed on the opposite walls distant of 30 𝑐𝑚, since the best LUF reduction is 

observed in this case with the explanation in Annex 6.5. The metamaterial walls have a 40 𝑐𝑚 ×
 50 𝑐𝑚 size.  

The  unit cell size is supposed to be close to 𝜆/20, the length and width of the unit cell are 

𝐿𝑐𝑒𝑙𝑙 = 𝑊𝑐𝑒𝑙𝑙 = 2.5 𝑐𝑚, to have many cells (16 𝑐𝑒𝑙𝑙𝑠 × 20 𝑐𝑒𝑙𝑙𝑠) on the reverberation chamber 

walls.  First, to find the suitable structure of the unit cell, the simulation is only done for normal 

incident angle. Then, one suitable structure is selected. So, the oblique incidence for special angle 

is studied to see the varying properties of the unit cell. All the simulations to study the surface 

impedance of one-unit cell is done by using the periodic boundary conditions. 

 

Figure 3.4 : One example of unit cell simulation using Floquet port and Master/Slave 

(Primary/Secondary) boundary conditions 

Floquet Port Primary 1 and Secondary 1 Primary 2 and Secondary 2
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Table 3.2 : Some structures of unit cell for observation of resonant frequency for specific parameters 
value  

No Unit Cell Structure 

 

Parameters Values Resonant 

Frequency 

Observation 

1. 

 

 

- Height of the via 

(1 𝑚𝑚)  
- Radius of the via 

(50 𝑚𝑚) 

1.57 GHz  Resonant frequency 

is too high after 

several parameter 

tests 

2. 

 

 

- Radius of the 

circular hole on the 

square roof (5 𝑚𝑚)  
- Height of the roof 

from the ground 

plane (10 𝑚𝑚) 

2.19 GHz  Resonant frequency 

is too high after 

several parameter 

tests 

3. 

 

 

- Height of the 

vertical bar (30 𝑚𝑚)  
- Width of the vertical 

bar (4 𝑚𝑚) 
- Length of the vertical 

bar (20 𝑚𝑚) 

2.47 GHz Resonant frequency 

is too high after 

several parameter 

tests 

4. 

 

- Radius of the 

circular roof 

(12.4 𝑚𝑚) 
- Height of the circular 

roof from the ground 

plane (10 𝑚𝑚) 

- Substrate RO3003 

(𝜀𝑟 = 3, 𝑡𝑎𝑛𝛿 =

2.20 GHz Resonant frequency 

is too high after 

several parameters 

test 
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0.0013) with 

thickness 508 𝜇𝑚  

5. 

 

- Side of square patch 

on the roof 

(2.49 𝑚𝑚) 

- The height of the 

roof above the 

ground plane 

(30 𝑚𝑚) 
- Substrate RO3003 

(𝜀𝑟 = 3, 𝑡𝑎𝑛𝛿 =
0.0013) with 

thickness 508 𝜇𝑚 

400 MHz  Low resonant 

frequency is 

obtained with large 

height of the roof.   

6. 

 

- Height of substrate 

(10 𝑚𝑚) 

- Length of substrate 

(10 𝑚𝑚) 
- Distance of substrate 

to the ground plane 

(2 𝑚𝑚) 

- Substrate RO3003 

(𝜀𝑟 = 3, 𝑡𝑎𝑛𝛿 =
0.0013) with 

thickness 2 𝑚𝑚 

3.4 GHz Resonant frequency 

is too high after 

several parameters 

test.  

7. 

 

- Height of substrate 

(10 𝑚𝑚) 
- Length of substrate 

(24 𝑚𝑚)  

- Distance of substrate 

to the ground plane 

(10 𝑚𝑚) 
- Distance between 

both substrate 

(2 𝑚𝑚) 

- Substrate RO3003 

(𝜀𝑟 = 3, 𝑡𝑎𝑛𝛿 =
0.0013) with 

thickness 2 𝑚𝑚 

3.55 GHz Resonant frequency 

is too high after 

several parameters 

test 
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8. 

 

- Width of line 

(2.6 𝑚𝑚) 
- Length of each line 

(10.85 𝑚𝑚) 

- Capacitance value 

(130 𝑝𝐹)  
- Substrate RO4350 

(𝜀𝑟 = 3.66, 𝑡𝑎𝑛𝛿 =
0.004) with 

thickness 762 𝜇𝑚 

210 MHz  The capacitor value 

significantly affects 

the resonant 

frequency. To 

lower the 

frequency, the 

capacitor value 

must be high.   

Amongst these structures, the unit cell number 8 leads to lower the resonant frequency. This 

selected structure is chosen to build our unit cell. Several combinations are tested. For example, 

by shifting capacitor location from center to the sides as in Figure 3.5 (b) or using half capacitor 

for each side. In this case, the value of capacitor on each side is double compared to the case in 

Figure 3.5 (a). This new configuration does not change the unit-cell characteristic but allow to 

synthesize the structure against polarization. Then to ease the capacitor inclusion for both 

orthogonal polarizations, the unit cell as in Figure 3.5 (c) is simulated. The capacitor value on each 

side is the same to the case in Figure 3.5 (b). This final unit cell structure can fully support all the 

electromagnetic field incident from both orthogonal directions.  

 

Figure 3.5 : The modification of the unit-cell with lumped capacitor (a) Capacitor in the center (b) 

Haft capacitor on both sides (c) The orthogonal line and capacitor are added in both polarization.  
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3.2.2. Metamaterial unit cell design   

3.2.2.1. Simulation model of the cross-bar unit cell with lumped capacitor 

The HFSS model of the cross-bar unit cell with lumped capacitors on each side of metallic line 

is shown in Figure 3.6. The dielectric material is the RO4003 with the permittivity of 3.55, 

thickness 1.524 𝑚𝑚 and loss tangent 0.0021.  It should be noticed that this unit cell is not 

including metallic losses since lines and ground plane have PEC conditions. The selected size of 

one unit cell is 25 𝑚𝑚 𝑥 25 𝑚𝑚 resulting in 16 𝑐𝑒𝑙𝑙𝑠 ×  20 𝑐𝑒𝑙𝑙𝑠 on each 40 𝑐𝑚 ×  50 𝑐𝑚 wall. 

The surface impedance of the unit cell is obtained through the simulation in HFSS by using the 

Floquet port and the Primary/Secondary boundary conditions (alternatively named as the 

Master/Slave boundary conditions). With the Floquet port, the surface impedance has been 

simulated by setting de-embedding on the surface of the metamaterial cell. The simulation is done 

by setting maximum accuracy ∆𝑆 = 0.005. The model of the capacitor here is the 2D sheet which 

the capacitor value and the direction of the flow current are defined by the user.  

 

Figure 3.6 : HFSS model of the selected metamaterial surface 

This part of the unit cell design starts by studying the impact of the line widths. The parametric 

study shows that the effect of the line width can be neglected. So, the width is finally fixed to 

2.6 𝑚𝑚 to ease the capacitors welding.  

The ends of each line are attached to half capacitor since the cell is bounded by periodic walls. 

The chosen capacitor is the surface mount multilayer ceramic capacitor (SMD MLCCs) from 

KEMET. The capacitor type is HiQ-CBR Series [99]. This capacitor is commonly used for high 

power application at RF & Microwave frequency. This capacitor can operate in the frequency band 

1 𝑀𝐻𝑧 ~ 50 𝐺𝐻𝑧. The available package size of the small capacitor is the package 0402 
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(𝑙𝑒𝑛𝑔𝑡ℎ = 1 𝑚𝑚, 𝑤𝑖𝑑𝑡ℎ = 0.5 𝑚𝑚). The capacitor size is respected to the suitable and available 

product with package size of model 0603 which has 1.6 𝑚𝑚 length and 0.8 𝑚𝑚 width. The length 

and the width of each metallic line are chosen as 𝐿𝑙𝑖𝑛𝑒 = 23.4 𝑚𝑚 and 𝑊𝑙𝑖𝑛𝑒 = 2.6 𝑚𝑚. Table 

3.3 shows the structure properties of the unit cell.  

Table 3.3 : Unit cell dimensions 

Parameters Value 

Size of unit cell 25 𝑚𝑚 × 25 𝑚𝑚 

Substrate thickness 1.524 𝑚𝑚 

Metallic film thickness 35 𝜇𝑚 

Width of metallic line 2.6 𝑚𝑚 

Length of metallic line 23.4 𝑚𝑚 

3.2.2.2. Sensitivity to the capacitor value 

In this section, three different values of capacitor (3 𝑝𝐹 , 13 𝑝𝐹 and 39 𝑝𝐹) are tested. These 

values are chosen from the available values in the SMD capacitor data sheet. The purpose is to see 

how the capacitor affects the resonant frequency of the unit cell. The simulation frequency band is 

100 𝑀𝐻𝑧 to 1.5 𝐺𝐻𝑧 with 401 frequency points (interpolating). The simulation accuracy is set as 

maximum ∆𝑆 = 0.005. The analysis is done for normal incidence, so the incident angle of Floquet 

port is set to zero. The simulation result is shown in Figure 3.7. To have capacitor behavior at 

lowest frequencies, 39 𝑝𝐹 capacitor is chosen with a resonant frequency close to 300 𝑀𝐻𝑧. This 

unit cell is then analyzed with consideration on the incident angle.  

 

Figure 3.7 : The unit cell surface impedance for 3 different capacitors. 
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3.2.2.3. Sensitivity to the incident angle 

In this section, the effect of the incident angle is observed. The purpose is to evaluate the 

variation of the unit cell properties according to the incident angle since this angle is different and 

uncontrolled for each mode. Figure 3.8 shows the impedance variation according to the incident 

angle. It shows that resonant frequencies change between 300 𝑀𝐻𝑧 and 370 𝑀𝐻𝑧. These 

variations are small. The RC with metamaterial walls shall however be simulated to check if the 

effect on the LUF is the one attended.  

 

Figure 3.8 : The surface impedance for different incident angle, capacitor value is 𝟑𝟗 𝒑𝑭. 

3.2.2.4. Simulation of the reverberation chamber with two metamaterial walls 

In this section, the rectangular box of 30 𝑐𝑚 𝑥 40 𝑐𝑚 𝑥 50 𝑐𝑚 size with two metamaterial 

walls of size 40 𝑐𝑚 𝑥 50 𝑐𝑚 is tested. It should be reminded that the size of each unit cell is 

2.5 𝑐𝑚 𝑥 2.5 𝑐𝑚. So, the unit cell number is 16 𝑐𝑒𝑙𝑙𝑠 𝑥 20 𝑐𝑒𝑙𝑙𝑠 on each wall. The simulation is 

done with the Eigen-mode solver in HFSS. The simulation model is shown in Figure 3.9 for an 

accuracy of ∆𝑓 = 1 %.  
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Figure 3.9 : Rectangular metallic box with two metamaterial walls 

 

Figure 3.10 : Resonant mode frequencies for the PEC cavity by theory Vs. Metamaterial cavity 
simulated with Eigen-mode solver in HFSS  

The resonant frequencies and the LUF for the metamaterial RC are compared to the PEC RC 

and shown in Figure 3.10. This figure shows that the resonant frequency of the 60th resonant mode 

for the PEC RC is at 1534 𝑀𝐻𝑧 while it is at 325.1 𝑀𝐻𝑧 for the metamaterial RC. Hence, the 

metamaterial RC reduces the LUF 5 times compared to PEC RC. 
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3.2.3. Characterization of the metamaterial unit cell   

Since a capacitor is needed in the unit cell, its HFSS model is also validated. Two unit cells 

are therefore embedded on the cross-section of a waveguide for characterization in terms of 

reflection coefficient (𝑆11). The calibration kit used is the waveguide WR229 from the FLANN 

microwave. The waveguide is 11A440. The waveguide length is 360.25 𝑚𝑚. The cross section 

of this waveguide is 29.08 𝑚𝑚 ×  58.17 𝑚𝑚. According to the calibration kit datasheet, the 

operation frequency of the waveguide is from 3.22 𝐺𝐻𝑧 to 4.9 𝐺𝐻𝑧. 

First, the capacitor value must be adjusted to have a resonance in this frequency band. Figure 

3.11 shows the shift in frequency when the 39 𝑝𝐹 capacitor is replaced with the 0.1 𝑝𝐹 capacitor. 

For 0.1 𝑝𝐹  capacitor value, the frequency is shifted to 3.13 𝐺𝐻𝑧. The package size of this capacitor 

is the package 0402 (𝑙𝑒𝑛𝑔𝑡ℎ = 1 𝑚𝑚,𝑤𝑖𝑑𝑡ℎ = 0.5 𝑚𝑚) while for the 39 𝑝𝐹  capacitor, it was the 

package 0603 (𝑙𝑒𝑛𝑔𝑡ℎ = 1.6 𝑚𝑚,𝑤𝑖𝑑𝑡ℎ = 0.8 𝑚𝑚). These dimensions have been used 

previously in the last section to simulate the capacitor with a surface polarized impedance. The 

simulation model and prototype of the two unit cells embedded in the waveguide are modeled, 

simulated, constructed, measured and compared in the following sub-section.  

 

Figure 3.11 : Choice of the new capacitor value by simulation with HFSS of the unit cell. 
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3.2.3.1. Simulation model and prototype   

 

(a) 

 

(b) 

 

Top View

Bottom 

View

Front View Diametric 

View

Wave port
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2
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Copper

Dielectric

Capacitor

Figure 3.12 : Two unit cells test in waveguide (a) 3D views (b) 2D views 
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According to the waveguide cross-section, two unit cells are inserted. Since the size of each 

unit cell is 25 𝑚𝑚× 25 𝑚𝑚, there are remaining gaps that are completed by metallic lines. The 

model is presented in Figure 3.12.  

In this model, the copper lines and ground plane have 35 𝜇𝑚 thickness. The waveguide walls 

is in aluminum with 8 𝑚𝑚 thickness. The prototype is constructed and photos are presented in 

Figure 3.13.   

 

Figure 3.13 : The prototype of the two unit cells inserted in the WR229 waveguide: (a) Back view (b) 

Top view (c) Place to insert two unit cells (d) Two unit cells attached in the waveguide and locked with 
screws. 

(a)

(b)

(c) 

(d) 

Copper

 =    𝟎𝟎𝟎 𝟎𝟎𝟎 𝒔/ 

Copper

 =    𝟎𝟎𝟎 𝟎𝟎𝟎 𝒔/ 

Aluminum 

 = 𝟑  𝟎𝟎𝟎 𝟎𝟎𝟎 𝒔/ 



53 

 

3.2.3.2. Measurement data vs. simulation results  

In the simulations and measurements, we focus in the 3.22 𝐺𝐻𝑧~4.9 𝐺𝐻𝑧 frequency band 

because the waveguide for the unit cell test operates in this frequency band. Simulation and 

measurement results are now compared in same graph as shown in Figure 3.14 and 3.15. The 

resonance happens at 3.708 𝐺𝐻𝑧 in the simulation but only at 3.492 𝐺𝐻𝑧 in the measurement for 

𝐶 = 0.1 𝑝𝐹. This frequency shift may be the effect from the capacitor tolerance. In the datasheet 

of the SMD capacitor, for 𝐶 = 0.1 𝑝𝐹, it indicates that the tolerance value is ±0.05 𝑝𝐹. So, the 

simulation model with the capacitor 0.1 𝑝𝐹  and 0.15 𝑝𝐹 will be compared to the mesurement. The 

capacitor value increase leads to the reduction of the resonant frequency as presented in Figure 

3.14. The resonance gets closer to the measurement one with a level difference. For the comparison 

of phase as presented in Figure 3.15, the measurement results almost fit to the case of 𝐶 = 0.15 𝑝𝐹  

as well.  

After comparison, it comes to the conclusion that the capacitor real value in the prototype board 

seems to be 0.15 𝑝𝐹 so that the resonant frequency is at 3.5 𝐺𝐻𝑧 as in the measurement results. 

There are still some differences in the magnitude and frequency due to tolerance in capacitor width, 

length and height as well as the real value of loss tangent and the conductivity of the dielectric 

material. The way the capacitor is simulated in the unit cell can however be considered as efficient 

regarding the measurement and simulation comparison on this case.    

 

Figure 3.14 : 𝑺𝟏𝟏 magnitude in dB for model simulation vs. measurement data 
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3.3. Conclusion 

In this chapter, the MET is developed for the analysis and selection of metamaterial type in 

order to use it on the walls of the reverberation chamber. The surface impedance of several unit 

cell structures are observed through the Ansys-HFSS simulation to find the suitable one. Then a 

unit cell structure is selected and characterized through simulation and measurement. A good 

agreement is observed between the simulation and the measurement of the metamaterial unit cell 

prototype.    

 

Figure 3.15 : 𝑺𝟏𝟏 phase for model simulation vs. measurement data 
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Chapter 4: Sensitivity analysis and characterization of 

reverberation chamber prototype 
4. Sensitivity analysis and characterization of reverberation chamber prototype 

In this section, the reverberation chamber with the metallic and the metamaterial walls will be 

designed and characterized. This chapter is divided into three parts. In the first part, the rectangular 

cavity with metallic walls is analyzed to choose the suitable material. Then the rectangular cavity 

with metamaterial walls is studied through parametric analysis to refine the cell’s parameters. 

These studies are achieved with the Eigen-mode solver of Ansys-HFSS software. In the second 

part, the reverberation chamber with metamaterial walls is characterized by the full-wave Ansys-

HFSS software. The antenna and the stirrer are selected to generate homogeneous electromagnetic 

field into the chamber. The antenna positions, the number of measurement points and stirrer 

positions are justified to get the standard deviation. The LUF value is extracted from the simulation 

data. In the third part, the RC with metallic and metamaterial walls are measured to extract the 

LUF.  Results are compared to simulations.    
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4.1. Sensitivity analysis on the cavity  

In this section, several parametric analyses are done to choose properly the materials 

(dielectric, metal) and the capacitor used in the unit cell. The cavity is first qualified “empty” which 

means without the antenna, the stirrer or the probe through HFSS simulations.  

4.1.1. Metallic walls selection 

The internal dimension of the reverberation chamber is defined, as stated before as   

(300 𝑚𝑚,500 𝑚𝑚,400 𝑚𝑚) along x, y and z axis as shown in Figure 4.1.   

 

Figure 4.1 : The simulation model of small cavity box 

Initially, only the metallic walls reverberation chamber is analyzed to choose the walls 

material. The resonant frequencies with aluminum and copper walls are computed with HFSS. In 

both cases, the thickness of the metallic walls is set to 1mm which is much higher than the skin 

depth.  

For the first resonant frequency at 479 𝑀𝐻𝑧, the skin depth is 5.14 𝜇𝑚 for the aluminum walls. 

So, thickness is ruled by the strength of the aluminum sheet not by the RF properties. To have 

strong walls and be confident with skin effect, the thickness for the prototype walls is 3mm.  

The quality factor depends on the frequency and the metallic conductivity. The Q-factor of the 

chamber defines the ability of the chamber to store the excited energy in the chamber for a period 

of time 𝜏. This value gives the information on how much power needs to be inserted to get the 

specific field strength for EMC test (normally for immunity test).  The formula of the Q-factor, 

which is the modified form of (2.2), is function of the metallic conductivity 𝜎 as shown in equation 

(4.1).   
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where 𝑉 is the total volume of the chamber (𝑉 = 𝑎 × 𝑏 × 𝑑), 𝑆 is the total internal surface of the 

metallic walls (𝑆 = 2𝑎𝑏 + 2𝑏𝑑 + 2𝑑𝑎), 𝑐 is the speed of light in free space, 𝑓 is the frequency, 𝜎 

is the metallic conductivity, 𝜇0 is the free space permeability and (𝑎, 𝑏, 𝑑) are the three dimensions 

of the rectangular cavity.     

The HFSS model of reverberation chamber is simulated with the aluminum and copper walls. 

The aluminum conductivity is 𝜎𝑎𝑙𝑢𝑚𝑖𝑛𝑢𝑚 = 20 × 106 𝑆/𝑚. The copper material has the 

conductivity 𝜎𝑐𝑜𝑝𝑝𝑒𝑟 = 57 × 106  𝑆/𝑚.  

Table 4.1 shows the comparison of the Q factor for aluminum and copper walls. The criteria 

in this simulation is a maximum ∆𝑓 = 1%.  

Table 4.1 : The first 10 resonant frequencies and Q-factor for chamber with aluminum versus copper 

walls 

Mode PEC Aluminum Box Copper Box 

f [MHz] f [MHz] Q-factor f [MHz] Q-factor 

1 479.902 479.902 9719 479.912 16408 

2 582.691 582.692 11697 582.724 19748 

3 624.567 624.567 12470 624.622 21053 

4 692.791 692.792 13691 692.888 23116 

5 692.791 692.792 13691 692.924 23117 

6 707.059 707.059 13940 707.160 23537 

7 780.484 780.485 15195 780.576 25655 

8 807.215 807.216 15640 807.219 26403 

9 865.786 865.787 16593 865.796 28013 

10 865.786 865.787 16593 865.801 28014 

The results indicate that the Q factor with copper walls is higher than with aluminum walls, 

even if, both cases give high values of Q-factor. These high values of Q-factors are related to the 

high conductivity of both metallic materials. The resonant frequencies in both cases are almost 

identical and very close to those calculated from the perfect electric conductivity cavity. As known 

from the theory, the LUF will therefore not be dependent on metal type but only on the chamber 

dimensions.   

In conclusion, the reverberation chamber with aluminum walls is chosen because it allows high 

Q-factor for lower price than with copper walls, since the copper is 3 to 4 times more expensive 

than aluminum. Moreover, aluminum presents acceptable solidity strength and is easy to mill, 

punch, bend, cut, drill or join.   

4.1.2. Material and capacitor selection for the metamaterial walls 

The unit cell dimension and structure are defined in section 3.2.1. The metamaterial walls 

parameters of the reverberation chamber are now analyzed in this section. The effect of the 
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dielectric loss tangent and dielectric thickness is observed on the resonant frequencies and the Q-

factor of the cavity. Then, the capacitor is selected to have the resonance below the LUF. This 

condition gives the negative surface impedance of metamaterial. The HFSS simulation model is 

shown in Figure 4.2. In this model, two metamaterial walls are inserted, all the other walls remain 

in PEC. The metallic lines that connect the capacitors are also defined as PEC sheets to save 

computation time and memory storage.   

Two dielectric materials are selected to compare their effects on the LUF and Q-factor. Those 

dielectric are Roger RO4003 and RO4232 because these dielectric boards present different 

permittivity, loss tangent and multiple choice of thickness. Five simulations are performed so that 

only one parameter is changed between two of them. The analysis is performed on the dielectric 

relative permittivity, the dielectric thickness, the dielectric losses and the capacitor value of the 

unit cell. According to Annex 6.5, both walls with distance 30 𝑐𝑚 are chosen to hang the 

metamaterial walls on them.  

 

Figure 4.2 : HFSS model of the rectangular cavity with two metamaterial walls 

4.1.2.1. Dielectric relative permittivity effect 

In this section, performances are observed against dielectric permittivity. The chosen relative 

permittivity values are 3.2 in the first case and 3.55 in the second case, which correspond to Roger 

RO4232 and RO4003, respectively. For both cases, the thickness is 1.524mm, the loss tangent is 

0.0021 and the capacitor is 39pF. The simulation results are shown in Table 4.2, for the maximum 

∆𝑓 = 1% in Ansys-HFSS software.  
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Table 4.2 : Comparison table for RO4232 and RO4003 substrates with relative permittivity 3.2 and 

3.55, respectively. 

Mode Permittivity = 3.2 Permittivity = 3.55 

f [MHz] Q-factor f [MHz] Q-factor 

1 164.348 46450 164.588 41440 

2 164.490 46085 165.084 41418 

3 164.927 46110 165.428 41193 

4 165.618 45211 165.510 41080 

5 165.733 44985 166.389 39900 

6 165.809 45768 167.048 40451 

7 166.946 44830 167.931 40059 

8 168.152 44240 169.094 39726 

9 168.247 44601 169.122 38849 

10 169.182 43719 171.649 34932 

According to Table 4.2, the material with lower permittivity gives slightly lower resonant 

frequencies and higher Q-factor than material with high permittivity. In this part, the cavity walls 

are PEC, which explain the high Q-factor observed compared to Table 4.1. However, due to the 

availability of the PCB board Roger RO4003 in the market, the Roger RO4003 is preferred as PCB 

board since performances are comparable to the RO4232.   

4.1.2.2. Dielectric thickness effect 

The effects of dielectric material thickness on the resonant frequencies and Q factor are 

observed in this section. The dielectric material for both cases is RO4003 with a permittivity of 

3.55 and loss tangent of 0.0021. The capacitor value is still 39 𝑝𝐹 . The thickness of the dielectric 

material is 0.762 𝑚𝑚 in the first simulation and 1.524 𝑚𝑚 in the second simulation. The 

simulation criteria is set as maximum ∆𝑓 = 1%. Table 4.3 shows both simulation results.  

Table 4.3 : Comparison of resonant modes when changing thickness of dielectric material 

Mode Thickness = 0.762mm Thickness = 1.524mm 

f [MHz] Q-factor f (GHz) Q-factor 

1 199.264 26357 164.588 41440 

2 200.281 26020 165.084 41418 

3 200.351 26125 165.428 41193 

4 202.319 25423 165.51 41080 

5 203.397 25276 166.389 39900 

6 206.085 24517 167.048 40451 

7 207.848 24804 167.931 40059 

8 209.913 23923 169.094 39726 

9 212.85 24026 169.122 38849 
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10 214.31 23032 171.649 34932 

According to Table 4.3, the resonances move to lower frequencies for larger dielectric 

thickness. It should be resulting from the fact that both impedance walls get closer while the 

dielectric thickness increases and according to Annex 6.5, more resonant modes at low frequencies 

are created. The Q-factor is high at low frequency and decreases at high frequencies since losses 

are more important in the dielectric at high frequencies [100, 101].  

Since, large dielectric thickness presents better performances, the dielectric material with 

1.524 𝑚𝑚 thickness is chosen for the metamaterial walls. 

4.1.2.3. Dielectric losses effect 

In this part, the effects of the dielectric losses on the resonant modes and Q-factor of the 

metamaterial walls RC are studied. The first simulation model contains the PCB board RO4003C 

with 3.55 relative permittivity and 0.0021 loss tangent and 1.524 𝑚𝑚 thickness. The second 

simulation model contains the same PCB board but with the modified loss tangent to 0.0042 to 

analyze its effect. Table 4.4 shows the comparison between both simulations with the simulation 

criteria as maximum ∆𝑓 = 1%.  

Table 4.4 : Two cases with different dielectric loss tangent 

Mode Loss tangent = 0.0021 Loss tangent = 0.0042 

f [MHz] Q-factor f [MHz] Q-factor 

1 164.588 41440 164.556 20926 

2 165.084 41418 165.352 20795 

3 165.428 41193 165.375 20616 

4 165.51 41080 166.549 20759 

5 166.389 39900 168.552 20441 

6 167.048 40451 173.185 19377 

7 167.931 40059 174.067 18973 

8 169.094 39726 177.443 18045 

9 169.122 38849 178.013 18011 

10 171.649 34932 182.817 18010 

The results indicate that the dielectric loss tangent has major effect on the Q-factor of the 

chamber. When the loss tangent is increased, the Q-factor is drastically decreased (factor 2). 

Furthermore, the loss tangent of the material has also an effect on the resonant frequencies in 

particular at high frequencies. It tends to increase the resonant frequency values. 

In conclusion, the dielectric material with lower loss tangent is required to get high value of 

Q-factor. So, the PCB with loss tangent as 0.0021 is chosen as PCB for the design.  



61 

 

4.1.2.4. Capacitor value effect  

In this sub-section, the effect of the capacitor value used for the unit cell is evaluated through 

two simulation cases. The capacitor values are 39pF in the first case and 100pF in the second case. 

Table 4.5 shows the simulation results for the first 10 resonant modes.    

The results from Table 4.5 indicate that the resonant frequencies of the chamber are shifted to 

lower value when the capacitor value of the unit cell is increased. The Q-factor is also higher for 

the case with high capacitor.  

In conclusion, high value of capacitor in the unit cell could give a lower value of the resonant 

frequencies of the chamber. Due to the antenna dimension constraint, the chamber band is 

restricted to 1.5 𝐺𝐻𝑧− 20 𝐺𝐻𝑧, therefore it was decided to use the unit cell with capacitor 39 𝑝𝐹. 

However, in bigger reverberation chamber, such capacitor can be selected to reduce the LUF.  

Table 4.5 : The first 10 resonant frequencies for two capacitor values 

Mode C=39pF C=100pF 

f [MHz] Q-factor f [MHz] Q-factor 

1 164.588 41440 103.181 107237 

2 165.084 41418 103.678 104774 

3 165.428 41193 103.784 105673 

4 165.510 41080 104.512 103134 

5 166.389 39900 105.092 102780 

6 167.048 40451 105.893 101347 

7 167.931 40059 106.209 98196 

8 169.094 39726 107.855 97720 

9 169.122 38849 109.217 97745 

10 171.649 34932 109.265 99445 

 
Finally, the unit cell is achieved on RO4003 substrate with 3.55 relative permittivity, 0.0021 

loss tangent and thickness of 1.524 mm. The capacitors are 39 𝑝𝐹 .   

4.2. Reverberation chamber prototype  

This section focuses on the complete structure of the reverberation chamber. A specific stirrer 

is designed and placed in the chamber. The antenna properties are underlined and the antenna 

position is justified. Then the chamber is qualified with and without the metamaterial walls against 

field uniformity properties. The two reverberation chambers (with aluminum walls and with 

metamaterial walls) are compared to attest from the LUF reduction.    
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4.2.1. Stirrer design and position 

Stirrer is one important component in the reverberation chamber. It is used to achieve the 

electric field uniformity [87]. The shape, size and weight of the stirrer need to be carefully 

considered in the design. The design criteria of the mechanical stirrer in [92] indicates some 

guidelines for its construction. This guideline indicates that the stirrer shape must be asymmetric 

around the rotational axis in order to give different boundary conditions in the chamber for one 

cycle of rotation. Its weight must be balanced on the center of the rotating axis for the stability in 

long-term measurement operation. Its top and side view footprints must be as large as possible. 

The stirrer’s shape should be simple to ease its construction. In order to select the suitable stirrer, 

some stirrer’s structures are studied and compared according to the state of the art. Table 4.6 

summarizes this comparison.   

Table 4.6 : Comparison of some stirrer shapes 

Ref Shape of stirrer Description Selection Reasons 

[88] 

 

The left side stirrer 

is the metallic plate, 

the middle side 

stirrer is the 

irregular Z-folded 

stirrer, the right side 

stirrer is the Z-

folded with shift 

angle between each 

wings. 

The 

irregular Z-

folded 

stirrer (the 

middle) 

The irregular 

Z-folded 

stirrer gives 

low value of 

standard 

deviation 

compared to 

other two.  

[89] 

 

There are 5 different 

shapes of the stirrer 

as presented in the 

figure and named 

from stirrer 1 to 

stirrer 5. 

The stirrer 5 

is selected.  

Stirrer 5 

gives LUF at 

100 𝐻𝑀𝑧. 
Stirrer 3 

gives LUF at 

200 𝑀𝐻𝑧. 
Stirrer 1 

gives LUF at 

300 𝑀𝐻𝑧.    
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[90] 

 

Wings of stirrer 

type I rotate in the 

same direction. 

Wings of stirrer 

type II rotate in 

opposite direction 

with previous one. 

Stirrer type III 

moves in the line.   

The stirrer 

Type I (the 

Z-shaped 

stirrer) is 

selected.   

Stirrer type I 

has a simple 

form and 

gives the 

lowest value 

of the 

standard 

deviation 

amongst the 

three.  

[91] 

 

The rotational axis 

of both stirrer is the 

horizontal axis (u 

axis).  

The stirrer 

at the left 

side is 

selected. 

Both stirrers 

give almost 

same field 

uniformity 

but the Z-

folded stirrer 

has simpler 

form. 

According to the table, the Z-folded stirrer seems to be the best choice because its structure is 

simple and its performances insure field uniformity compared to the other structures.  

In [86] and [93], the stirrer rotational axis location has no significant effect on the chamber 

performance. Hence, the stirrer location is justified against the maximization of the chamber’s 

working volume. In both studies, only one stirrer is used in the chamber. 

In this thesis, the Z-folded stirrer is therefore selected due to its simple form and since it is 

generally used in conventional chamber. Only one stirrer will be used and placed in the chamber 

to maximize the working volume. According to [78], the stirrer should follow a few design rules 

as follow: 

- The stirrer has one dimension that is at least one-quarter wavelength at the LUF  

- The stirrer should have one dimension at least three-quarters of the smallest chamber 

dimension 

- The stirrer volume should represent approximately 8% of the whole volume of RC  

- The stirrer should be shaped asymmetrically to avoid the repetitive field pattern in the RC 

The stirrer design for the small chamber in this thesis according to the above criteria is 

presented in Annex 6.3.  

The proposed stirrer is designed as in Figure 4.3. The material for the stirrer wings and rod is 

the brass with conductivity 15.9 ×  106  𝑆/𝑚. Its conductivity is comparable to aluminum (20 ×

106 𝑆/𝑚) and brass is harder and stronger than aluminum in term of the mechanical properties. 

The thickness of the stirrer wings is 1 mm while the rod’s diameter is 8 mm. See Annex 6.3 for 

more detail on stirrer design. The location of the stirrer is shown in Figure 4.4 to have a maximum 
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working volume and the rotating axis is set on the aluminum walls. By using the location of the 

stirrer’s rotational axis as in the Figure 4.4, the minimum distance from the stirrer wings to the 

nearest wall is 10.2 𝑚𝑚 which is reasonable for a safe margin.    

 

Figure 4.3 : Z-folded stirrer design 
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Figure 4.4 : Stirrer location in the reverberation chamber  

4.2.2. Working volume and field probe location in the reverberation 

chamber 

To qualify the chamber, the electric field needs to be measured at different locations within the 

working volume for several stirrer positions. Normally, 9 positions of the field probe are 

recommended by the IEC standard due to the time constraint in the measurement. To attest to the 

field uniformity, the number of measurement points is studied in simulation.   

Along the x-axis and z-axis, the working volume is located at 
𝜆

4
= 50 𝑚𝑚 (at the LUF as 

1.533 𝐺𝐻𝑧) from both walls (See the detailed analysis in Annex 6.4). Along the y-axis, it is located 

at 50 𝑚𝑚 from the 𝑦 = 0 wall and at 50 𝑚𝑚 from the stirrer. The working volume of the chamber 

is consequently 𝑊𝑤𝑣 × 𝐿𝑤𝑣 × 𝐻𝑤𝑣 = 200 𝑚𝑚× 210 𝑚𝑚× 300𝑚𝑚 along 𝑥, 𝑦, 𝑧 axis. Figure 

4.5 shows the WV location and as example 9 possible locations of field probe in the WV.   

Amongst these 9 locations, 8 locations are at the 8 corners of the WV and one is located in the 

center of the working volume. By reference to the coordinate (0, 0, 0) of the origin O, the 

coordinate of each location of field probe FP1, FP2… FP9 are set as FP1 (5cm, 5cm, 5cm); FP2 

(5cm, 26cm, 5cm); FP3 (25cm, 26cm, 5cm); FP4 (25cm, 5cm, 5cm); FP5 (5cm, 5cm, 35cm); FP6 

(5cm, 26cm, 35cm); FP7 (25cm, 26cm, 35cm); FP8 (25cm, 5cm, 35cm); FP9 (15cm, 15.5cm, 

20cm).  

Within the working volume of the chamber, the locations of the field probe for the cases with 

9, 15 and 27 probe locations lie on 3 horizontal planes as shown in Figure 4.6. 
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Figure 4.5 : The locations of field probe: (a) 3D view with the origin O set in red dot and the positions 

of field probe FP1 to FP9 are on black dot (b) Side view from the back of horn antenna (c) Top view 

These positions will be used in a parametric analysis to choose the number of stirrer angular 

positions and probe positions in part 4.2.4.  
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Figure 4.6 : The location of field probe in the working volume identified by red dot (a) Case 9 field 

probe locations (b) Case 15 field probe locations (c) Case 27 field probe locations. 

4.2.3. Antenna selection and position 

4.2.3.1. Antenna selection 

To generate field in the cavity, the suitable antenna needs to be selected. Table 4.7 shows the 

antenna specification used in the calibration of some reverberation chambers following specific 

standard. The information of the calibration frequency band is also included. Table 4.7 shows that 

a wideband antenna which can cover all the calibration frequency band and with starting frequency 

below the LUF is required.   

Table 4.7 : Antennas specification and frequency band for some reverberation chamber calibration 

Ref.  

Transmitter antenna Receiver antenna Chamber Size  

Measurement LUF 

Type  Freq. band  Type Freq. band (W x L x H)𝑚3 

[51] LPDA 
300MHz-
1.3GHz 

LPDA 300MHz-1.3GHz 4.72 × 7.52 × 5.60 370MHz 

[44] Not specified 
153MHz-

1GHz 
Not specified 153MHz-1GHz Not specified 530MHz 

[63] LPDA 
50MHz-
1GHz 

Field probe 
and 

Biconilog 

antenna 

50MHz-1GHz 8.94 × 6.00 × 3.92 66.76MHz 

[102] LPDA 
80MHz-

1GHz 

E-field probe 
(AR 

FL7218) 
80MHz-1GHz 9.30 × 6.10 × 4.90 82MHz 

It should be noticed that the most common used excitation antennas for reverberation chamber 

are the Log-Periodic Dipole Array antennas (LPDA). An electric field probe is normally used at 
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the receiver part during the first calibration of the new constructed chamber following the IEC 

61000-4-21 standard 

In Table 4.8, the size and frequency band of some LDPA antennas are reported.  

For small reverberation chamber, the antenna selection is a challenge since the frequency band 

and the size of the antenna must be compatible to the chamber’s size. For the classical LPDA 

antenna, the size is too big for our the chamber size of 𝑊 × 𝐿 ×𝐻 = 30𝑐𝑚 × 50𝑐𝑚 × 40𝑐𝑚. 

Table 4.8 : Some available LPDA antennas with specification of frequency range and size 

LPDA Antenna Frequency range Size 

Com-Power ALC-100 300MHz-1000MHz 64.8cm x 54.6cm x 13cm 

Com-Power AC-220 25MHz-2GHz 96cm x 127cm x 63cm 

ETS-Lindgren 3148 200MHz-2GHz 6.4cm x 85.6cm x 73.7cm 

SAS-510-2 

Directional Log 

Periodic Antenna 

290MHz-2GHz 57.4cm x 51.1cm 

LPA2G-HP High 

Power Log Periodic 

Antenna 

190MHz-2GHz 57.4cm x 51cm 

ETS-Lindgren 3147 

Log Periodic Antenna 
200MHz-5GHz 7.6cm x 88cm x 97cm 

Horn antennas can be an alternative to LDPA antennas since they are also directional and have 

high gain. Especially, horn antennas are smaller than LPDA antennas within the same frequency 

band of operation. Table 4.9 shows commercial horn antenna’s size and frequency range 

specification.  

The horn antenna can be fixed on the cavity wall of size 300 𝑚𝑚 × 400 𝑚𝑚 as presented in 

Figure 4.4. The biggest size of the horn aperture must therefore be compared to this surface.  

Table 4.9 : Frequency bands and sizes of horn antennas 

Horn Antenna Frequency range Size (W x H x L) Justification 

H-1498 2GHz - 18GHz 9.9cm x 8.12cm x 

12.44cm 

Minimum frequency at 2GHz so higher 

than the expected LUF. 

PowerLOG 

10800 

1GHz - 8GHz 23.5cm x 17.5cm x 

25.2cm 

Aperture maximum size is 23.5cm which 

is big compared to chamber size. So, it is 

not selected. 

PowerLOG 

70180 

700MHz - 

18GHz 

23.5cm x 17.5cm x 

25.2cm 

Aperture maximum size is 23.5cm which 

is big compared to chamber size. So, it is 

not selected. 

BBHA 9120 A 1GHz - 5GHz 24.5cm x 14.2cm x 

22cm 

Aperture maximum size is 24.5cm which 

is big compared to chamber size. So, it is 

not selected. 
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BBHA 9120 B 1.25GHz - 

10GHz 

18.2cm x 12.4cm x 

27.2cm 

Aperture maximum size is 18.2cm which 

is big compared chamber size. So, it is 

not selected. 

BBHA 9120 C 2GHz - 18GHz 9.8cm x 6.8cm x 

14cm 

The minimum frequency at 2GHz so 

higher than the expected LUF.  

BBHA 9120 D 1GHz - 18GHz 25cm x 14.2cm x 

19.5cm 

Aperture maximum size is 25cm which 

is big compared to chamber size. So, it is 

not selected. 

SAS-571 700MHz - 

18GHz 

24.4cm x 14.2cm x 

20.3cm 

Aperture maximum size is 24.4cm which 

is big compared to chamber size. So, it is 

not selected. 

TBMA4 1GHz - 18GHz 24.1cm x 15.3cm 

21.4cm 

Aperture maximum size is 24.1cm which 

is big compared to chamber size. So, it is 

not selected. 

DRH20E 1.6GHz - 

20GHz 

10.38cm x 7.87cm x 

12.27cm 

The lowest frequency and the size of the 

antenna are acceptable. 

The advantage of the horn antenna is that only the aperture may be considered if the horn 

antenna is placed on the wall side while for the LDPA antenna, it is mandatory to put it in the 

chamber. It should be reminded that the size of the chamber is 30𝑐𝑚 ×40𝑐𝑚 × 50𝑐𝑚 and its 

estimated LUF is 1.533 𝐺𝐻𝑧 for metallic walls chamber in empty case. Therefore, this antenna 

will satisfy the criteria to have the LUF in its band, since the required minimum operating 

frequency of the antenna must be lower than the expected LUF of the chamber.  

The best option amongst the antennas in the table is the horn antenna model DRH20E with 

size 10.38𝑐𝑚 × 7.87𝑐𝑚 × 12.27𝑐𝑚  and frequency range from 1.6 GHz to 20 GHz. This is the 

most suitable choice for our selected chamber’s size. The horn antenna DRH20E is shown in 

Figure 4.7. It is selected for the measurements.  

 

Figure 4.7 : DRH20E double ridged horn antenna (dimension in mm) 

Due to the small size of chamber, the excitation antenna is placed outside of the chamber and 

fixed on chamber wall. The purpose is to have the largest working volume possible. Since the 

antenna walls are opened, tests must be done when filling them to verify that the performances at 
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lowest frequencies are still acceptable. So, the antenna is measured with and without the metallic 

walls on its sides.  

The structure of the proposed horn antenna has been modeled and simulated with Ansys-HFSS. 

The purpose is to get a model with almost similar characteristic to the real antenna in order to 

estimate its best position to generate the field in the reverberation chamber model. The simulation 

and measurement results in term of reflection coefficient (𝑆11) are presented in the Figure 4.8. 

Initially, the antenna is qualified against its physical parameters but the results were very different 

from the measured one since it was difficult to represent well its feeding access.  

 

Figure 4.8 : Reflection coefficient of the horn antenna model vs. the real horn antenna with and 

without covering side walls by metallic sheets. 

If we consider the band at |𝑆11| = −10 𝑑𝐵, the antenna model can operate from 1.42 GHz up 

to 5 GHz while the real antenna can operate from 1.514 GHz and 1.685 GHz up to 5 GHz 

respectively in the case without and with metallic side walls. The differences between the model 

and antenna results is acceptable. Covering the open wall is also acceptable even if it is reducing 

the band.  

4.2.3.2. Position of the excitation antenna   

To define the antenna position, three cases are considered and compared against the 

performance on the field uniformity. The antenna is placed at the top-left, the middle-left and the 

middle-right of the wall opposite to the stirrer for the case 1, case 2 and case 3, respectively. The 

detailed locations of the antenna on each case are shown in Figure 4.9 to 4.11.   
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Figure 4.9 : Position of case 1 

 

Figure 4.10 : Position of case 2 

 

Figure 4.11 : Position of case 3 

Simulations are now achieved with Ansys-HFSS to select according to the standard deviation 

one of these three excitation positions. The electric field data from various points in the working 
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volume are exported in a MATLAB code following the IEC 61000-4-21 standard. The electric 

field uniformity in the working volume is now observed with different number of field probe 

positions such as 9, 15 and 27 positions as shown Figure 4.6 and different number of stirrer angles 

since the number of field probe locations and number of stirrer angles must be defined for 

measurements. It is the purpose of next part.  

4.2.4. Configuration set up 

Simulation are performed with the accuracy ∆𝑆 = 0.02 for seven frequency points selected as 

1.5 𝐺𝐻𝑧, 1.683 𝐺𝐻𝑧, 1.888 𝐺𝐻𝑧, 2.118 𝐺𝐻𝑧,2.376 𝐺𝐻𝑧, 2.665 𝐺𝐻𝑧 and 2.99 𝐺𝐻𝑧. Due to time 

constraints and calculation resources, the simulation can only be done on these seven frequency 

points and with frequencies lower than 3 𝐺𝐻𝑧.   

In the results, the numbers in red color present a value higher than the threshold limit of 3dB 

according to the IEC 61000-4-21, since it indicates that from the frequency of 400 MHz, the 

standard deviation limit for the field uniformity is 3 𝑑𝐵. The ones in green are close to the limit 

and may be due to numerical error. They can be considered as acceptable. Next sub-sections 

present the method to get the set up configuration for measurements.  

4.2.4.1. Selection of number of stirrer angles 

In this section, the required number of stirrer angle is observed. The full wave simulation is 

done for position of the excitation antenna as in case 1 (as shown in Figure 4.8), for 12, 18 and 36 

stirrer angles, and for 27 probe locations. The measurement points are set as 27 locations in the 

working volume as presented in Figure 4.5 (c). Table 4.10 shows the results of the standard 

deviation for metallic walls reverberation chamber. Since data from 27 probe locations are 

recorded, it ensures that there are enough data points for statistical estimation of the field 

uniformity. So, in this section, only the stirrer angles are under consideration. 

 According to Table 4.10, with the increase of the number of stirrer angle, the standard 

deviation of the electric field is more accurate. This is due to the fact that some boundary conditions 

are not presented with limited stirrer angles. Amongst the 3 cases, the case with 36 stirrer angles 

gives the accurate estimation of the field uniformity since results are comparable to the simulations 

and stable when compared to lower number of stirrer positions.  

Since large number of stirrer angles is not difficult to achieved in the measurement, 36 stirrer 

angles will be used as measurement parameter. From Table 4.10, the LUF of the chamber is found 

to be above 2.118 𝐺𝐻𝑧.   
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Table 4.10 : Standard deviation (in dB) for antenna in position of case 1, metallic chamber, for 12, 18 

and 36 stirrer angles, and for 27 locations of field probe 

 

4.2.4.2. Selection of number of field probe locations 

According the statistical rules, numerous measurement points would give more accurate 

estimation of the results but it is time consuming since the probe location must be changed 

manually. The simulation in this section is used to decide on the appropriated number of field 

probe locations to be chosen. With only one available field probe and with time constraint in the 

measurement, a minimal number of field probe locations is preferred. Table 4.11 shows the results 

of the standard deviation for metallic walls reverberation chamber in the antenna position of case 

1, with 36 stirrer angles and with 9, 15 and 27 field probe’s locations as presented in Figure 4.6. 

Due to Table 4.11, the case with 15 locations of field probe is the best case for predicting the field 

uniformity since 9 positions lead to a little over estimation of the LUF. However, since the 

overestimated values are close to 3 dB and may also be due to numerical errors, 9 positions can 

therefore be acceptable. To save time, 9 points location is chosen as measurement parameters.  

Hence, the measurement will be done with 36 stirrer positions and with 9 locations of field 

probe.   

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 2.616889539 3.359766989 3.202556214 3.965597138 3.079866356 2.871667809 3.010048861

SigmaY dB 0.018942261 0.998611841 0.632627546 0.065598487 2.095924198 0.189546285 0.847181375

SigmaZ dB 0.476210375 1.487239529 1.204066527 0.090856333 2.71856321 1.141546774 2.648793204

SigmaXYZ dB 1.617421004 2.50399495 2.194512719 2.442612689 2.781391621 2.198887005 3.00552213

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 4.212914713 3.570883769 2.766255237 3.776870457 2.909922525 2.267501511 2.757421867

SigmaY dB 1.799635435 2.57063272 1.161004028 1.967276962 2.050104247 0.790440359 0.846978167

SigmaZ dB 3.697023797 1.155289958 0.304878018 0.269537778 1.759720539 2.095219822 1.975737595

SigmaXYZ dB 4.701099475 3.033772124 2.319315551 2.995238405 2.273969074 1.930399551 3.217263474

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 3.897710831 3.052054228 3.296562822 3.165894832 2.714513148 2.684706415 2.607855642

SigmaY dB 0.309420053 1.794407013 2.097796187 1.458040862 1.9536536 2.27007906 0.872396367

SigmaZ dB 2.306655119 1.777720495 0.515808866 1.582623769 1.751115515 2.689342969 2.312708488

SigmaXYZ dB 3.703941653 2.541531049 3.666916589 2.538367223 2.171203843 2.682615924 2.866089061

36 stirrer step, 27FP

Antenna Position 

Case1

Frequency[GHz]

12 stirrer step, 27FP

Antenna Position 

Case1

Frequency[GHz]

18 stirrer step, 27FP

Antenna Position 

Case1

Frequency[GHz]
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Table 4.11 : Standard deviation (in dB) for antenna in position of case 1, metallic chamber, for 36 

stirrer angles, and for 9, 15 and 27 locations of field probe 

 

4.2.4.3. Selection of the antenna location on RC’s wall 

In this section, the position of the excitation antenna is observed. The full wave simulation is 

being done on each position of the excitation antenna as presented in Figure 4.9, 4.10 and 4.11 

with 36 stirrer angles and 9 locations of field probe. Simulation criteria remain identical as in 

previous parts.  

Table 4.12 shows the standard deviation results for these three cases of antenna position. 

Simulations are done only from 2.99 GHz down to 2.118 GHz since these 4 frequency points give 

enough data for LUF determination. According Table 4.12, the antenna position in case 1 gives 

the best field uniformity amongst the 3 cases. So, the antenna position of case 1 is used in the 

measurement.  

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 3.223217928 3.21760294 2.902128509 2.494385704 3.149475074 2.513420721 2.87505521

SigmaY dB 1.192500017 2.604806027 2.444663964 2.025267683 3.265665295 2.373570788 3.057898494

SigmaZ dB 2.019307124 1.761942089 3.185995901 2.209536996 1.733813054 2.495834247 0.096160274

SigmaXYZ dB 4.020413406 2.614728311 4.229683093 2.470084669 2.790956411 2.429680094 2.406251551

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 3.864425609 2.755020093 3.022790386 3.191177545 2.868545736 2.960442464 2.796187496

SigmaY dB 0.248460604 1.782786218 2.267149532 1.463318102 2.10945427 2.380824813 0.789773191

SigmaZ dB 1.715372324 1.670531273 0.637470283 1.782233243 1.84572756 3.041633192 2.652512095

SigmaXYZ dB 3.846819856 2.334208946 3.395172162 2.568333408 2.297199446 2.820929662 2.984224372

1.5 1.683 1.888 2.118 2.376 2.665 2.99

SigmaX dB 3.897710831 3.052054228 3.296562822 3.165894832 2.714513148 2.684706415 2.607855642

SigmaY dB 0.309420053 1.794407013 2.097796187 1.458040862 1.9536536 2.27007906 0.872396367

SigmaZ dB 2.306655119 1.777720495 0.515808866 1.582623769 1.751115515 2.689342969 2.312708488

SigmaXYZ dB 3.703941653 2.541531049 3.666916589 2.538367223 2.171203843 2.682615924 2.866089061

36 stirrer step, 9FP

36 stirrer step, 15FP

Antenna Position 

Case1

Antenna Position 

Case1

Frequency[GHz]

Frequency[GHz]

36 stirrer step, 27FP

Antenna Position 

Case1

Frequency[GHz]
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Table 4.12 : Standard deviation (in dB) for antenna in position of case 1, case 2 and case 3, metallic 

chamber, for 36 stirrer angles and for 9 positions of field probe  

 

Hence, for the measurement set up, the antenna position case 1, the 9 field probe locations and 

36 stirrer angles are used as the measurement parameters. With such conditions, the LUF of the 

metallic RC is expected to be 2.376 𝐺𝐻𝑧.  

By using these set up parameters, the metamaterial walls reverberation chamber is also 

simulated. The field uniformity results are shown in Table 4.13. Due to limitation of computational 

resources, the simulation is done only up to 2.118 GHz. In this same conditions to the set up for 

metallic RC (antenna position case 1, 36 stirrer positions and 9 probe locations), the LUF of the 

metamaterial chamber is attended lower than 1.5 𝐺𝐻𝑧 even if the highest frequencies have not 

been tested due to computational resources.   

Table 4.13 : Standard deviation (in dB) for antenna in position of case 1, metamaterial chamber, for 36 
stirrer angles and for 9 positions of field probe 

 

2.118 2.376 2.665 2.99

SigmaX dB 2.494385704 3.149475074 2.513420721 2.87505521

SigmaY dB 2.025267683 3.265665295 2.373570788 3.057898494

SigmaZ dB 2.209536996 1.733813054 2.495834247 0.096160274

SigmaXYZ dB 2.470084669 2.790956411 2.429680094 2.406251551

2.118 2.376 2.665 2.99

SigmaX dB 2.49436076 2.805352788 2.640029468 2.393935378

SigmaY dB 1.572133367 4.029896416 0.390771556 2.085449209

SigmaZ dB 1.714976755 3.839758741 1.109173099 1.454238822

SigmaXYZ dB 2.188891322 3.498434507 2.2277046 2.078610985

2.118 2.376 2.665 2.99

SigmaX dB 2.881775666 2.656610987 3.14068997 1.487555297

SigmaY dB 1.424890208 3.548318787 0.643140911 2.529342018

SigmaZ dB 2.940485191 3.113857494 0.851359427 0.119905756

SigmaXYZ dB 2.796808313 3.115180869 2.280349565 1.762975703

36 stirrer step, 9FP

Frequency[GHz]

36 stirrer step, 9FP

Frequency[GHz]Antenna Position 

Case1

Antenna Position 

Case2

Antenna Position 

Case3

36 stirrer step, 9FP

Frequency[GHz]

1.5 1.683 1.888 2.118

SigmaX dB 1.431885346 1.682490752 1.984092756 2.855124549

SigmaY dB 0.727167319 1.823316547 0.257961959 2.470665907

SigmaZ dB 1.996895442 2.32190975 1.319452603 1.915800836

SigmaXYZ dB 1.543333704 1.933809346 3.082187683 3.013724628

36 stirrer step, 9FP, Metamaterial walls

Antenna Position 

Case1

Frequency[GHz]



76 

 

4.3. Measurement and qualification of the chamber 

This section is divided into three parts. The first part is related to the measurement 

configuration and data extraction from the S-parameters. The second part is related to the prototype 

of the reverberation chamber with metallic walls and metamaterial walls. And the third part is 

related to the LUF extracted from measurement results, the comparison with simulation and 

between the two prototypes.  

4.3.1. Measurement configuration and data extraction 

For the field uniformity validation by the measurement, the equipments are the reverberation 

chamber (with metallic walls and with metamaterial walls), the vector network analyzer model 

ANRITSU 37369C, the E-field probe system model EFS-105 and the double ridged horn antenna 

model DRH20E. In the reverberation chamber, the rotation of the stirrer is automatically controlled 

by the designed GUI on the stepper motors with built-in controller model ZABER X-NMS23. 

First, the chamber with aluminum walls is measured then two metamaterial panels are added on 

two metallic walls distant of 30 cm from each other to measure the metamaterials walls RC. The 

configuration of the measurement system is shown in Figure 4.12.  

 

Figure 4.12 : Measurement configuration for RC qualification 

In this configuration, the VNA is connected to the excitation antenna through port 1 and to the 

field probe base unit through port 2. The electric field probe will be moved along each point 

represented by 𝐹𝑃1,… ,𝐹𝑃9 for 3 polarizations. During the measurement, the VNA is only sending 

power on port 1, for probe protection. It measures therefore only 𝑆21 and 𝑆11. The measurement is 
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done for antenna position of case 1, 9 field probe locations and 36 stirrer step angles. For each 

polarization, the probe must be moved (position + polarization). So, the total number is 9 × 3 =
27 positions of the probe. The measurement procedure is shown in Figure 4.13.  

 

Figure 4.13 : Measurement procedure 

In this procedure, the measurement frequency points, the 1st location and 1st polarization of the 

field probe are set. The stirrer angle is set to 0𝑜 . Then the 𝑆21 parameter is recorded. This data will 

be used to get the electric field strength as described below. Then, the stirrer’s angle is increased 

by step of 10𝑜  and the 𝑆21 is recorded again. The stirrer’s angle is increased until 350𝑜  which 

means that one cycle is completed and the 𝑆21 is recorded for each stirrer angle. In the 2nd step, the 

measurement is done on the 2nd polarization by changing the axis of the probe head to another 

direction. The measurements of the 𝑆21 for each stirrer angle are repeated again from 0𝑜  until 350𝑜  

which corresponds to 36 angles in total. Then, the measurement on the 3rd polarization is done the 

same way. At the 3rd step, the measurement is done on a new location (FP points) of the field 

probe. The procedure of changing the polarization as in the 2nd step as well as changing the stirrer 

angle as in the 1st step is repeated again on this new location of field probe. The measurement is 

done the same way for the 9 locations of field probe. Finally, all the 𝑆21 data for all 9 probe 

locations, 3 polarizations and 36 stirrer angles are recorded on the 20 frequency points. The AF 

antenna factor and 𝑍0 impedance are combined with measurement data to extract the electric field 

strength as presented in the next section. 
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The measurement frequency is from 1.5 𝐺𝐻𝑧 to 4.5 𝐺𝐻𝑧 within the 20 frequency points 

selected with the logarithmic distribution. The 𝑆21 parameters including the antenna factor (AF) 

and the impedance 𝑍0 are used to calculated the electric field strength measured from the field 

probe. As example
,

ˆ
x pE  from the formula (2.4) of chapter 2 can be modified according to the 

measurement data as in the following analysis.  

  ,0,10 ,...,350

,

max
ˆ

o o x p

x p

input

E

E
P



                  (4.2) 

where 𝜑 is the stirrer angle position, 𝑝 is the location of field probe, 𝑃𝑖𝑛𝑝𝑢𝑡  is the input power.  

The VNA measures 𝑆21. So,  

21
trans

input

P
S

P
                  (4.3) 

where 𝑃𝑡𝑟𝑎𝑛𝑠  is the transmitted power from port 1 to port 2:
2

0

trans

V
P

Z
 with 0 50Z   . The input 

power 𝑃𝑖𝑛𝑝𝑢𝑡  is the injected power through port 1.  

The relation between the electric field and voltage, in the probe use, is linked by the antenna factor 

(AF): 

,
ˆ

x pE AF V   

Since 
2

0

trans

V
P

Z
 , 𝑉 is deduced with 

0 transV Z P   

So, , 21 0
ˆ

x p inputE S AF Z P  

Finally, the normalized electric field is calculated as 

 0 21 0
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ˆ N input

x p

input

S AF Z P
E
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  

  

 
 

0,10 ,...,350
, 21 0

ˆ max
o ox pE S AF Z



              (4.4) 
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Finally, the normalized electric field strength for the 𝑦 and 𝑧 polarization as in formula (2.5) and 

(2.6) are calculated the same way. The formula (2.7) to (2.18) are then used to get the standard 

deviation of the electric field in the working volume.  

4.3.2. Chamber prototype with metallic and with metamaterial walls 

The prototype of the reverberation chamber with aluminum walls is shown in Figure 4.14. The 

antenna, the electric field probe, the VNA, the coaxial cables, the optic fiber and the stirrer inside 

the chamber are also shown here. This configuration is used for the qualification of the 

reverberation chamber.  

 

Figure 4.14 : The equipement for chamber qualification (a) Antenna and field probe (b) Inside view of 
aluminium walls chamber including field probe head and stirrer (c) VNA (d) Whole chamber structure 
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As stated in the previous section, the prototype of the reverberation chamber with the 

metamaterial walls is achieved by adding the metamaterial panels on the metallic walls of the 

conventional chamber. This configuration gives the possibility to use only one chamber for the 

two cases. The other advantage is the possibility to use different metamaterial panels for future 

research. The reverberation chamber with metamaterial walls is shown in Figure 4.15. The 

metamaterial panel with 16 𝑐𝑒𝑙𝑙𝑠 × 20 𝑐𝑒𝑙𝑙𝑠 constructed on the RO4003C of size 400𝑚𝑚 ×
500𝑚𝑚 which is also shown in the same figure. To ease the measurement, the polystyrene is used 

to support the probe head.   

 

Figure 4.15 : (a) One of the metamaterial wall (b) Inside view of reverberation chamber with 
metamaterial walls 

4.3.3. LUF results, comparison and discussion 

The standard deviation results extracted from the measurements of the chamber with aluminum 

walls is shown in Figure 4.16. The results show that the LUF of this aluminum walls reverberation 

chamber is around 2.674 𝐺𝐻𝑧, with several peaks above 3 𝑑𝐵 below this frequency. Compared to 

the simulation results in the same condition presented in Table 4.12, simulation and measurement 

are in good agreement.  

The standard deviation results of the reverberation chamber with metamaterial walls extracted 

from the measurement data is shown in Figure 4.17. The results show that all the peaks are below 

the 3 𝑑𝐵 limit except at 2.674 GHz frequency. This results can potentially be due to the lack of 

measurement points or the unsuitable optimal position of the antenna. Additional tests should be 

carried out to try to determine its origin and eliminate it. Nevertheless, the LUF could to be reduced 
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below 1.5 𝐺𝐻𝑧 if this problematic point is excluded. Since simulations could not be performed 

above 2.118 𝐺𝐻𝑧, the results at this frequency could not be predicted. Since results were slightly 

sensitive to antenna position, other test might be done in measurements for other antenna position.    

 

Figure 4.16 : The standard deviation result for the reverberation chamber with aluminum walls 
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Figure 4.17 : The standard deviation result for the reveberation chamber with metamaterial walls 

4.4. Conclusion 

In this chapter, the analysis and design of the reverberation chamber has been done. The 

chamber components such as the metallic walls, the metamaterial walls, the stirrer, the excitation 

antenna, the location of the field probes and the number of stirrer angles are also analyzed and 

selected through standard deviation performances. The prototypes with and without the 

metamaterial walls are constructed and measured. The results indicate the improvement of the field 

uniformity of the chamber with metamaterial walls at low frequency and on the band even if at 

one particular frequency the 3 𝑑𝐵 limit is exceeded.   
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Chapter 5: Conclusions and future perspectives 
5. Conclusion and future perspective 

In this manuscript, a small reverberation chamber with metallic walls and with metamaterial 

walls is designed, analyzed, constructed and measured. Field observation leads to evaluation of 

the lowest usable frequency. The reverberation chamber which is a choice amongst many testing 

environments is validated according to the IEC 61000-4-21 standard by using a vector network 

analyzer, a double ridged horn antenna and an electric field probe. Before the measurement 

validation, the reverberation chamber with two anisotropic walls is analyzed by using the modal 

expansion theory method modified for the rectangular cavity. The metamaterials are selected for 

characterization and measurement validation by using waveguide calibration kit. The materials 

and components of this reverberation chamber are reviewed, analyzed, selected and modeled 

through Ansys-HFSS simulations. The prototype of the metallic walls reverberation chamber is 

constructed for measurement validation, then two metamaterial panels are hanged on two parallel 

walls to test the reverberation chamber with metamaterial walls. Comparison is made between the 

chamber with metallic walls and with metamaterial walls. The results are promising for the 

reduction of the LUF with metamaterial walls.   

From the beginning of the thesis until the measurement validation of the reverberation 

chamber, many tasks and results have been completed. However, several short-term and long-term 

perspectives are envisaged:  

- Perspective 1: One possibility is the measurement validation with alternative location of 

the double ridged horn antenna hanged on the chamber walls. Changing the antenna 

position may lead to better results with metamaterial walls.  

- Perspective 2: LUF may be improved by using different structures of the metamaterial. 

This improvement should spend less time since the prototype of the chamber is already 

constructed. For example, the capacitor value may be increased to reduce the LUF at lower 

frequencies.   

- Perspective 3: Related to the excitation antenna, a small antenna which can operated at low 

frequency (lower than 1.5 𝐺𝐻𝑧) could be designed to be used in this chamber. It allows 

tests at lower frequencies than 1.5 𝐺𝐻𝑧 to search for the exact LUF in metamaterial case. 

This antenna may be inserted in the cavity if its size is small enough.  

- Perspective 4: Related to the analysis of the chamber with metamaterial walls, only the 

anisotropic walls with constant surface impedance have been set in MET. To improve it, 

the MET should be combined to the FEM analysis on the metamaterial unit cell to give the 

information of the frequency dependency on the surface impedance of the unit cell. This 

improvement would help for LUF optimization with realistic metamaterial and limited 

computation time if the MET is used.  
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Annex 
6. Annex 

6.1. Relation between the transverse and the longitudinal 

components of the electromagnetic field  

From Maxwell’s equations:  

0E j H                               (6.1) 

0 rH j E                   (6.2) 

The electromagnetic field is the combination of the transverse and the longitudinal components 

as written in the form below:  

T zE E E z                        (6.3) 

T zH H H z                        (6.4) 

T z z                         (6.5) 

6.1.1. Propagating in the forward direction (formula with term z z
e

  ) 

The equation (6.5) become: 

 T z z                       (6.6) 

Then,  

     

     

0

0

T TT z z z

T TT z z r z

z E E z j H H z

z H H z j E E z

 

  

       


     



 

 

 

0

0

( ) ( ) ( )

( ) ( ) ( )

T T TT T z z z z z

T T TT T z z z z r z

E E z z E E z z j H H z

H H z z H H z z j E E z

  

   

           


         
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Because:  
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This system is projected on the transverse components in (6.7) and (6.8) equations and along the 

longitudinal components on (6.9) and (6.10) equations.  

0( ) ( )T TT z zE z z E j H                           (6.7) 

0( ) ( )T TT z z rH z z H j E                            (6.8) 

0TT zE j H z                              (6.9) 

0TT r zH j E z                     (6.10) 

Applying to (6.7) with z z  and multiplying (6.8) with 0j  and adding these equations, we get:   

2

0

2

0 0 0 0

( ) ( ) ( )

( ) ( )

T Tz T z z z

T TT z z r

z E z z z E j z H

j H z j z H E

   

      

         
 

     

 

2 2 2

0 0 0 0( ) ( ) ( )T T Tz T z z T z r rz E z z z E j H z E k E                                  (6.11) 

where 
2 2

0 0 0k     

From vector identity:      . .A B C AC B A B C    , we got 
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 ( ) . ( . ) 0T z T z T z T z T zz E z z z E z E z E E           

   ( ) . . 0T T T T Tz z E z E z z z E E E         

Then, (6.11) become, 

2 2

0 0( ) ( ) ( )T Tz T z z T z rE E j H z k E             

2 2

0 0( ) ( ) ( ) 0T Tz T z z T z rE E j H z k E            

2 2

0 0( ) ( ) 0T Tz T z z T z rE E j H z k E           

2 2

0 0( ) ( ) ( )Tz r z T z T zk E E j H z                       (6.12) 

Applying (6.7) with 0 rj   and multiplying (6.8) with z z  and adding these equations, we get:   

2

0 0 0 0

2

0

( ) ( )

( ) ( ) ( )

T Tr T z r z r

T Tz T z z r z

j E z j z E H

z H z z z H j z E

        

    

     
 

         

 

2 2 2

0 0 0 0( ) ( ) ( )T T Tr T z z T z z r rj E z z H z z z H H k H                               (6.13) 

By using the vector identity formula, the same as the procedure above, we got:  

 ( ) . ( . )T z T z T z T zz H z z z H z H z H         

   ( ) . .T T T Tz z H z H z z z H H       

Then (6.14) become,  

2 2

0 0( ) ( ) ( )T Tr T z z T z z rj E z H H k H            

2 2

0 0( ) ( ) 0T Tr T z z T z z rj E z H H k H            

2 2

0 0( ) ( ) ( )Tz r z T z r T zk H H j E z                           (6.14)  

6.1.2. Propagating in the backward direction (formula with term z z
e

  ) 

The equation (6.5) become: 
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T z z                        (6.15) 

Then,  

     

     

0

0

T TT z z z

T TT z z r z

z E E z j H H z

z H H z j E E z

 

  

       


     



 

 

 

0

0

( ) ( ) ( )

( ) ( ) ( )

T T TT T z z z z z

T T TT T z z z z r z

E E z z E E z z j H H z

H H z z H H z z j E E z

  

   

           


         



 

Because:  

 

 

( ) 0 0

( ) 0 0

z z z z

z z z z

E z z E

H z z H

 

 

  

  
 

( ) 0

( ) 0

T z z T T z T z T z

T z z T T z T z T z

E z E z E z E z E z

H z H z H z H z H z

           

           
 

So, 

 

 

0

0

( ) ( )

( ) ( )

T T TT T z z z

T T TT T z z r z

E E z z E j H H z

H H z z H j E E z

 

  

         


        



 

0 0

0 0

( ) ( )

( ) ( )

T T TT T z z z

T T TT T z z r r z

E E z z E j H j H z

H H z z H j E j E z

  

    

          

        

 

This system is projected on the transverse components in (6.16) and (6.17) equations and along 

the longitudinal components on (6.18) and (6.19) equations.  

0( ) ( )T TT z zE z z E j H                                      (6.16) 

0( ) ( )T TT z z rH z z H j E                           (6.17) 

0TT zE j H z                             (6.18) 

0TT r zH j E z                     (6.19) 
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Applying (6.16) with 
z z  and multiplying (6.17) with 

0j  and adding these equations, we get:   

2

0

2

0 0 0 0

( ) ( ) ( )

( ) ( )

T Tz T z z z

T TT z z r

z E z z z E j z H

j H z j z H E

   

      

         
 

     

 

2 2 2

0 0 0 0( ) ( ) ( )T T Tz T z z T z r rz E z z z E j H z E k E                                  (6.20) 

where 2 2

0 0 0k     

From vector identity:      . .A B C AC B A B C    , we got 

 ( ) . ( . ) 0T z T z T z T z T zz E z z z E z E z E E           

   ( ) . . 0T T T T Tz z E z E z z z E E E         

Then, (6.12) become, 

2 2

0 0( ) ( ) ( )T Tz T z z T z rE E j H z k E             

2 2

0 0( ) ( ) ( ) 0T Tz T z z T z rE E j H z k E             

2 2

0 0( ) ( ) 0T Tz T z z T z rE E j H z k E            

2 2

0 0( ) ( ) ( )Tz r z T z T zk E E j H z                    (6.21) 

Applying (6.16) with 0 rj   and multiplying (6.17) with z z  and adding these equations, we get:  

2

0 0 0 0

2

0

( ) ( )

( ) ( ) ( )

T Tr T z r z r

T Tz T z z r z

j E z j z E H

z H z z z H j z E

        

    

     
 

       

 

2 2 2

0 0 0 0( ) ( ) ( )T T Tr T z z T z z r rj E z z H z z z H H k H                               (6.22) 

By using the vector identity formula, the same as the procedure above, we got:  

 ( ) . ( . )T z T z T z T zz H z z z H z H z H         

   ( ) . .T T T Tz z H z H z z z H H       
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Then (6.14) become,  

2 2

0 0( ) ( ) ( )T Tr T z z T z z rj E z H H k H            

2 2

0 0( ) ( ) 0T Tr T z z T z z rj E z H H k H            

2 2

0 0( ) ( ) ( )Tz r z T z r T zk H H j E z                          (6.23) 
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6.2. MET analysis for the rectangular cavity with two 

anisotropic walls 

In this annex, the detailed analysis of the rectangular cavity with two anisotropic surface 

impedance walls will be presented. In this analysis, the expression of the longitudinal components, 

the transverse components and their substitution in the surface boundary conditions will be showed 

in detail.   

6.2.1. Longitudinal components of electromagnetic field 

 

Figure 6.1 : Representation model of reverberation chamber with two anisotropic walls 

According to the PEC boundary condition at the walls 𝑦 = 0, 𝑦 = 𝑏, 𝑧 = 0, 𝑧 = 𝑑 and the 

anisotropic boundary condition at 𝑥 = 0 and 𝑥 = 𝑎 as represented in Figure 6.1. Suppose the 

expression 𝑘𝑧 =
𝑝𝜋

𝑑
 is the phase constant along z direction, then the expression 𝛾𝑧 = 𝑗𝑘𝑧 = 𝑗

𝑝𝜋

𝑑
 is 

the propagation constant along z direction. The parameters n and p are the integers. The planes 

𝑥 = 0 and 𝑥 = 𝑎 are anisotropic impedance surfaces. The propagation constant along x direction 

here is represented by the variable 𝛾𝑥 which is unknown and needs to be found.  

The expression of the longitudinal components of the EM field can be written as:     

     

     

cosh sinh sin

cosh sinh sin

z

z

z

z z x x x x y

z

z x x x x y

E P A x B x e k y

Q A x B x e k y





 

 





   

   

          (6.24) 
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     

     

cosh sinh cos

cosh sinh cos

z

z

z

z z x x x x y

z

z x x x x y

H R c x D x e k y

T C x D x e k y





 

 





   

   

          (6.25)  

By simplifying (6.24): 

     

     

cosh sinh sin

cosh sinh sin

z

z

z

z z x x z x x y

z

z x x z x x y

E P A x P B x e k y

Q A x Q B x e k y





 

 





   

   

 

     

     

1 2

3 4

cosh sinh sin

cosh sinh sin

z

z

z

z x x y

z

x x y

E x x e k y

x x e k y





   

   





   

   

           (6.26) 

where 1 2 3 4; ; ;z x z x z x z xP A P B Q A Q B         

By simplifying (6.25):  

     

     

cosh sinh cos

cosh sinh cos

z

z

z

z z x x z x x y

z

z x x z x x y

H R c x R D x e k y

T C x T D x e k y





 

 





   

   

 

     

     

1 2

3 4

cosh sinh cos

cosh sinh cos

z

z

z

z x x y

z

x x y

H x x e k y

x x e k y





   

   





   

   

          (6.27) 

where 1 2 3 4; ; ;z x z x z x z xR C R D T C T D        

The boundary conditions at walls 𝒛 = 𝟎 and 𝒛 = 𝒅 are 

0

0z

z

E

z



 

  ; 0z

z d

E

z



 

  ;
0

0z z
H


  ; 0z z d

H

  

Deriving (6.26) with 𝛿𝑧 

     

     

1 2

3 4

cosh sinh sin

cosh sinh sin

z

z

zz
z x x y

z

z x x y

E
x x e k y

z

x x e k y






    



    





    

   

 

At wall 𝑧 = 0 

         1 2 3 4sin cosh sinh cosh sinh 0z y x x x xk y x x x x                
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   3 1 4 2( )cosh ( )sinh 0x xx x                          (6.28) 

Knowing that 𝛼1, 𝛼2, 𝛼3, 𝛼4 are corresponding to constant coefficients. So, to verify (6.28) for all 

value of 𝑥, it requires that 
3 1   and 

4 2  . 

At wall 𝑧 = 𝑑 

         1 2 3 4sin cosh sinh cosh sinh 0z z z zd d d d

z y x x x xk y e x e x e x e x
                      

       3 1 4 2cosh sinh 0z z z zd d d d

x xe e x e e x
           

     

       3 4cosh sinh 0z z z zd d d d

x xe e x e e x
         

     

         3 42sinh cosh 2sinh sinh 0z x z xd x d x        

     3 42sinh cosh sinh 0z x xd x x                                        (6.29) 

Knowing that 𝛼3 and 𝛼4 cannot be zero. So, for (6.29) to verify for all 𝑥 value, it requires that 

 sinh 0zd  .  

If 𝛾𝑧 = 𝛼 (real value) corresponding to the attenuation constant, then it implies that  sinh 0d 

or 𝛼 = 0. 

If 𝛾𝑧 = 𝑗𝑘𝑧 (pure imaginary value) corresponding to the phase constant, then it implies 

 sinh sin( ) 0z zjk d j k d  or /zk p d .  

Putting (6.27) in the boundary condition of 
0

0z z
H


 ,  

         1 2 3 4cosh sinh cosh sinh cos 0x x x x yx x x x k y              

   1 3 2 4( )cosh ( )sinh 0x xx x                   (6.30) 

To verify (6.30) for all 𝑥 value, it implies that 3 1    and 4 2   .  

Then, after putting (6.27) in the boundary condition 0z z d
H


 ,  

         1 2 3 4cosh sinh cosh sinh cos 0z z z zd d d d

x x x x ye x e x e x e x k y
                    
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   1 3 2 4( )cosh ( )sinh 0z z z zd d d d

x xe e x e e x
           

     

   1 2( )cosh ( )sinh 0z z z zd d d d

x xe e x e e x
         

     

     1 22sinh [ cosh sinh ] 0z x xd x x                 (6.31) 

So, to verify (6.31) for all 𝑥 value, it is requires that  sinh 0zd  . It leads to the same results as 

the previous analysis which shows that 0z    if it is a real value and /z zjk jp d    if it 

is a pure imaginary value.  

Since 3 1   and 4 2  , the equation (6.26) can be rewritten as: 

     

     

1 2

1 2

cosh sinh sin

cosh sinh sin

z

z

z

z x x y

z

x x y

E x x e k y

x x e k y





   

   





   

   

           (6.32) 

       1 22cosh sin cosh sinhz z y x xE z k y x x                 (6.33) 

Since 3 1    and 4 2   , the equation (6.27) can be rewritten as: 

     

     

1 2

1 2

cosh sinh cos

cosh sinh cos

z

z

z

z x x y

z

x x y

H x x e k y

x x e k y





   

   





   

    

          (6.34) 

       1 22sinh cos cosh sinhz z y x xH z k y x x                    (6.35) 

With the coefficients 𝐴1, 𝐴2, 𝐵1, 𝐵2 as 1 12A   ; 2 22A  ; 1 12B  ; 2 22B  , the equations 

(6.33) and (6.35) become  

       1 2cosh sinh sin coshz x x y zE A x A x k y z              (6.36) 

       1 2cosh sinh cos sinhz x x y zH B x B x k y z                   (6.37) 

where 𝐴1, 𝐴2, 𝐵1, 𝐵2 are constant complex coefficients of the longitudinal components.   

According to (6.32) and (6.34), The electric and magnetic field can be expressed as the summation 

of the forward and the backward components as:  

           1 2 1 2cosh sinh sin cosh sinh sinz zz z

z x x y x x yE x x e k y x x e k y
         

           
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z z zE E E    

where: 

     1 2cosh sinh sinz z

z x x yE x x e k y
                           (6.38) 

     1 2cosh sinh sinz z

z x x yE x x e k y
                          (6.39) 

And, 

           1 2 1 2cosh sinh cos cosh sinh cosz zz z

z x x y x x yH x x e k y x x e k y
         

            

z z zH H H    

where: 

     1 2cosh sinh cosz z

z x x yH x x e k y
                       (6.40) 

     1 2cosh sinh cosz z

z x x yH x x e k y
                          (6.41) 

6.2.2. Expression of the transverse components of the EM field  

To get the expression of the transverse components  ,x yE E  and  ,x yH H of the EM field, the 

relations between those components and the longitudinal components 𝐸𝑧  and 𝐻𝑧 are required. It 

should be noticed that T x yE E E   and T x yH H H  . 

6.2.2.1. Propagation in 𝒛 direction: 

From annex 6.1.1, the relation of EM propagation in the forward direction is recalled in (6.42) 

and (6.43) 

     2 2

0 0Tz r z T z T zk E E j H z                             (6.42) 

     2 2

0 0Tz r r T z z T zk H j E z H                          (6.43) 

The equation of yE  and yH   

From (6.42), 
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     2 2

0 0Tz r z T z T zk E E j H z           

     2

0x yc z T z T zk E E E j H z         

where 2 2 2

0c z rk k    

z

z z
T z

z

E

E Ex
E x y

E x y

y

 
   
    
   
  

 

z

z z
T z

z

H

H Hx
H x y

H x y

y

 
   
    
   
  

 

0

( ) 0

1
0

z

z z z
T z

H

x

H H H
H z x y

y y x

 
 

  
         

    
    

 
  

 

So,  

 2

0
z z z z

x yc z

E E H H
k E E x y j x y

x y y x
 
      

        
      

 

2 2

0 0
z z z z

x yc c z z

E H E H
k E k E j x j y

x y y x
   

      
         

      
 

Then,  

02

1 z z
y z

c

E H
E j

k y x
 

 
   
   

  
                            (6.44) 

From (6.43), the same procedure is applied:  

   2

0Tc r T z z T zk H j E z H        



96 

 

   2

0( )c x y r T z z T zk H H j E z H         

with, 

0

( ) 0

1
0

z

z z z
T z

E

x

E E E
E z x y

y y x

 
 

  
         

    
    

 
  

 

It leads to: 

2

0( ) z z z z
x yc r z

E E H H
k H H j x y x y

y x x y
  

      
       

      
 

2 2

0 0
z z z z

x yc c r z r z

E H E H
k H k H j x j y

y x x y
     

      
        

      
 

02

1 z z
y z

c

E H
H j

k x y
 

 
   
   

  
                    (6.45) 

6.2.2.2. Propagation in – 𝒛 direction: 

In annex A.2, the relation of EM propagation in the backward direction is recalled in (6.46) 

and (6.47) 

     2 2

0 0Tz r z T z T zk E E j H z                  (6.46) 

     2 2

0 0Tz r r T z z T zk H j E z H                          (6.47) 

The equation of 
yE  and 

yH   

From (6.46), 

     2 2

0 0Tz r z T z T zk E E j H z          

     2

0x yc z T z T zk E E E j H z        

where 
2 2 2

0c z rk k    
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z

z z
T z

z

E

E Ex
E x y

E x y

y

 
   
    
   
  

 

z

z z
T z

z

H

H Hx
H x y

H x y

y

 
   
    
   
  

 

0

( ) 0

1
0

z

z z z
T z

H

x

H H H
H z x y

y y x

 
 

  
         

    
    

 
  

 

So,  

 2

0
z z z z

x yc z

E E H H
k E E x y j x y

x y y x
 
      

       
      

 

2 2

0 0
z z z z

x yc c z z

E H E H
k E k E j x j y

x y y x
   
      

       
      

 

Hence, 

02

1 z z
y z

c

E H
E j

k y x
 

 
   
  

  
                   (6.48) 

From (6.47), the same procedure is applied:  

   2

0Tc r T z z T zk H j E z H        

   2

0( )c x y r T z z T zk H H j E z H         
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with, 

0

( ) 0

1
0

z

z z z
T z

E

x

E E E
E z x y

y y x

 
 

  
         

    
    

 
  

 

It leads to:  

2

0( ) z z z z
x yc r z

E E H H
k H H j x y x y

y x x y
  

      
       

      
 

2 2

0 0
z z z z

x yc c r z r z

E H E H
k H k H j x j y

y x x y
     

      
        

      
 

Hence,  

02

1 z z
y z

c

E H
H j

k x y
 

 
   
   

  
                   (6.49) 

The expression of yE   

Derive (6.38) with y  , we got: 

      1 2cosh sinh sinz zz
x x y

E
x x e k y

y y

   


 
    

 

     1 2cosh sinh cosz zz
x x y y

E
x x e k k y

y

   



   

                         (6.50) 

Derive (6.40) with x  

      1 2cosh sinh cosz zz
x x y

H
x x e k y

x x

   


 
    

 

     1 2sinh cosh cosz zz
x x x y

H
x x e k y

x

    



   

                         (6.51) 

By putting (6.50) and (6.51) into (6.44) 
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02

1 z z
y z

c

E H
E j

k y x
 

 
   
   

  
 

     

     

1 22

0 1 2

1
[ cosh sinh cos

sinh cosh cos ]

z

z

z

y z x x y y

c

z

x x x y

E x x e k k y
k

j x x e k y





    

     





    

   

 

 

 
   

   

1 22

0 1 0 2

cos
[ cosh sinh

sinh cosh ]

z z

y

y z y x z y x

c

x x x x

e k y
E k x k x

k

j x j x



     

       



   

 

     (6.52) 

Derive (6.39) with y  , we got: 

      1 2cosh sinh sinz zz
x x y

E
x x e k y

y y

   


 
    

 

     1 2cosh sinh cosz zz
x x y y

E
x x e k k y

y

   



   

                         (6.53) 

Derive (6.41) with x  

      1 2cosh sinh cosz zz
x x y

H
x x e k y

x x

   


 
     

 

     1 2sinh cosh cosz zz
x x x y

H
x x e k y

x

    



    

                         (6.54) 

By putting (6.53) and (6.54) into (6.48) 

02

1 z z
y z

c

E H
E j

k y x
 

 
   
  

  
 

     

     

1 22

0 1 2

1
[ cosh sinh cos

sinh cosh cos ]

z

z

z

y z x x y y

c

z

x x x y

E x x e k k y
k

j x x e k y





    

     





   

    
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 
   

   

1 22

0 1 0 2

cos
[ cosh sinh

sinh cosh ]

z z

y

y z y x z y x

c

x x x x

e k y
E k x k x

k

j x j x



     

       



  

 

        (6.55) 

Summation of (6.52) and (6.55) lead to:  

y y yE E E     

 
       

 
       

1 2 0 1 0 22

1 2 0 1 0 22

cos
cosh sinh sinh cosh

cos
cosh sinh sinh cosh

z

z

z

y

y z y x z y x x x x x

c

z

y

z y x z y x x x x x

c

e k y
E k x k x j x j x

k

e k y
k x k x j x j x

k





             

             





      

     

 

 
   

   

1 22

0 1 0 2

cos
[( ) cosh ( ) sinh

( ) sinh ( ) cosh ]

z z z z

z z z z

y z z z z

y z y x z y x

c

z z z z

x x x x

k y
E e e k x e e k x

k

e e j x e e j x

   

   

     

       

   

   

   

   

 

 
         

         

1 22

0 1 0 2

cos
[ cosh 2sinh sinh 2sinh

sinh 2sinh cosh 2sinh ]

y

y z y x z z y x z

c

x x z x x z

k y
E k x z k x z

k

j x z j x z

       

         

 

 

 

   
   

   

1 22

0 1 0 2

cos sinh
[ cosh 2 sinh 2

sinh 2 cosh 2 ]

y z

y z y x z y x

c

x x x x

k y z
E k x k x

k

j x j x


     

       

 

 

 

   
   

   

1 22

0 1 0 2

cos sinh
[ cosh sinh

sinh cosh ]

y z

y z y x z y x

c

x x x x

k y z
E k x A k x A

k

j x B j x B


   

     

 

 

    (6.56) 

The expression of yH   

Derive (6.38) with x , we got: 

      1 2cosh sinh sinz zz
x x y

E
x x e k y

x x

   


 
    
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     1 2sinh cosh sinz zz
x x x y

E
x x e k y

x

    



   

                   (6.57) 

Derive (3.22) with y , we got: 

      1 2cosh sinh cosz zz
x x y

H
x x e k y

y y

   


 
    

 

     1 2cosh sinh sinz zz
y x x y

H
k x x e k y

y

   



    

              (6.58) 

By putting (6.57) and (6.58) into (6.45),   

     

     

0 1 22

1 2

1
{ sinh cosh sin

cosh sinh sin }

z

z

z

y x x x y

c

z

z y x x y

H j x x e k y
k

k x x e k y





     

    





    

   

 

 
   

   

0 1 0 22

1 2

sin
[ sinh cosh

cosh sinh ]

z z

y

y x x x x

c

z y x z y x

e k y
H j x j x

k

k x k x



       

     



   

 

       (6.59) 

Derive (6.39) with x ,  

      1 2cosh sinh sinz zz
x x y

E
x x e k y

x x

   


 
    

 

     1 2sinh cosh sinz zz
x x x y

E
x x e k y

x

    



   

                 (6.60) 

Derive (6.41) with y lead to:  

      1 2cosh sinh cosz zz
x x y

H
x x e k y

y y

   


 
     

 

     1 2cosh sinh sinz zz
y x x y

H
k x x e k y

y

   



     

 

     1 2cosh sinh sinz zz
y x x y

H
k x x e k y

y

   



   

                  (6.61) 
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By putting (6.61) and (6.62) into (6.49) 

     

     

0 1 22

1 2

1
{ sinh cosh sin

cosh sinh sin }

z

z

z

y x x x y

c

z

z y x x y

H j x x e k y
k

k x x e k y





     

    





    

   

 

 
   

   

0 1 0 22

1 2

sin
[ sinh cosh

cosh sinh ]

z z

y

y x x x x

c

z y x z y x

e k y
H j x j x

k

k x k x



       

     



   

 

       (6.62) 

Summation of (6.60) and (6.63) give the expression of 
yH   

y y yH H H     

 
       

 
       

0 1 0 2 1 22

0 1 0 2 1 22

sin
sinh cosh cosh sinh

sin
sinh cosh cosh sinh

z

z

z

y

y x x x x z y x z y x

c

z

y

x x x x z y x z y x

c

e k y
H j x j x k x k x

k

e k y
j x j x k x k x

k





             

             





      

      

 

 
       

       

0 1 0 22

1 2

sin
[ sinh cosh

cosh sinh ]

z z z z

z z z z

y z z z z

y x x x x

c

z z z z

z y x z y x

k y
H e e j x e e j x

k

e e k x e e k x

   

   

       

     

   

   

    

   

 

 
         

         

0 1 0 22

1 2

sin
[ 2cosh sinh 2cosh cosh

2cosh cosh 2cosh sinh ]

y

y z x x z x x

c

z z y x z z y x

k y
H z j x z j x

k

z k x z k x

         

       

  

 

 

   
   

   

0 1 0 22

1 2

sin cosh
[ sinh 2 cosh 2

cosh 2 sinh 2 ]

y z

y x x x x

c

z y x z y x

k y z
H j x j x

k

k x k x


       

     

  

 

 

   
   

   

0 1 0 22

1 2

sin cosh
[ sinh cosh

cosh sinh ]

y z

y x x x x

c

z y x z y x

k y z
H j x A j x A

k

k x B k x B


     

   

  

 

        (6.63) 
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6.2.3. Surface impedance boundary conditions 

Suppose that the tangential and the longitudinal components of the anisotropic impedance at 

𝑥 = 0 are (𝑍𝑡1 ; 𝑍𝑧1) and at 𝑥 = 𝑎 are (𝑍𝑡2 ; 𝑍𝑧2). The boundary conditions at the anisotropic walls 

of the chamber can be recalled as in (6.65) to (6.68)  

1

0

y

t

z x

E
Z

H


                 (6.64) 

2

y

t

z x a

E
Z

H


               (6.65) 

1

0

z
z

y x

E
Z

H


               (6.66) 

2
z

z

y x a

E
Z

H


                (6.67) 

6.2.4. System of linear equation  

From the boundary condition (6.64), 1

0

y

t

z x

E
Z

H


  , we got 

1 00
0y t z xx

E Z H


    

From (6.56),  

   
   

   

1 22

0 1 0 2

cos sinh
[ cosh sinh

sinh cosh ]

y z

y z y x z y x

c

x x x x

k y z
E k x A k x A

k

j x B j x B


   

     

 

 

 

   
1 2 1 0 220

cos sinh
[ 0 0 ]

y z

y z y xx
c

k y z
E k A A B j B

k


  


     

From (6.37), 

       1 2cosh sinh cos sinhz x x y zH B x B x k y z        
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     1 20
0 cos sinhz y zx

H B B k y z

    

So, 

   
     1 2 1 0 2 1 1 22

cos sinh
[ 0 0 ] 0 cos sinh 0

y z

z y x t y z

c

k y z
k A A B j B Z B B k y z

k


           

 2

1 2 1 0 2 1 1 2[ 0 0 ] 0 0z y x t ck A A B j B Z k B B          

2

1 2 1 1 0 2( ) (0) ( ) ( ) 0z y t c xk A A Z k B j B                                    (6.68) 

From the boundary condition (6.65), 2

y

t

z x a

E
Z

H


 , we got 

2y t z x ax a
E Z H


   

with,  

   
   

   

1 22

0 1 0 2

cos sinh
[ cosh sinh

sinh cosh ]

y z

y z y x z y xx a
c

x x x x

k y z
E k a A k a A

k

j a B j a B


   

     


 

 

 

       1 2cosh sinh cos sinhz x x y zx a
H B a B a k y z  


      

Then,  

       

   

1 2 0 1 0 22

2 1 2

1
[ cosh sinh sinh cosh ]

cosh sinh 0

z y x z y x x x x x

c

t x x

k a A k a A j a B j a B
k

Z B a B a

         

 

  

     

 

       

   

1 2 0 1 0 2

2

2 1 2

[ cosh sinh sinh cosh

cosh sinh 0

z y x z y x x x x x

t c x x

k a A k a A j a B j a B

Z k B a B a

         

 

  

    

 

       

   

1 2 0 1 0 2

2 2

2 1 2 2

cosh sinh sinh cosh

cosh sinh 0

z y x z y x x x x x

t c x t c x

k a A k a A j a B j a B

Z k a B Z k a B

         

 

  

  
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       

   

2

1 2 0 2 1

2

0 2 2

[ cosh ] [ sinh ] [ sinh cosh ]

[ cosh sinh ] 0

z y x z y x x x t c x

x x t c x

k a A k a A j a Z k a B

j a Z k a B

       

   

   

   
           (6.69) 

From the boundary condition (6.66), 1

0

z
z

y x

E
Z

H


 , we got 

10 0
0z z yx x

E Z H
 
    

with (6.36),        1 2cosh sinh sin coshz x x y zE A x A x k y z       

     1 20
0 sin coshz y zx

E A A k y z

   

with (6.64), 

   
   

   

0 1 0 22

1 2

sin cosh
[ sinh cosh

cosh sinh ]

y z

y x x x x

c

z y x z y x

k y z
H j x A j x A

k

k x B k x B


     

   

  

 

 

   
1 0 2 1 220

sin cosh
[0 0 ]

y z

y x z yx
c

k y z
H A j A k B B

k


  


     

So,  

     
   

1 2 1 1 0 2 1 22

sin cosh
0 sin cosh [0 0 ] 0

y z

y z z x z y

c

k y z
A A k y z Z A j A k B B

k


          

 2

1 2 1 1 0 2 1 20 [0 0 ] 0c z x z yk A A Z A j A k B B         

2

1 1 0 2 1 1 2( ) ( ) ( ) (0) 0c z x z z yk A Z j A Z k B B                                           (6.70) 

From boundary condition (6.67), 2
z

z

y x a

E
Z

H


  , we got 

2 0z z yx a x a
E Z H

 
    

with, 



106 

 

       1 2cosh sinh sin coshz x x y zx a
E A a A a k y z  


     

   
   

   

0 1 0 22

1 2

sin cosh
[ sinh cosh

cosh sinh ]

y z

y x x x xx a
c

z y x z y x

k y z
H j a A j a A

k

k a B k a B


     

   


  

 

 

Then, 

       
   

 

     

1 2 2 0 12

0 2 1 2

sin cosh
cosh sinh sin cosh [ sinh

cosh cosh sinh ] 0

y z

x x y z z x x

c

x x z y x z y x

k y z
A a A a k y z Z j a A

k

j a A k a B k a B


     

      

    

   

 

       

   

2

1 2 2 0 1 0 2

1 2

cosh sinh [ sinh cosh

cosh sinh ] 0

c x x z x x x x

z y x z y x

k A a A a Z j a A j a A

k a B k a B

       

   

     

  
 

         

     

2 2

2 0 1 2 0 2

2 2 2

cosh sinh sinh cosh

cosh sinh 0

c x z x x c x z x x

z z y x z z y x

k a Z j a A k a Z j a A

Z k a Z k a B

       

   

  

  
           (6.71) 

By combining (6.68), (6.69), (6.70) and (6.71), we got the system of linear equations, 

           

           

2

1 0

2 2

0 2 0 2

2

1 0 1

2 2

2 0 2 0 2 2

0

cosh sinh sinh cosh cosh sinh

0

cosh sinh sinh cosh cosh sinh

z y t c x

z y x z y x x x t c x x x t c x

c z x z z y

c x z x x c x z x x z z y x z z y x

k Z k j

k a k a j a Z k a j a Z k a

k Z j Z k

k a Z j a k a Z j a Z k a Z k a

  

           

  

           

 

   



 

1

2

1

2

0

0

0

0

A

A

B

B

     
     
      
     
     
        

 

It can be written  

11 12 13 14 1

21 22 23 24 2

31 32 33 34 1

41 42 43 44 2

0

0

0

0

M M M M A

M M M M A

M M M M B

M M M M B

     
     
      
     
     

   

 or     0M A                            (6.72) 

where: 

 

11 12 13 14

21 22 23 24

31 32 33 34

41 42 43 44

M M M M

M M M M
M

M M M M

M M M M

 
 
 
 
 
 

             (6.73) 
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   1 2 1 2

T
A A A B B  

with,  

 

     

   

 

2

11 12 13 1 14 0 21

2

22 23 0 2

2

24 0 2

2

31 32 1 0 33 1 34

2

41 2 0

; 0; ; ; cosh ;

sinh ; sinh cosh ;

cosh sinh ;

; ; ; 0;

cosh

z y t c x z y x

z y x x x t c x

x x t c x

c z x z z y

c x z

M k M M Z k M j M k a

M k a M j a Z k a

M j a Z k a

M k M Z j M Z k M

M k a Z j

    

     

   

  

 

     

  

  

   

       

   

2

42 2 0

43 2 44 2

sinh ; sinh cosh ;

cosh ; sinh

x x c x z x x

z z y x z z y x

a M k a Z j a

M Z k a M Z k a

     

   

 

 

 

In order to get the value of x , and then the resonant frequencies and the resonant modes, the 

condition with det([𝑀]) = 0 needs to be calculated. From this condition, the value of x  will be 

found.  Then the resonant frequency of each resonant mode is computed.  

6.2.5. Special case with zero order modes 

6.2.5.1. Case (𝒏 = 𝟎 & 𝒑 ≠ 𝟎) 

If 0n  , we got 0y

n
k

b


  . So,  sin 0yk y   and  cos 1yk y    

From the expression of zE in (6.36),        1 2cosh sinh sin cosh 0z x x y zE A x A x k y z       .  

In consequence, there is only one generator which is zH . So, the resonant mode in this case is 

purely TE.  

From (6.44), 
0 02 2

1 1z z z
y z

c c

E H H
E j j

k y x k x
  

  
      
      

     
  

with,      1 2sinh cosh cosz zz
x x x y

H
x x e k y

x

    



   

 and  cos 1yk y    

   0 1 0 22

1
sinh cosh z z

y x x x x

c

E j x j x e
k

              

From (6.46), 
0 02 2

1 1z z z
y z

c c

E H H
E j j

k y x k x
  

  
      
     

     
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with,      1 2sinh cosh cosz zz
x x x y

H
x x e k y

x

    



    

 and  cos 1yk y   

   0 1 0 22

1
sinh cosh z z

y x x x x

c

E j x j x e
k

               

   0 1 0 22
sinh cosh

z z

y y y

z z

x x x x

c

E E E

e e
j x j x

k

 

       

 

 

 


   

 

 
   0 1 0 22

2sinh
sinh cosh

z

y x x x x

c

z
E j x j x

k


       


     

 
   0 1 0 22

sinh
sinh cosh

z

y x x x x

c

z
E j x B j x B

k


     


               (6.74) 

In this case of 0n  , the expression of 
yH   in (6.45) become: 

2

1 z
y z

c

H
H

k y



  
  

 
  

     1 2cosh sinh sin 0z zz
y x x y

H
k x x e k y

y

   



     

 for 0n   

0yH    

From (6.47) with 0n  , the expression of 
yH  become:  

2

1 z
y z

c

H
H

k y



  
  

 
 

     1 2cosh sinh sin 0z zz
y x x y

H
k x x e k y

y

   



    

 for 0n   

So,  

0y y yH H H                           (6.75)  
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with the boundary condition in (6.64), 1

0

y

t

z x

E
Z

H


  , we got: 

1 00
0y t z xx

E Z H


   

 
 0 220

sinh z

y xx
c

z
E j B

k


 


   

   10
sinhz zx

H B z

   

   0 2 1 12

1
0x t

c

j B Z B
k

      

2

1 1 0 2 0c t xk Z B j B                                  (6.76) 

From the boundary condition (6.65), 2

y

t

z x a

E
Z

H


 , we got: 

2 0y t z x ax a
E Z H


   

 
   0 1 0 22

sinh
sinh cosh

z

y x x x xx a
c

z
E j a B j a B

k


     


      

     1 2cosh sinh sinhz x x zx a
H B a B a z  


      

 
   

     

0 1 0 22

2 1 2

sinh
sinh cosh

cosh sinh sinh 0

z

x x x x

c

t x x z

z
j a B j a B

k

Z B a B a z


     

  

   

     

 

       2

0 1 0 2 2 1 2sinh cosh cosh sinh 0x x x x t c x xj a B j a B Z k B a B a                    

         2 2

0 2 1 0 2 2sinh cosh cosh sinh 0x x t c x x x t c xj a Z k a B j a Z k a B                (6.77) 

By combining (6.76) and (6.77), we got: 
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       

2

11 0

2 2

20 2 0 2

0

0sinh cosh cosh sinh

c t x

x x t c x x x t c x

Bk Z j

Bj a Z k a j a Z k a

 

       

      
      

       
 

It can be written:  

  1 2' 0
T

M B B                             (6.78) 

where:  

  13 14

23 24

'
M M

M
M M

 
  
 

                (6.79) 

6.2.5.2. Case (𝒏 ≠ 𝟎 & 𝒑 = 𝟎) 

If 𝑝 = 0, 

0z z

p
jk j

d


      

So,  sinh 0z z   and  cosh 1z z  , we got: 

       1 2cosh sinh cos sinh 0z x x y zH B x B x k y z         

So, there are only TM modes in this case.  

By doing the same procedure as in the previous section, the formula become 

  1 2" 0
T

M A A               (6.80) 

where:  

  31 32

41 42

"
M M

M
M M

 
  
 

              (6.81)  
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6.3. The Z-fold stirrer design  

6.3.1. The condition to select the dimension of the mechanical stirrer 

According to [78], the four design rules of the reverberation chamber’s mechanical stirrer 

indicate that:  

Criteria 1: “The stirrer has one dimension that is at least one-quarter wavelength at the LUF” 

Criteria 2: “The stirrer should have one dimension at least three-quarters of the smallest 

chamber dimension” 

Criteria 3: “Stirrer volume should represent approximately 8% of the whole volume of RC” 

Criteria 4: “The stirrer should be shaped asymmetrically to avoid the repetitive field pattern in 

the RC” 

6.3.2. Selection of stirrer structure and appropriate dimension 

The Z-fold stirrer is selected as the stirrer structure in this design because of its simple form 

and as it is generally used in several conventional chamber. Let us remember that the chamber size 

is (30 𝑐𝑚 × 40 𝑐𝑚 × 50 𝑐𝑚).  

In case that LUF=325.1MHz (the case while the MTMs walls are installed in the chamber in 

which the wavelength is the biggest) as presented in section 3.2.2.4. These criteria will also be 

validated for the PEC RC since its LUF (𝑓𝐿𝑈𝐹,𝑃𝐸𝐶 = 1.533 𝐺𝐻𝑧) is higher so its dimension is 

smaller.  

𝜆𝐿𝑈𝐹 =
𝐶

𝑓𝐿𝑈𝐹
=

3 × 108𝑚/𝑠

325.1 × 106𝐻𝑧
= 0.922 𝑚 

𝜆𝐿𝑈𝐹
4

= 0.2305 𝑚 = 23.05 𝑐𝑚 

So, one-quarter wavelength at the LUF is 23.05 cm. 

The dimension of stirrer along the vertical axis (height of stirrer) is chosen as:  

𝑳𝒔𝒕𝒊𝒓 ,𝒛 = 𝟑𝟎 𝒄  

The height of the stirrer is 30 cm. So, it is larger than one-quarter wavelength at the LUF. 

Hence, the criteria 1 is met.  

And with:  
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3

4
min(𝑎, 𝑏, 𝑑) =

3

4
𝑚𝑖𝑛(30 𝑐𝑚, 40 𝑐𝑚, 50 𝑐𝑚) =

3

4
(30 𝑐𝑚) = 22.5𝑐𝑚 

So, three-quarters of the smallest chamber dimension is 22.5 cm. 

The height of the stirrer is 30 cm. So, it is higher than three-quarter of the smallest chamber 

dimension. Hence, the criteria 2 is met.  

The RC total volume 

𝑉𝑅𝐶 = 𝑎 × 𝑏 × 𝑑 = 30𝑐𝑚 × 40𝑐𝑚 × 50𝑐𝑚 = 60000𝑐𝑚3 = 0.06𝑚3 

8%𝑉𝑅𝐶 = 0.08 × 60000𝑐𝑚3 = 4800𝑐𝑚3 

So, the  % of the total internal volume of the reverberation chamber is 𝟒 𝟎𝟎 𝒄 𝟑.  

The two other dimensions of the stirrer are chosen equal to:   

𝑳𝒔𝒕𝒊𝒓,𝒙 = 𝑳𝒔𝒕𝒊𝒓,𝒚 = 𝟏𝟐. 𝟕𝒄  

The volume of stirrer is calculated as:  

𝑉𝑠𝑡𝑖𝑟 = 𝐿𝑠𝑡𝑖𝑟,𝑥 × 𝐿𝑠𝑡𝑖𝑟,𝑦  ×  𝐿𝑠𝑡𝑖𝑟,𝑧 

Then,    𝑉𝑠𝑡𝑖𝑟 = 𝐿𝑠𝑡𝑖𝑟,𝑥
2 × 𝐿𝑠𝑡𝑖𝑟,𝑧 = 4838.7 𝑐𝑚3  

So, the criteria 3 is met due to 𝑉𝑠𝑡𝑖𝑟 > 4800 𝑐𝑚3  which is the 8% of the total volume of the 

reverberation chamber.  

 

To meet the criteria 4: the height of each stirrer wings are set as in Figure 6.2. They are 

asymmetrical. According to this figure, the height of each wing is set as 6 cm, 7 cm, 8 cm and 9 

cm. So, the total height is 30 cm which is equal to 𝑳𝒔𝒕𝒊𝒓 ,𝒛.  

 

Figure 6.2 : Dimension of the 1st stirrer (side view)  
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Hence, the structure of the stirrer is shown as in Figure 6.3 below.  

 

Figure 6.3 : The structure of the stirrer for the 1st design consideration.  

However, due to the prototype constraint with the length resolution as 1 mm and the angle 

resolution as 1 degree, the stirrer dimension is modified and presented as in Figure 6.4. In this 
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modification, the vertical length 𝑳𝒔𝒕𝒊𝒓,𝒛 is reduced from 30 cm to 29 cm. This reduction does not 

affect the design since all the criteria are still validated.  

 

Figure 6.4 : The modified structure of stirrer to ease the prototype fabrication 
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6.3.3. The position of stirrer in the chamber 

 

Figure 6.5 : RC box which contain one stirrer 

To locate the stirrer in the reverberation for maximizing the chamber’s working volume, some 

parameters are considered. Figure 6.5 shows the defined location of the stirrer in the chamber . 

Both closest walls to this stirrer are the wall at {𝑥 = 30 𝑐𝑚} and wall at {𝑦 = 50 𝑐𝑚}. The stirrer 

rod is in contact with the walls at {𝑧 = 0} and {𝑧 = 40 𝑐𝑚}. So, the location of the stirrer here 

depends on the coordinate of the stirrer’s rotational axis (𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑥, 𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑦).  

The radius of the stirrer rotational volume is calculated as:   

𝑟𝑠𝑡𝑖𝑟 =
𝐿𝑠𝑡𝑖𝑟,𝑥

√2
= 8.98𝑐𝑚 

By considering that the stirrer rotational volume is located at least 1 cm from all the nearest 

walls, the 𝑜𝑓𝑓𝑠𝑒𝑡 = 1 𝑐𝑚.  

The center of rotational axis of stirrer is located as: 

𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑥 = 30𝑐𝑚 − 𝑟𝑠𝑡𝑖𝑟 − 𝑜𝑓𝑓𝑠𝑒𝑡 = 30𝑐𝑚 − 8.98𝑐𝑚 − 1𝑐𝑚 = 20.02𝑐𝑚 

𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑦 = 50𝑐𝑚 − 𝑟𝑠𝑡𝑖𝑟 − 𝑜𝑓𝑓𝑠𝑒𝑡 = 50𝑐𝑚 − 8.98𝑐𝑚 − 1𝑐𝑚 = 40.02𝑐𝑚 

However, to ease the prototype fabrication the center of the stirrer rotational axis is shifted to 

(𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑥, 𝑟𝑜𝑑𝑐𝑒𝑛𝑡𝑒𝑟,𝑦) = (20 𝑐𝑚, 40 𝑐𝑚). So, the rotational volume of the stirrer is located at 

least 1.02 cm from the nearest walls. So, the offset become 𝑜𝑓𝑓𝑠𝑒𝑡 = 1.02𝑐𝑚 = 10.2 𝑚𝑚.  

Hence, the location of the stirrer is set as in Figure 6.6.  
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Figure 6.6 : Location of stirrer in the RC 
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6.4. The working volume and location of field probe 

For the case of metallic RC box, the working volume is located at 
𝜆

4
 from each metallic walls 

as well as the stirrer. Figure 6.7 show the location of this working volume inside the reverberation 

chamber.  

 

Figure 6.7 : The location of WV in RC: (a) 3D view (b) Top view (c) Side view 

The estimated LUF of metallic wall reverberation chamber according to the rule of 60 resonant 

modes is at 1.533 GHz when the metallic cavity is empty. According to Figure 6.7, the 3 

dimensions of the working volume along the x, y and z axis are:  

𝐿𝑊𝑉,𝑥 = 𝑎 −
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
−
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
= 𝑎 −

𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

2
 

𝐿𝑊𝑉,𝑦 = 𝑑 −
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
−
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
− 2𝑟𝑠𝑡𝑖𝑟,𝑦 − 𝑜𝑓𝑓𝑠𝑒𝑡 

𝐿𝑊𝑉,𝑧 = 𝑏 −
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
−
𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
= 𝑏 −

𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

2
 

where 𝑎, 𝑏 𝑎𝑛𝑑 𝑑 are the three dimensions of the chamber.   

𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙 =
3 × 108

1.533 × 109
= 0.1956𝑚 = 19.56𝑐𝑚 

𝜆𝐿𝑈𝐹,𝑚𝑒𝑡𝑎𝑙

4
= 0.0489𝑚 = 4.89𝑐𝑚 
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So, the WV is located at 4.89 cm from each wall and metallic stirrer of the chamber. However, to 

ease the field probe insertion and positioning in the WV, the distance of the WV from the walls 

and stirrer is round 5 cm instead.  

Hence, the 3 dimension of the WV are:  

𝐿𝑊𝑉,𝑥 = 𝑎 − 2 × 5 𝑐𝑚 = 30𝑐𝑚 − 10𝑐𝑚 = 20𝑐𝑚  

𝐿𝑊𝑉,𝑦 = 𝑑 − 2 × 5 𝑐𝑚 − 2𝑟𝑠𝑡𝑖𝑟,𝑦 − 𝑜𝑓𝑓𝑠𝑒𝑡 = 50𝑐𝑚 − 10𝑐𝑚 − 2 × 8.98𝑐𝑚 − 1.02𝑐𝑚 = 21.02𝑐𝑚 

𝐿𝑊𝑉,𝑧 = 𝑏 − 2 × 5 𝑐𝑚 = 40𝑐𝑚 − 10𝑐𝑚 = 30𝑐𝑚 

To ease the location of the field probe in the chamber qualification, the dimension of the WV is 

changed to:  

𝐿𝑊𝑉,𝑥 = 20𝑐𝑚 

𝐿𝑊𝑉,𝑦 = 21𝑐𝑚 

𝐿𝑊𝑉,𝑧 = 30𝑐𝑚 

The WV location and the 9 field probe locations for measurement are shown in Figure 6.8.  

 

Figure 6.8 : WV and the 9 locations of field probe for chamber validation (a) 3D view (b) Side view (c) 

Top view 
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6.5. Changing distance to anisotropic surface impedance walls 

The effect of the distance between parallel Anisotropic Impedance Surface planes on the 

resonant frequency of the rectangular cavity with metamaterial walls is analyzed here. The size of 

the cavity is 𝑊 × 𝐻 × 𝐿 = 1.90𝑚 × 2.58𝑚 × 2.91𝑚.  

First, the distance between surface impedance walls is 𝑊 = 1.90𝑚 with 𝑍𝑡 = 𝑍𝑧 =

−𝑗188.5 Ω. After that, this distance is changed for 𝐻 = 2.58𝑚 and then 𝐿 = 2.91𝑚, respectively. 

While 2 parallel walls are isotropic, the others are left PEC. The first 20 resonant modes resulting 

from calculation by MET and simulated with Eigen mode solver of Ansys-HFSS are shown in 

Table 6.1, 6.2 and 6.3.  

Table 6.1 : The first 20 resonant frequencies for isotropic walls distant from 1.90m 

mode 𝑓𝑟(MHz) by MET 𝑓𝑟(MHz) by HFSS 

1 17.98669693 17.98721756 

2 21.39397372 21.3944021 

3 30.59053635 30.59166655 

4 31.52929244 31.53072569 

5 32.41402907 32.41472143 

6 38.64782405 38.64884376 

7 44.30028032 44.30471699 

8 48.07852467 48.08217148 

9 50.70878592 50.71594846 

10 51.7074302 51.71629072 

11 53.3694291 53.37826 

12 54.21999039 54.22976216 

13 55.91385774 55.91585126 

14 57.88400583 57.88653881 

15 68.70353976 68.70706878 

16 69.05063799 69.07454492 

17 69.60526842 69.62664735 

18 69.93509965 69.9567678 

19 73.54498708 73.58603839 

20 74.20816387 74.21089226 
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Table 6.2 : The first 20 resonant frequencies for isotropic walls distant from 2.58m 

mode 𝑓𝑟(MHz) by MET 𝑓𝑟(MHz) by HFSS 

1 20.28997019 20.29095777 

2 26.55686528 26.55711795 

3 34.10629552 34.10967545 

4 36.6034265 36.60674365 

5 41.46909624 41.47343754 

6 42.88626979 42.89165428 

7 45.60046932 45.60857954 

8 46.61324983 46.62118116 

9 57.89063595 57.89755912 

10 58.23813762 58.24744695 

11 69.08517152 69.10044535 

12 69.21179849 69.22622254 

13 70.54906668 70.56173044 

14 70.65943856 70.67157841 

15 74.23326076 74.24659228 

16 74.30955801 74.32431951 

17 77.60916198 77.62637897 

18 77.66811229 77.68280701 

19 84.30812769 84.32643215 

20 84.33449068 84.35626445 
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Table 6.3 : The first 20 resonant frequencies for isotropic walls distant from 2.91m 

mode 𝑓𝑟(MHz) by MET 𝑓𝑟(MHz) by HFSS 

1 24.35772811 24.35917365 

2 27.88710941 27.88836997 

3 34.55842283 34.56447906 

4 36.08971219 36.09470306 

5 43.51049052 43.52343678 

6 44.18205376 44.18535777 

7 51.85000001 51.85593805 

8 52.142607 52.15034869 

9 62.80080018 62.80857639 

10 62.8934317 62.9034056 

11 70.58377824 70.59548128 

12 70.62477349 70.6368884 

13 75.22682234 75.23994788 

14 75.25034562 75.26525743 

15 77.98439018 78.00013399 

16 78.00180767 78.01964479 

17 85.60480469 85.62328568 

18 85.61627586 85.63157196 

19 85.75529088 85.75742475 

20 87.68205336 87.69883435 

Those 3 tables show that MET and HFSS results are always in very good agreement. When 

the distance between the isotropic walls is the shortest one (𝑊 = 1.90𝑚), the resonant frequencies 

are smaller (for 𝑍𝑡 = 𝑍𝑧 = −𝑗188.5 Ω). Under this condition, the metamaterial walls will be fixed 

on the closest parallel walls to decrease the LUF.   
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