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Given the filters complexity, especially due to the high order and the implementation of "electrical walls" based on specific vias patterns, a close attention must be paid during the simulation and optimization phase. In addition, the high permittivity substrate does not allow to conceive 50-Ohms lines. Finally, access transitions constitute a challenging task, especially for the SIW case.
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General introduction.

Nowadays telecommunication trends aim to the development of new filter technologies that deliver a high performance in terms of low insertion losses and high Q factor to meet the exigent needs of current microwave communication systems. The foregoing is especially important in the space domain, in which these devices play a key role in the rejection of interference signals in an environment characterized by a growing quantity of emerging applications and services and the limited size of the radio electric spectrum. On the other hand, inside telecommunication systems located in satellite payloads, microwave filters are accompanied with other hardware such as antennas, amplifiers, LNAs, oscillators, etc, condition under which the size and weight of these devices becomes a major concern in the planning and design process. Under this perspective, the design of high performance filters with reduced footprint and weight is consolidated as an important goal in current communications systems.

Currently when there is no need of high power, the majority of filters are conceived using classical planar technologies and are manufactured by employing standard substrates (i.e. Alumina) with thickness between 254 and 653 um and permittivities around 10. These characteristics lead to filter structures which occupy a large area due to the value of the physical wavelength. To meet this issue, the use of high permittivity substrates (Er = 68.7, 90 and 130) has been considered, which allows to obtain a considerable reduction in the filter size, being possible of obtaining a miniaturization of 7-9 times in contrast with the standard alumina substrate.

In this context, the main concern of this study is the development of filter structures in a high permittivity environment by means of the High K LTCC process that leads to a significant footprint reduction of L and S frequency band filters. This technology allows exploiting the advantages of the multilayer approach for filter manufacturing, such as resonator superposition or juxtaposition, which provides excellent size reduction capabilities as well as great design flexibility, compared with 2D topologies, whose implementation is constrained by geometrical issues. For the implementation of the filter topologies the chosen ceramic substrate is the Heraeus Heratape ® CT765, which has a relative permittivity of ε r = 68.7 and a loss tangent of tanδ = 1.73x10 -3 at 2.5 GHz. This substrate is produced in layers of 50 um thickness (37.5 after firing) and is perfectly suitable to work with the LTCC process. Several planar and semi-volumic (SIW: Substrate Integrated Waveguide) topologies implemented under the characteristics of the LTCC technology have been analyzed and implemented to meet the specified requirement. After having successfully accomplished the required specifications, some mechanical reliability analysis of the developed topologies and sensitivity tests to different phenomena have also to be pursued, including post tuning strategies to compensate for undesired effects due to technological dispersions. Finally, the physical fabrication of the filter and further packaging will be considered. The simulation work will be realized with the electromagnetic simulation software ADS Agilent® and HFSS.

This manuscript is divided in 3 chapters. The first chapter deals with the current state of the art of filter technologies. Planar, waveguide and hybrid technologies will be described. An emphasis on SIW (substrate integrated waveguide), multilayer fabrication techniques and LTCC technology is also considered. Moreover, the characteristics of a filter function and its performance parameters are presented.

Then, the second chapter is dedicated to the design and implementation of a vertical stacked SIW filter in LTCC technology. It begins with the description of the filter electrical specifications in L and S bands given by Thales Alenia Space. After, a general description of the SIW technology is carried out, detailing its properties and advantages to meet the requirement. An original analysis of the relation between the Qu factor and the electrical performance of the filter is carried out in order to obtain the best electrical characteristics and a filter structure is finally designed and measured taking into consideration such analysis. Subsequently, a post tuning device is introduced on the resonators structure, which allows modifying the resonance frequency of the filter after its fabrication. It is worth mentioning that since the implementation of the developed filters is similar for both required specifications, only the conception of the S band filters will be performed.

The third chapter discusses the conception of a stripline quarter-wavelength stubs filter in LTCC technology in a high permittivity environment. The flexibility provided by this technology is exploited to achieve a significant size reduction, derived from the planar and multilayer folding of the structure. This technique allows to synthetize high order filter functions maintaining at the same time a small footprint and a good electrical performance. Then, a compact stripline filter structure is conceived and measured. An adjustment device is also developed in order to execute a post tuning of the response after the filter fabrication. Subsequently, the last part of the manuscript presents the main conclusions of the study and some perspectives of future work. This thesis was funded by the CNES (Centre Nationale d'Etudes Spatiales) and Thales Alenia Space and the research work was supported by a R&T contract.

1. Chapter 1: State of the Art on microwave filters and LTCC technology.

Basic concepts about microwave filters.

1.1.

Filters are defined as two-port networks used to allow good transmission of useful signal components while rejecting the unwanted ones, known as spurious frequencies or noise. Filters are consolidated as an important element in modern communication systems, reason why its theory and design has been object of intense research since the beginning of the microwave engineering [1].

According to their frequency response there are 4 types of filters: low pass filter, high pass filter, band pass filter and band stop filter. They are identified taking into consideration the passband and the attenuated band of the filter response. The filter synthesis process can be made by employing two methods, the image parameter method and the loss insertion method [1]. The insertion loss method, the chosen alternative to synthetize the filter function expressed in the requirement, is based in the calculus of the predefined characteristics of the filters, whose structure is composed of circuit elements that are linear, passive, concentrated and finite.

According to this method, the filter response is represented by its attenuation function, given by:

𝑃 𝑝𝑟 = 1 + 𝑀(𝜔 2 ) 𝑁(𝜔 2 ) ( 1 
)
Here 𝜔 is the filter pulse and M and N are real polynomials. Depending of the desired response characteristics, this attenuation function is assimilated to physically realizable approximation functions. The most important are the Butterworth (maximally flat insertion loss), Chebyshev (equal-ripple insertion loss), Elliptic (equalripple in the passband and the attenuation band) and Linear phase [2]. Table 1 shows the attenuation and delay characteristics of each amplitude approximation function, where L At = 3dB [1]. Additionally, the synthesis of a low-pass filter, high-pass, bandpass and stop-band filter is deduced from the low-pass prototype filter, through frequency and impedance transformations [1]. This low-pass prototype, integrated by inductances L and capacitances C, whose structure can be found in [2], can be adapted according to the required specifications and in function of the chosen approximation function.

FILTER TYPE ATTENUATION CHARACTERISTIC BAND CHARACTERISTIC

CHEBYSHEV (equal-ripple)

Equal-ripple passband Pronunciated cutoff slope.

Variable ripple in the passband.

BUTTERWORTH (maximally flat attenuation)

Passband with an attenuation value of LAt. Moderated slope cuttof.

Constant ripple value in the passband.

Linear phase (maximally flat delay)

High out-of-band attenuation Constant ripple value in the passband.

ELIPTIC (equal-ripple in the passband and the attenuation band)

Maximal out-of-band attenuation.

Constant passband and out-ofband ripple response.

Variable ripple in the passband.

Table 1. Attenuation and delay characteristics of the amplitude approximation functions.

Since in the context of this study the interest is to develop a passband frequency response to meet the given requirement, this document will make emphasis in this type of filter.

Generalities about passband filters.

A passband filter is distinguished because its response exhibits a range of transmitted frequencies defined as bandpass, centered at a frequency f 0 , and two attenuated bands located at each side of the bandpass. The electrical characteristics which determine its operation are the central frequency, the bandwidth, the rejection level of the attenuated bands, the insertion losses and the flatness. These specifications are given in an electrical template, whose purpose is to define the response characteristics that the filter must accomplish. Additionally, the parameters that allow measuring the electrical performance of a passband filter are the insertion and return losses level in the passband, the attenuation level of the rejected band and the flatness. Figure 2 depicts the frequency response of a passband filter, its electrical template and its electrical characteristics. 

Performance parameters of a passband filter

As it was mentioned above, the filter performances can be defined in terms of several electrical parameters that are usually specified by the requirement. The most common ones are the center frequency, bandwidth, insertion loss, return loss, rejection, group delay and ripple between others. A description of each one is given as follows:

-Center frequency: Noted as f 0 , it corresponds to the mean of the lower (f 1 )

and upper (f 2 ) cutoff frequencies of the band-pass filter, whose positions could be appreciated on figure 2. It can be expressed by the following equation:

𝑓 0 = 𝑓 1 + 𝑓 2 2 (2) 
-Bandwidth: It corresponds to the range of frequencies defined between f 1 and f 2 in which the filter allows the transmission of the utile frequency components of a signal. It is given by:

𝐵𝑊 = 𝑓 2 -𝑓 1 (3) 
In filter theory it is common to use the fractional bandwidth, which is equal to the bandwidth of the filter divided by its center frequency, thus:

𝐹𝐵𝑊(%) = 𝐵𝑊 𝑓 0 * 100 (4) 
-Insertion loss: The insertion loss is defined as the attenuation level of the S 12 parameter measured at the central frequency f 0, that is, on the electrical response during transmission. The importance of this parameter lies in that it comprises all the loss sources encountered inside the resonant element as well as the losses due to the interactions between the resonator coupling structures with the exterior (radiation losses, dielectric, ohmic, metallic, etc). During the tuning process of a microwave filter, its matching level must be adjusted to be better than -15 dB at f 0, to ensure that the attenuation value corresponds to an insertion loss level value and not to a mismatching of the response.

-Group delay: This parameter defines the phase linearity undergone by the signal when it passes through the filter. The group delay exhibits a flat response or

Frecuency (GHz) Insertion loss

with small variations in the passband, defined by the interval [f 1 , f 2 ], and a considerable increment near its edges [1]. It is defined by the equation ( 5 

𝑅𝐿(𝑑𝐵) = 20𝐿𝑜𝑔 [ 𝑉𝑆𝑊𝑅 + 1 𝑉𝑆𝑊𝑅 -1 ] (6) 
The filter response needs to be tuned in the passband in order to reduce the VSWR, which minimize the mismatch losses. Otherwise, it will be added to the insertion loss of the filter [4].

-Rejection: The rejection is a parameter defined as the capacity of the filter to attenuate the unwanted band of frequencies in the stopband. A good rejection value is necessary in order to avoid the co-channel interference. Its value depends directly of the filter order, hence sharp rejection values can be derived from higher filter orders, however this action increases the insertion loss and the filter footprint. Additionally, it is conditioned to the election of the approximation function for the filter synthesis [1].

The introduction of transmission zeros in the amplitude response in vicinity of the bandpass of the filter allows obtain higher rejection values.

-Ripple: The ripple specifies the variation of the insertion loss in the passband.

It is calculated mathematically as the difference between the maximum and minimum observed values of insertion loss. Depending of the chosen approximation function for the filter synthesis, different ripple characteristics could be achieved (i.e. Chevyshev response-type, which delivers an equal-ripple insertion loss in the passband).

Quality factors.

The quality factor of a filter is consolidated as an important parameter which defines the degree of quality of such device [5]. The quality of a filter depends of the quality of its resonators, whose structure usually is equal or very similar. There are 3 types of quality factors, the unloaded quality factor Q U , the loaded quality factor Q L and the external quality factor Q E . They are described as follows.

Loaded quality factor. 1.1.3.1.

The loaded quality factor Q L is a dimensionless quantity that measures the selectivity of a loaded resonator at its resonance frequency, that is, when the resonator is coupled to an external circuit impedance. It is determined with the following equation, by employing the response of the S 21 parameter:

𝑄 𝐿 = 𝑓 0 𝐵𝑊 3𝑑𝐵 = 𝑓 0 𝑓 2 -𝑓 1 (7)
Here, f 0 is the resonance frequency and 𝐵𝑊 3𝑑𝐵 = f 2 -f 1 correspond to the passband calculated at -3 dB from the insertion losses perceived at resonance conditions, as it can be observed on Figure 4. According to equation (7), the value of Q L is incremented as the filter becomes more selective. Frecuency (GHz)

BW at 3dB

External quality factor. 1.1.3.2.

The external quality factor characterizes the losses produced by the external coupling structures of the resonator. It is defined by the equation [5][START_REF] Someda | Electromagnetic Waves[END_REF]:

𝑄 𝐸 = 𝜔 𝑜
𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 𝑑𝑖𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑡ℎ𝑒 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑙𝑜𝑎𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 (7) Where 𝜔 𝑜 = 2𝜋𝑓𝑜 corresponds to the pulse measured at the resonant frequency.

A common double loaded resonator has two associated external quality factors, one of them related with the input losses 𝑄 𝐸 𝑖𝑛 and the other one related with the output losses 𝑄 𝐸 𝑜𝑢𝑡 , whose values are equivalent. Moreover, the external quality factor can be also expressed by:

𝑄 𝐸 = 𝑄 𝐿 |𝑆 21 𝑓𝑜 | (8) 
Here Q L corresponds to the loaded quality factor and |𝑆 21 𝑓𝑜 | is the natural value of the S 21 parameter measured at resonance conditions. The value of 𝑄 𝐸 could also be characterized experimentally by means of the phase method, proposed in [2]. This method is based on the calculation of the ratio of the resonant frequency f 0 over the bandwidth ∆𝑓 that corresponds to a ±90 0 phase shift in the reflection coefficient. Then, the value of Q E can be expressed by:

𝑄 𝐸 = 𝑓 𝑜 ∆𝑓 ±90 (9) 
Unloaded quality factor. 1.1.3.3.

The unloaded quality factor evaluates the intrinsic electric performances of a resonator when it is not coupled to any external circuit. It comprises the effect of the insertion losses, related with the loss sources described in section 1.1.2. Theoretically, the unloaded quality factor is defined by the equation 𝑄 𝑢 = 𝜔 𝑜 𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 𝑑𝑖𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑏𝑦 𝑡ℎ𝑒 𝑟𝑒𝑠𝑜𝑛𝑎𝑡𝑜𝑟 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒 [START_REF] Iannone | Labs on Chip: Principles, Design and Technology[END_REF] where 𝜔 𝑜 = 2𝜋𝑓𝑜. The previous expression explains in a theoretical way the concept of the unloaded quality factor; however its practical utilization is difficult. A more useful expression to evaluate it by measurements is given by [START_REF] Hammerstad | Equations for Microstrip Circuit Design[END_REF]. It relates the values of the loaded quality factor Q L with the unloaded quality factor Q u and the external quality factor Q E .

1 𝑄 𝐿 = 1 𝑄𝑢 + 1 𝑄 𝐸 ( 11 
)
By employing the equations ( 8) and [START_REF] Hammerstad | Equations for Microstrip Circuit Design[END_REF], the value of the unloaded quality factor can be derived, whose expression is

𝑄 𝑢 = 𝑄 𝐿 1 -|𝑆 21 𝑓𝑜 | ( 12 
)
where |𝑆 21 𝑓𝑜 | is the value of the S 21 parameter measured at the resonance frequency.

Insertion loss and unloaded quality factor 1.1.3.4.

The expression showed above is utilized to calculate the Q u value of a single resonator. However, it is a matter of interest to calculate the performance of a whole passband microwave filter in terms of the dissipative characteristics of its resonators.

From a circuital point of view, the resonators that integrate the filter can be modeled by the equivalent RLC circuits shown in Figure 5 [2]. Figure 5a In both equivalent circuits, the losses are modeled by the presence of the resistance R and the conductance G. Thus, finite Q u values are associated with them.

The Q u value can be determined by [START_REF] Li | An embedded LTCC stripline bandpass filter for millimeter-wave system on package[END_REF] for the series resonator and by [START_REF] Mededović | Design and physical realization of coupled stripline filter[END_REF] for the parallel resonator respectively. Here, the values of L and C are determined for both resonators by using equations ( 13) and [START_REF] Wolf | Band-pass coplanar filters in the G-frequency band[END_REF].

𝐿 = 𝑥 2𝜋𝑓 𝑜 (13) 𝐶 = 1 2𝜋𝑓 𝑜 𝑥 (14) 
𝑄 𝑢 = 𝜔𝐿 𝑅 ( 15)

𝑄 𝑢 = 𝜔𝐶 𝐺 ( 16 
)
In the previous equations the pulse 𝜔 = 2𝜋𝑓𝑜 and 𝑥 is the slope parameter. In this context, R and G can be determined from the equations ( 15) and ( 16) if the unloaded quality factor values for all the reactive elements are known. There exist different theoretical methods to determine the value of Q u for the resonators of the most common technologies, such as microstrip [7] and waveguide [START_REF] Boudouris | Cavités électromagnétiques[END_REF], and experimentally based on the equation [START_REF] Heinrich | Millimeter-wave characteristics of flip-chip interconnects for multichip modules[END_REF], which employs the response of the S 21 parameter. Then, an analysis of the total filter equivalent circuit could be carried out in order to estimate the effect of the dissipative elements R and G in the filter insertion loss response. For a filter designed from a lossless prototype low-pass filter and assuming that all its resonators have the same dissipation characteristics (Equivalent Q u values), the insertion loss value could be determined in an approximate way by employing the following equation [START_REF] Cohn | Dissipation Loss in Multiple-Coupled-Resonator Filters[END_REF]:

∆𝐿′ 𝐴0 = 4.343 ∑ Ω c 𝐹𝐵𝑊𝑄 𝑢𝑖 𝑔 𝑖 𝑛 𝑖 = 1 [𝑑𝐵] (17) 
In this expression FBW corresponds to the fractional bandwidth of the filter, ∆L′ A0 is the increment of the level of insertion losses at the central frequency of the filter, n is the number of resonators, Ω c is the cutoff frequency, g i are the elements of the low-pass prototype found in [1] and Q ui are the unloaded quality factors of the resonant elements that correspond to g i . In a similar way, Q u could be estimated by the expression [START_REF] Rigaudeau | LTCC 3-D resonators applied to the design of very compact filters for Q-band applications[END_REF]. To improve the precision of the calculation, the insertion loss must be inferior to n dB and the matching level must be inferior to -15 dB.

Q u = 4.343 × n 𝐼𝐿 × 𝐹𝐵𝑊 ( 18 
)
After having explained the performance parameters of a passband filter and the definition of quality factor, which allows evaluating the resonators performance, the more utilized filter design technologies will be described as well as the conception of different topologies.

Definition of relative permittivity. 1.1.3.5.

The permittivity of a material is a quantity that characterizes its response to electric fields. It may have a dependency with the fields present around the material, but in general it is regarded to be a constant [7]. Thus, the relative permittivity 𝜀 𝑟 is a dimensionless quantity, defined as the permittivity of the material 𝜀 with respect to the permittivity of free space 𝜀 0 . Its value is given by:

𝜀 𝑟 = 𝜀 𝜀 0 ( 19 
)
The utilization of a high permittivity substrate is proposed to reduce the footprint of a filter structure, since its size depends of the guided wavelength, related directly with the relative permittivity of the propagation medium. For instance, for a transmission line in stripline technology, the guided wavelength is defined by:

𝜆 𝑔 = 𝑐 𝑓 √ 𝜀 𝑟 ( 20 
)
𝜀 0 = 8.854 × 10 -12 𝐹 𝑚

Where c is the velocity of light (c ≈ 3.0 × 10 8 m/s) in free space and f is the operating frequency. According to this equation, the guided wavelength is reduced with a factor depending of the root square of the relative permittivity, being evidenced the effect of the utilization of a high permittivity substrate on the filter size.

Filter design technologies. 1.2.

Currently there exists a great variety of technologies for the fabrication of microwave filters. For the purposes of this thesis, which deals with the filter design for a satellite payload, two categories could be mentioned: planar and waveguide technologies. Each groups exhibit particular characteristics and properties which must be considered in order to choose the technology that best meets the given specification. Additionally, in the context of this project a detailed description of the LTCC technology for filter manufacturing will be carried out as well as a general description of SIW (Substrate Integrated Waveguide) technology, based in the convergence of the characteristics of planar and volume technologies.

1.2.1.

Planar technologies.

Planar microwave filter technologies are an advancement that arrived later than the waveguide technologies, which were developed at first. They are distinguished for its compactness, low-cost and its easy fabrication and integration with other electronic circuits [1]. On the other hand, their Q u values are relatively low, which results in high insertion loss and poor selectivity and also they are not suitable for high-power applications. Planar technologies include microstrip, stripline, coplanar and slot lines between others.

Planar technologies are based basically in a dielectric substrate and one or two metallic layers which are deposited on the up side, bottom side or both of them. The election of the dielectric substrate is based on its electric, mechanic and thermal characteristics. The metallic layers are composed of high conductivity metals such as silver, gold or copper. After, techniques as serigraphy and electrolysis are employed to carry out the metal deposition process. Finally, the structure is implemented by means of etching methods such as the lithography, subtractive and additive process and vias drilling using mechanical drills or laser depending of the substrate material [START_REF] Iannone | Labs on Chip: Principles, Design and Technology[END_REF].

Microstrip technology.

This technology consists of a metallic line placed on top of a substrate and a ground plane constituted by a metallic surface that covers the bottom side. In such structure the substrate serves as a propagation medium of electromagnetic fields. The propagation mode in the microstrip line is not purely TEM because of the difference in the εr values between the air and the substrate, which makes that the fields in the air propagate faster than the fields inside the dielectric. Figure 6 depicts the classical structure of a microstrip line as well as its field distribution. The design equations for a microstrip line could be found in [START_REF] Hammerstad | Equations for Microstrip Circuit Design[END_REF]. Moreover, a procedure for its Q u value calculation is documented in [1]- [7], based in the determination of the conductor and dielectric attenuation constant. Microstrip lines have high loss that comes from dielectric, conductor and radiation loss, being the dielectric and conductor loss the most significant. This issue reduces the Q u , fact that has to be considered during the filter design process.

Coplanar technology.

1.2.2.1.

In coplanar technology a signal metallic strip is surrounded by two ground planes, which are placed on the top of the substrate. The coplanar technology exhibits two propagation modes, a quasi-TEM mode (coplanar mode) and a parasite TE mode (slotline mode). The TE mode propagates between the signal strip and the ground plane. To suppress it, air bridges are connected between the two ground planes in order to keep the same electric potential between them. These wires should be spaced on a distance of one quarter wavelength apart or less. Figure 7 shows the structure and the fields distribution of the technology. Since the ground plane and the signal strip are located in the same face of the structure, it facilitates the interconnection with other electronic circuits such as MMIC (Monolithic Microwave Integrated Circuit) [START_REF] Heinrich | Millimeter-wave characteristics of flip-chip interconnects for multichip modules[END_REF]. Additionally, it avoids the drills realization through the substrate to make contact with the ground, which adds parasitic effects that degrades the performance of the structure. This fact facilitates the design of short-circuited quarter-wavelength filters. However, the main drawback of this technology is the difficulty to keep a TEM mode throughout the circuit, since the presence of two ground planes and a central conductor introduces a spurious TE mode that affects the electrical response. Some filter design examples that utilizes this technology are presented in [START_REF] Honarvar | Design of coplanar waveguide ultrawideband bandpass filter using stub-loaded resonator with notched band[END_REF]- [START_REF] Wolf | Band-pass coplanar filters in the G-frequency band[END_REF].

Stripline technology. 1.2.2.2.

This technology consists in the introduction of one or more metallic strips inside a dielectric substrate and two ground planes which enclose the structure. Since the strip is confined inside the substrate, the radiation loss is minimal. This fact increases the Q u value of the resonators. The strip can be placed in a symmetric position with respect to the ground planes as shown in Figure 8, or it can be positioned in an asymmetric way, being closer to one plane than from the other. There are two propagating modes in a stripline structure, a TEM mode and a parasite TE or TM waveguide mode [1], which is propagated at higher frequencies. In order to avoid its presence, it is necessary to introduce connecting vias between the two ground planes. The main advantages of the technology lie in the shielding of the conductor strip to spurious electromagnetic radiation and its footprint reduction capacity, due to the homogeneous environment on the whole structure. This property is improved if a high permittivity substrate is employed. However, the structure presents some inconvenients such as its elevated cost and fabrication complexity. In [START_REF] Li | An embedded LTCC stripline bandpass filter for millimeter-wave system on package[END_REF], [START_REF] Mededović | Design and physical realization of coupled stripline filter[END_REF] some filters are developed based on stripline technology.

Multilayer technology. 1.2.2.3.

The multilayer technology extends the capacities and applications scope of the planar technologies described above. It is composed by superposed dielectric layers and different conductor levels, which allows reducing the overall structure size and provides more design flexibility. At the same time, it offers the possibility of enlarging the range of realizable characteristics impedances of 20-100 Ohm in a classical microstrip configuration to 5-125 ohm [START_REF] Clavet | Définition de solutions de filtrage planaires et multicouches pour les nouvelles générations de satellites de télécommunications[END_REF]. Additionally, it easies the implementation of couplings of different characteristics and strengths, such as those found between non-adjacent resonators [START_REF] Rigaudeau | LTCC 3-D resonators applied to the design of very compact filters for Q-band applications[END_REF]. Figure 9 shows some typical configurations based on this technology. 

Multilayer microstrip lines

Multilayer coplanar lines

An interesting application of multilayer technologies is the suspended substrate technology [START_REF] Yamashita | Strip Line with Rectangular Outer Conductor and Three Dielectric Layers[END_REF]. It consists in a microstrip line located on a thin substrate, elements which are confined in a metallic enclosure surrounded by air, as depicted in Figure 9i.

This technique visibly improves the Q u value since fields propagation is performed mainly through the air and because the radiation loss is minimal due to the metallic enclosure. However parasite TEM modes could appear at frequencies near of f 0 , reason why it must be designed carefully. Despite the performance improvement obtained with this technology as compared with classic planar technologies, the main inconvenient is the fabrication process complexity related with the layers superposition, alignment, sensibility issues, etc.

Passband filter topologies.

In the literature it is reported an appreciable number of filter topologies with passband characteristics. They could be classified in two categories depending of their bandwidth. Middle and wideband filters, whose fractional bandwidth is between 20 and 80% and narrowband filters, which exhibit a fractional bandwidth lower than 20%. A brief description of the topologies that belongs to each group is presented as follows.

Middle and wideband filters.

1.2.3.1.

This category comprises the filters whose FBW is between 20 and 80%. This type of filters is mainly utilized in telecommunications and radar applications enabled to work with high data rates. The classic topology to meet such requirements is the stubs filter, integrated with λg/4 short-circuited stubs or with λg/2 open-circuited stubs [2].

Stubs filter topology.

The stubs filter is composed by shunt stubs which are 𝜆 𝑔 0 /4 long for the case of the short-circuited stubs filter and 𝜆 𝑔 0 /2 for the open-circuited stubs filter, connected by 𝜆 𝑔 0 /4 long admittance inverters, where 𝜆 𝑔 0 is the guided wavelength in the propagation medium at the central frequency f 0 . The synthesis procedure involves the calculus of the characteristic admittances of both stub lines and the admittance inverters considering the given specification, and then their respective dimensions [1].

The short-circuited stubs filter is known to have its second passband centered at 3f 0 and an attenuation pole located at 2f 0 . In contrast, the open-circuited stubs filter will have attenuation poles whose location depends of the synthesis parameters and additional passbands centered at the vicinity of 0 and 2f 0 and at other periodic frequencies [2]. If this filter is utilized for a narrowband specification, the synthesis produces low impedance stubs that lead to feasibility and electrical performance problems. The topologies shown above could be folded in order to obtain transmission zeros in the amplitude response by means of the introduction of couplings of magnetic and electrical nature between non-adjacent resonators. In [START_REF] Prigent | Méthode de conception de filtres planaires à bande étroite dans les domaines centimétrique et millimétrique[END_REF] a 4 th order folded stubs filter is described, which presents a transmission zero in frequencies lower or higher than f 0 depending of the coupling sign. design procedure can be found in [START_REF] Matthaei | Interdigital Band-Pass Filters[END_REF]. The excitation is made by coupling between the open-circuit access lines (0,n+1) and the resonators (1,n). This filter presents its second passband at 3f 0 without spurious presence in between, due to the utilization of quarter-wavelength long resonators [2]. In general, this filter is distinguished by its symmetric response and its applicability to middle bandwidth specifications. Narrowband filters are distinguished because their fractional bandwidth is lower than 20%. They are commonly used in telecommunications to isolate frequency channels from a reception band and to rationalize the spectrum. These filters are composed by 𝜆 𝑔 0 /4 long coupled lines. In general for this type of structures, the resonance frequency depends of the coupled line sections length and the bandwidth is controlled by the proximity couplings separation.

Coupled line filters.

This filter structure uses half-wavelength resonators disposed in parallel and quarter-wavelength coupled line sections. Then, each resonator has a coupling area corresponding to one half of its length with another adjacent resonator. The filter synthesis, found in [1], is based in the determination of the odd and even characteristic impedances, noted as Z oe and Z oo respectively, and subsequently the dimensions of the coupled lines that correspond to these impedance values. The order of the filter is equal to N-1 where N is the number of coupled lines. This topology presents a mixed coupling (electrical and magnetic coupling) between the quarterwavelength coupled sections, which does not allow to implement a pure electrical or magnetic coupling. Additionally, it requires the use of discontinuities such as curvatures, steps and bends to reduce the filter footprint, which causes disturbances in the electrical response. A layout of this type filter structure is presented in Figure 12. 

Open-Loop filters.

This filter structure is composed by quarter-wavelength open-loop resonators at the central frequency, which are folded and shaped such a way that there is a gap between their extremities. One of the main characteristics of this topology is that it allows obtaining different types of coupling depending on the loops orientation [START_REF] Hong | Aperture-coupled microstrip open-loop resonators and their applications to the design of novel microstrip bandpass filters[END_REF].

Hence, electrical, magnetical and mixed inter-resonator couplings can be created and accurately defined due to the spatial flexibility provided by the topology. Figure 13 [2] displays the schemes of the types of coupling described above as well as two filter layouts based in this topology. In general each resonator is defined by two transmission zeros and one pole, parameters that can be controlled in an independent way. DBR filters are known to meet narrowband specifications with high rejection at the attenuated band. Moreover, their Q u value is higher compared to other planar topologies such as the coupled line filter [START_REF] Manchec | Définition de nouvelles solutions de filtrage en technologie plaquée[END_REF]. However, they present harmonic spurious at both sides of the rejected band which must be addressed in order to obtain a satisfying response. In [START_REF] Quendo | Integration of optimized low-pass filters in a bandpass filter for out-of-band improvement[END_REF] is proposed a technique based in the integration of a low-pass filter inside the original passband structure to correct this issue.

Finally, as an alternative that enables the fabrication of planar topologies in a multilayer environment and also facilitates the integration of passive components, including MMIC circuits, the LTCC (Low Temperature Co-fired Ceramic) technology is consolidated as an interesting solution that provides superior RF and microwave characteristics. It is distinguished especially because of the compatibility degree it offers for the interconnection with components and devices based in planar technologies, which mainly integrates the communication systems found in satellite payloads. A more detailed description about the characteristics of this technology will be made subsequently in section 1.2.6.1.

Waveguide technology.

The waveguide technology was the base of the first reported microwave filters and continues to play a key role in the design of communication systems, particularly for satellite payloads. They are characterized for its high power handling capability and low loss due to its elevated Q u values (Q u > 10000), which enables the synthesis of filter functions with very selective responses (FBW of 2% or lower). Despite its excellent performance, their weigth and bulkiness are well-known drawbacks of this technology [1]. For these reasons, they occupy an important area inside the payload and therefore they contribute significantly to the satellite's lunching price [START_REF] Qader | Multilayer Micromachined RF MEMS Filters at Ka and L/S Band For On-Board Satellite Communication Systems[END_REF].

Waveguide filters can be classified in three categories: dielectric resonator filters, waveguide filters and cavity filters, whose characteristics are described as follows.

Dielectric resonator filters. 1.2.4.1.

Dielectric resonator filters are composed by high permittivity dielectric blocks of circular or rectangular geometrical shapes and magnetic walls resulting from the permittivity difference between the dielectric and the air. The inter-resonator couplings are realized through the air and the input/output couplings are implemented by using microstrip lines or a coaxial cable. Due to the utilization of dielectrics with high permittivity values, this kind of filters are less bulky and heavy compared to metallic cavity filters, achieving at the same time high Q u values.

Despite the mentioned advantages, the loss increment of the excitation systems as the operation frequency is increased and the tuning complexity are the main drawbacks of this type of filter. Figure 15 shows a filter developed in [START_REF] Pelliccia | Ultra-compact filters using TM dual-mode dielectric-loaded cavities with asymmetric transmission zeros[END_REF] based on this technology, which uses dual mode resonators in order to reduce the total footprint of the structure. Waveguide filters are composed by a traditional waveguide in which some metal plates are positioned conveniently to form a series of cavities coupled by irises. The coupling nature (electric or magnetic) is determined by the position of these coupling structures. The design equations for these filter technology are well known and documented [START_REF] Paul | Lignes, guides et cavités[END_REF]. An example of a rectangular waveguide filter is depicted at Figure 16 [START_REF] Sivareddy | Realization and Qualification of Waveguide Iris Filters for Space Applications[END_REF]. The loss level of the technology is reduced thanks to the absence of dielectric and the utilization of high conductivity metallization in the delimiting walls. For this reason, they are utilized in high frequency applications, such as RF-front ends and satellites emission chains, which require low loss, high selectivity and a wide spurious free band [START_REF] Sancho | Predistorted Ku-band rectangular waveguide input filter[END_REF]. The disadvantages of the technology lie on its significant associated footprint, due to the reduced value of ε r and the difficulty to develop complex filter functions when particular modes are used.

Cavity filters. 1.2.4.3.

Cavity filters are composed by metallic cavities built inside a metal block. Their inter-resonator couplings are made through the utilization of apertures etched in the cavity walls. Theoretical equations to determine the cavities dimensions and design abacus to calculate the coupling structures between the filter elements are available in [1]. Dual mode cavities with two orthogonal polarizations at the same frequency could be employed to reduce the footprint of the filter. Then, filters of 2N order can be created with N resonators. A 45 o discontinuity regarding the excitation axis, usually performed by using tuning screws or slots, is introduced to couple the dual mode polarizations. Figure 17 depicts a dual-mode cavity filter [START_REF] Tomassoni | Generalized TM dual-mode cavity filters[END_REF]. The main advantages of this type of structure are its elevated Q u value and its power-handling capability. Its limitations lie on its associated footprint, bulkiness and elevated price. Additionally, a post tuning stage is necessary in order to correct the fabrication imperfections that modify the cavities resonant frequencies and the interresonators couplings. This is performed through the insertion of tuning screws in each cavity structure. This post tuning operation could be very time-consuming.

Additive technology.

The additive technology is a recently invented manufacturing process in which a 3D component is built layer by layer using material deposition techniques, based in a digital design model. This technology has attracted the attention of the aerospace and defense sector because its utilization leads to a cost reduction and to an overall complexity decrease to create specialized components for applications like aircrafts or weaponry, all of that with a minimum waste of resources (energy, material, etc) [START_REF] Angrish | A critical analysis of additive manufacturing technologies for aerospace applications[END_REF].

Several materials may be used for the process, such as steel, titanium, plastics (photopolymers and thermoplastics) and composites. Figure 18 depicts an sketch that resumes the technologies related with the additive manufacturing. 1.2.6.

Substrate Integrated Waveguide (SIW).

SIW is a technique that consists in the integration of a rectangular waveguide into a microstrip substrate, reason why it can be grouped as a planar technology. This technique, developed by D. Deslandes et K. Wu [START_REF] Deslandes | Integrated microstrip and rectangular waveguide in planar form[END_REF], allows taking advantage of a higher Q u factor provided by the waveguide propagation modes combined with the versatility and compactness of planar lines, delivering that way low-loss responses and highpower handling. Then, the structure could be built by employing standard techniques like PCB or other multilayer processing techniques such as LTCC [2].

SIW cavities are composed by a dielectric substrate, whose upper and lower faces are metallized, whereas the lateral walls are conformed by metallic vias arrays.

When these arrays are perpendicular to the current lines, as in the case in which they are placed vertically between the upper and lower sides of the substrate, only TE m0 modes could be propagated due to the gaps between the vias [START_REF] Rigaudeau | Mixed LTCC ultra compact S-band filter with wide multispurious stopband[END_REF]. However, other modes are allowed if the vias are positioned in parallel with the current lines. An example of the mentioned above is found in [START_REF] Potelon | Design of a Substrate Integrated Waveguide (SIW) filter using a novel topology of coupling[END_REF], which reports a third order filter based in a circular cavity that operates in the TM 010 mode. The SIW principle offers flexibility to build cavities of different shapes. Square, triangular, ridged, folded and circular shaped cavities can be conceived [START_REF] Potelon | Design of a Substrate Integrated Waveguide (SIW) filter using a novel topology of coupling[END_REF]- [START_REF]Design of multilayer triangular substrate integrated waveguide filter in LTCC[END_REF]- [START_REF] Huang | Compact Ridged Half-Mode Substrate Integrated Waveguide Bandpass Filter[END_REF]. Similarly, structures such as shunt conductive posts, coupling iris and slots could be properly positioned between the cavities with the purpose to create couplings of different types, which offer a diversity of possibilities for filters design. In fact couplings of electrical, magnetical and mixed type and couplings between nonadjacent could be realized [START_REF]Design of multilayer triangular substrate integrated waveguide filter in LTCC[END_REF]- [START_REF] Huang | Compact Ridged Half-Mode Substrate Integrated Waveguide Bandpass Filter[END_REF]. To illustrate the aforementioned, Figure 21 depicts the structure of a ridged half-mode SIW filter [START_REF] Huang | Compact Ridged Half-Mode Substrate Integrated Waveguide Bandpass Filter[END_REF], several examples of triangular-shaped cavity filters [START_REF] Zhang | Development of compact bandpass filters with SIW triangular cavities[END_REF] and a SIW Zig-Zag filter topology [START_REF] Mira | Design of ultra-wideband substrate integrated waveguide (SIW) filters in zigzag topology[END_REF]. The described structures provide interesting characteristics such as generation of transmission zeros, low cutoff frequencies and high compactness. In general SIW filters show good assets such a low loss, reduced fabrication cost and easy integration with planar technologies. However their power handling is not as higher as volumic technologies. For this reason, they are not enabled to replace them in emission modules. Their associated footprint is also an issue, especially when the filter operates at the TE 101 fundamental mode, since its length and width are around a half wavelength. To overcome this problem, the LTCC technology and the utilization of a high-permittivity substrate are consolidated as a good solution alternative that offers high electrical performance and compactness. 

Generalities.

The LTCC technology comes up at the year 1990 to meet the compactness, cost and complexity requirements of MMIC and millimeter-wave applications [START_REF] Amaya | A broadband 3D vertical Microstrip to Stripline transition in LTCC using a quasi-coaxial structure for millimetre-wave SOP applications[END_REF]. It consists in the stacking of several substrate layers, where each one of them has passed through several planar processes. The substrate tapes are drilled, screen printed and cut separately. Subsequently, they are stacked, laminated and co-fired at temperatures close to 900 °C, to obtain finally a homogeneous and compact structure.

The process is characterized because the final product performs as if there was only a single substrate layer, without degrading the electrical properties between the layers.

The utilization of high quality conductive inks is enabled due to the relative low temperatures present during the firing process. Additionally, metals like silver, gold or cooper could be employed without compromising their electrical properties. Figure 22 depicts a scheme that outlines the different stages of the fabrication process. One of the most important characteristics of the LTCC technology is its capability to facilitate the circuit integration in a tridimensional environment. In fact, it allows exploiting the advantages of the multilayer approach for filter manufacturing, such as resonator juxtaposition or superposition, which provides excellent size reduction capabilities as well as great design flexibility when compared to 2D topologies, whose development is constrained by geometrical issues [START_REF] Rigaudeau | Mixed LTCC ultra compact S-band filter with wide multispurious stopband[END_REF]. This characteristic also facilitates the synthesis of new structures and couplings that are difficult or not possible to realize in planar technologies. Moreover, it enables the integration of passive components (resistances, capacitors and inductors) directly into the substrate, leading to more compact circuits. This integration advances lead to the development of system integration on chip (SOC) and system integration on package (SOP), aiming to the overall size reduction of RF front-ends [START_REF] Lin | Design of an LTCC Tri-band transceiver module for GPRS mobile applications[END_REF]. Moreover, the technology is well suited to meet the specific requirements (reliability and high degree of miniaturization) of special applications for low and medium volume productions, such as sensors applications [START_REF] Bechtold | Innovative Integrationslösungen für Sensoren mit LTCC[END_REF]. A comparative chart which outlines the key features of LTCC compared to other similar technologies is found in [START_REF] Bechtold | A comprehensive overview on today's ceramic substrate technologies[END_REF]. Some application examples are displayed hereafter. Figure 23 depicts an LTCC application based in the design of several modules for a satellite payload [START_REF] Kulke | Verification of an LTCC packaging technology on board of the ongoing TET-1 satellite mission[END_REF]. Additionally, Figure 24 presents a scheme of an LTCC manufacturing process which allows embedding lumped components inside its structure.
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Co-firing Final processing The integration and reduction capabilities offered by the tridimensional approach, together with a superior reliability and performance are the main advantages of the LTCC process. However, the technology presents some associated difficulties that limit its usage. Shrinkage phenomena occur during the layers co-firing as well as thermic dilatation between layers. These effects inflict on the alignment and superposition precision of the layers, especially as its number is augmented. On the other hand, the assurance compatibility of the tape and the electrical paste combination could be a problem [START_REF] Fournier | 3D Structuration Techniques of LTCC for Microsystems Applications[END_REF]. This is due to several reasons such as the absence of standardization of LTCC systems, erroneous datasheets, confidentiality constraints and the insufficient testing from the foundry. In order to detect defects and imperfections in fabricated LTCC circuits, there exists several observation methods [START_REF] Fournier | 3D Structuration Techniques of LTCC for Microsystems Applications[END_REF]. Ultrasonic echography and X-ray microscopes are some of the most common non-destructive methods. While the first can provide a resolution ranging from 70 to 700 mm, the latter features a scanning precision around 1 um with the latest models, which makes it suitable to assess the tapes quality after firing.

In synthesis, the LTCC technology offers great possibilities for the miniaturization and integration of RF and microwave systems. Its potential has not been yet exploited by far and currently is a trend research topic. In the other hand, an appropriate choice of substrate is an important concern, even more for the scope of this thesis project, which intends to meet a requirement for a spatial application. The substrate must exhibit a high dielectric constant for high miniaturization, low dielectric losses and good thermal stability. Considering the aforementioned, the characteristics of the chosen substrate are discussed hereafter. To respond adequately to the requirements imposed by the application, framed within a spatial context, a high permittivity ceramic substrate compatible with the LTCC process will be employed. It is the Heraeus Heratape ®CT765, which has a permittivity of ε r = 68.7 and a loss tangent of tanδ = 1.73x10 -3 at 2.5 GHz. This substrate is produced in layers of 50 um (37.5 um after firing).

According to the substrate datasheet [START_REF]Technical Datasheet, substrate Heraeus Heratape ®CT[END_REF], the vertical and horizontal shrinkage is of 19.3% ± 0.5 and 28.9% ± 4 respectively. Additionally, it offers a good thermal stability, provided by its Thermal Coefficient of Expansion (TCE) of 10.5 ppm/k and its Thermal Coefficient of Frequency (TCF) of -12.9 ppm/K, both measured at 600 MHz.

These properties are of great interest, given the harsh environment in which the circuit will operate, characterized by strong temperature variations. Some previous work has been developed by employing this substrate. In [START_REF] Garreau | Ultra-compact X-band SIW filter in LTCC technology using high permittivity substrate for a space application[END_REF] is reported a SIW X band 6 th order filter, fabricated by VTT Electronics® in Finland. Although the preliminary results are satisfactory, a frequency shift of around 3% was observed at the measured response, mainly due to the substrate permittivity dispersion.

Choice of foundry.

The election of an appropriate foundry plays a critical role to ensure the successful fabrication of the filter prototypes. Several European foundries were postulated for this purpose, taking into account several criteria such as:

-Capacity for LTCC design and manufacturing.

-Compatibility to operate with high permittivity substrates, especially with the chosen ceramic (Heraeus Heratape ®CT765).

-Management of industrial scale production.

-Insurance of space-certified production.

Considering the aforementioned, foundries like IMST, MST/MSE and VIA Electronics® were contacted to verify if they were enabled to meet the criteria mentioned above. It should be noted that the Lab-STICC had a previous experience with VTT Electronics for the development of LTCC filters, framed in the doctoral thesis detailed in [START_REF] Garreau | Étude des filtres hypérfrequences SIW et hybride-planaires SIW en technologie LTCC[END_REF]. However this foundry is no longer working with the specified substrate. Finally, it was determined to choose VIA Electronics® as the new foundry, due to their qualifications to offer industrial-class accuracy for prototypes manufacturing, framed in a spatial context.

Since this project includes space related technology, it is necessary that the materials, devices and process involved in the development of the filter structures be certified by the ITAR (International Traffic in Arms Regulations), organism that controls the manufacturing, sales and distribution of sensitive technology to foreign nationals from USA.

Design rules.

The considered design rules for the prototypes development are consigned in the LTCC design guide provided by Via Electronics®, the chosen foundry for the filters manufacturing [START_REF]LTCC systems and LTCC design rules[END_REF]. The research project is concerned basically in the design rules involving the realization of vias, metallic lines, slots and their respective dimensions.

According to them, during the fabrication process the substrate tapes will be grouped in substacks, each one integrated by 3 tapes, whose associated height is of 3x(37.5um) = 112.5 um after firing. Then, the substrate height must be a multiple of a substack thickness. In a similar way, the metallic vias height will correspond to this value. The utilization of stacked vias is not allowed since it may result in a bump on the part surface. For this reason, only staggered vias are allowed for the realization of vias arrangements. The maximum allowed substrate height is 2.25 mm, which corresponds to 60 substrate layers. The conditions mentioned above must be considered for the metallic vias insertion inside the structure and for the calculation of the substrate thickness. Other design rules are presented as follows, which are described at the scheme depicted on Figure 25.

-Minimum line width of 80 um.

-Via diameter of ∅ = 160 um (Optional).

-Via spacing: Via to via pitch of 2.5∅ um in the same layers substack. For vias that belongs to different substacks, the minimum pitch shall be of 2∅.

-Via center to part edge distance of 2∅.

It is advisable that only one via diameter be used along the structures. Also, When the vias distribution along the structure do not allow to respect the minimum limits concerning the space between vias located in the same substack or at different substacks, as in the overlapping problem case, they shall be electrically disconnected from the structure. The context of the study is framed in the development of filter topologies in the L and S bands, aimed to be part of a spatial telecommunication system. Their fractional bandwidths are 15 and 20% for the L and S bands respectively, reason why they present characteristics which are common to both middle band and narrow band specifications. The devices must exhibit specific characteristics such as a reduced footprint at the specified operation bands, a high Q u value that allows meeting a high out-of-band rejection and a low loss level and also an assured compatibility with devices developed in planar technologies. In this sense, the combination of two approaches, the LTCC technology and the utilization of a high permittivity substrate, is consolidated as a high performance solution that responds satisfactorily to all the above requirements.

Under this perspective, two filter topologies were proposed: A vertically stacked SIW filter and a stripline quarter-wavelength stubs filter. The interest of such election is to make a performance comparison between a planar and a waveguide topology and to assess the characteristics that such topologies offer to answer to the given electrical requirements. In general, the SIW filter provides a low loss response, thanks to its elevated quality factor, whereas the stubs filter is distinguished by its high compactness at the operation frequencies specified in the requirement. The implementation of such topologies constitutes the basis of the thesis project, which will be described in Chapter 2 and Chapter 3. Finally it should be mentioned that since the implementation process of the studied filter topologies is similar for both required bands, the chapters content details only the implementation of the S band specification.

Introduction 2.1.

This chapter deals with the design and implementation of a vertically stacked SIW filter in LTCC technology for the S band, by using a high permittivity substrate. In normal conditions, SIW filters are bulky and they occupy an important footprint.

However, the combination of both alternatives leads to an overall size reduction while maintaining a high electrical performance, thanks to its elevated Q u factor inherent to this kind of structure.

The chapter begins with the definition of the electric template for the S band.

After, its content details the design stages of the filter, which includes its synthesis, the resonant cavities dimensioning, the characterization of the external quality factor Q E and of the inter-resonator coupling coefficients K i,j , and the insertion of metallized vias arrangements around the filter structure, taking into account the design rules provided by the chosen foundry. In addition, an analysis of the relation between the number of substrate layers employed in each cavity and its effect on the electrical response has been pursued in order to optimize the overall performance of the filter as well as its total footprint. Subsequently, some sensitivity tests to dispersions of technological and material type are pursued, including the description of a post tuning mechanism to compensate for the frequency shifting caused by these phenomena. After, the physical fabrication of the filter and further packaging will be discussed, including its measure results. Finally, a retrosimulation stage is conducted taking into account the filter dimensions and the substrate characteristics, in order to identify the origin of the dispersions that affects the electrical response and for its further refining.

Description of the filter electrical specification in S 2.2. band.

The filter electrical template to be developed was specified by Thales Alenia Space, which is intended to meet exigent needs for a space application. Figure 26 show the template definition of the mentioned filters. In a similar way, Table 2 depict the electrical specifications of the mentioned filter functions. The estimated value of return losses is RL ≈ 14 dB. Other conditions consigned in the previous tables include the expected flatness of 0.5 dB in the passband, the temperature range and the group delay (TPG) ripple in the described frequency intervals. Based in the information provided in the electrical specifications, the filter order is given by [1], [2]: 

Γ = | SWR -1 SWR + 1 | = | 1.5 -1 1.5 + 1 | = 0.2 (20) 

𝑛 ≥

𝑐𝑜𝑠ℎ -1 √ 10 0.1𝐿 𝐴𝑠 -1 10 0.1𝐿 𝐴𝑟 -1 𝑐𝑜𝑠ℎ -1 Ω 𝑠 [START_REF]A Simple Design Procedure for Small Percentage Bandwidth Round-Rod Interdigital Filters[END_REF] n is the filter order, 𝐿 𝐴𝑠 is the out-of-band rejection level at the frequency Ω 𝑠 , 𝐿 𝐴𝑟 is the maximum ripple amplitude. Ω 𝑠 corresponds to the high cutoff attenuation frequency after being transformed by employing the following expression, which allows realizing a conversion of a low-pass prototype to a pass band prototype.

Ω = 1 𝐹𝐵𝑊 ( 𝑓 𝑓 0 - 𝑓 0 𝑓 ) (23) 
In this equation 𝑓𝑜 corresponds to the central frequency and FBW is the fractional bandwidth. In accordance to Table 2, 𝐿 𝐴𝑠 = 55 dB, 𝐿 𝐴𝑟 = 0.01dB, f = 2.750

GHz, fo = 2.4 GHz and FBW = 0.208. Thus, according to the equation, n ≥ 13 for both filter specifications. With the purpose of reducing the complexity in terms of design, simulation and tuning that entails the adoption of a high order, an order of n = 12 is privileged to meet the requirement. This choice also allows reducing the associated losses derived of a higher number of resonators and enables to take advantage of a symmetrical topology due to an even order, which facilitates the construction of multilayer topologies.

SIW filter description. 2.3.

SIW filters are distinguished by its low cost, easiness of integration with planar technologies and high Q factors, leading to lower insertion losses and high rejection levels. The synthesis process of the SIW filter is based in a similar procedure followed for air-filled waveguide filter conception, since the SIW technology exhibit propagation characteristics and resonance modes similar to metallic rectangular waveguides [START_REF] Deslandes | Integrated microstrip and rectangular waveguide in planar form[END_REF], [START_REF] Deslandes | Accurate modeling, wave mechanisms, and design considerations of a substrate integrated waveguide[END_REF]. In fact, SIW modes correspond to the TE n0 guided modes of a rectangular waveguide. However, TM modes could be allowed for propagation if the sidewalls vias are placed in parallel to the current lines of the structure. Additionally, the couplingmatrix method could be applied for the filter synthesis, in accordance with the election of an appropriate approximation filter function.

Despite its advantages, an important drawback of this technique, related with conventional waveguide structures, is the difficulty to realize high-order or complex structures without augmenting the footprint. In this sense, the utilization of the High K LTCC process provides great flexibility to integrate resonators on various levels thanks to its multilayer approach, profiting as well of the footprint reduction capability offered by the high permittivity substrate. The synthesis process of the SIW filter is based in a similar procedure followed for classic cavities conception, since this technology relies on volumic propagation and resonance modes applied on a planar configuration [START_REF] Deslandes | Integrated microstrip and rectangular waveguide in planar form[END_REF]. It begins with the determination of the cavity type, the choice of the fundamental propagation mode and subsequently the dimension calculus of the resonant cavity, composed by a waveguide delimited by two metallic walls. A rectangular-shaped cavity was chosen for the conception, mainly due to the flexibility it provides to make the cavities stacking and for its design easiness. Several resonance modes could operate in such structure, whose theory and equations are well documented [START_REF] Cassivi | Dispersion characteristics of substrate integrated rectangular waveguide[END_REF]. However, the elected mode for this structure is the TE 101 , due to the compactness and low dissipated power and losses it exhibits. In addition, it leads to a square-shaped cavity, which improves the rejection of spurious TE and TM modes.

In this context, the cavity dimensions are calculated by employing the equations (24-25) valid for the TE 101 mode [START_REF] Paul | Lignes, guides et cavités[END_REF], where 𝑎 = 𝑙 since the cavity has a square shape.

𝑓 𝑟 = 𝑐 √ 𝜀 𝑟 √ 1 (2𝑎) 2 + 1 (2𝑙) 2 (24) 𝑙 = 𝑐 𝑓 𝑟 √ 1 2𝜀 𝑟 ( 25 
)
In the previous equations 𝑎 and 𝑙 stands for the width and the length of the cavity respectively, c is the speed of light in free space and ε r is the substrate permittivity. With 𝜀 𝑟 = 68.7, the value of 𝑎 = 𝑙 is equal to 10.66 mm for 𝑓 𝑟 = 2.4

GHz. Figure 27 shows a cavity scheme with the mentioned dimensions.

Figure 27. Cavity scheme with its dimensions

On the other hand, the cutoff frequency, under which the propagated fields experiment an exponential decay, is given by the following equation:

𝑓 𝑐 = 𝑐 √ 𝜀 𝑟 𝜆 𝑐 = 𝑐 √ 𝜀 𝑟 2𝑎 (26) 
Here 𝜆 𝑐 correspond to the wavelength inside the dielectric, equivalent to the double of the cavity width. According to the expression, the width of the SIW cavity determines the cutoff frequency of the fundamental mode. It is convenient to operate with a cutoff frequency value located far from the central frequency 𝑓 0 since it improves the rejection of spurious evanescent modes. Then, 𝑓 𝑐 = 1.69 GHz for 𝑓 𝑟 = 2.4 GHz. Since the cutoff frequency is found relatively far apart from the central frequency of both specifications, the filter design is started by considering the previous dimensions.

After calculating the width and length of the square-shaped cavity for both required operation frequencies, it is important to define an appropriate cavity substrate height in order to obtain a Q u value to properly respond to the specification.

According to the design rules, it was seen that the tapes of Heraeus Heratape® CT765 are grouped in substacks of 3 layers during the LTCC fabrication process, with a height of 112.5 um each. Hence, the cavity height must be a multiple of a substack thickness for its physical implementation. To illustrate the concept, Figure 28 shows a cavity composed by 6 layers substacks, or 18 substrate layers. It is known that the Q u factor is related with the dielectric quality factor Q d , that characterizes the dielectric losses inside the substrate, and the conductor quality factor Q c , which models the losses associated with the metallic cavity walls [1]. This relation is expressed by the equations presented as follows:

1 𝑄 𝑢 = 1 𝑄 𝑑 + 1 𝑄 𝑐 (27) 
𝑄 𝑑 = 1 𝑡𝑎𝑛δ ( 28)

𝑄 𝑐 = 𝜆 𝑟 𝛿 𝑠 𝐹 ( 29 
)
𝜆 𝑟 = 𝑐 𝑓 √ 𝜀 𝑟 ( 30 
) 𝐹 = 𝑎ℎ𝑙 2 ( 1 𝑎 2 + 1 ℎ ) 3/2 ℎ 𝑎 2 (𝑎 + 2𝑙) + 𝑎 ℎ 2 (ℎ + 2𝑙) (31) 
In the previous expressions 𝜆 𝑟 is the free space wavelength inside the cavity dielectric at the resonant frequency, tanδ = 1.73x10 -3 the loss tangent for the substrate Heraeus Heratape ®CT765, the skin depth is 𝛿 𝑠 = 1.31x10 -6 for silver metallic walls and F is the Form factor, given for a square cavity operating at TE 101 mode. Since Q d depends directly of the substrate losses inherent to the material, its value cannot be modified. However, the value of Q u is susceptible of being improved by optimizing the Q c value, action that could be achieved by increasing the substrate thickness. Figure 29 plots the Q u value in function of the number of layers utilized to build the cavities for the S band filter specification, considering for the calculus a dimension of l = 10.66 mm. As mentioned before, only multiples of a layers substack are considered for the analysis. It becomes apparent that the Q d curve is a straight line over all the range of substrate layers (Q d = 578.034), due to the value of the loss tangent, which could be considered constant. Furthermore, it imposes an asymptote for the growing evolution of the Q u curve, whose limit will be fixed by its value. Hence, the Q u value of the cavity could be improved until a certain limit as the number of substrate layers is augmented. For instance, according to the curves presented above it can be observed that the associated Q u value for a cavity composed by a layers substack is 73.54. Then, considering the plotted Q u curve in Figure 29, an appropriate substrate height must be determined for each cavity, whose value allows to accomplish the given electrical specifications as well as to optimize the occupied footprint of the structure. The procedure carried out for this purpose, will be explained subsequently.

Analysis of the relation between the Q u factor and the electrical 2.3.1.2. performance of the filter.

Given a number of stacked substrate layers that integrates a cavity, their associated Q u values registered in Figure 29 could be employed to estimate the insertion losses level and flatness of the electrical response. For this purpose, in section 1.1.3.4 it was described the representation of the filter resonators by means of its equivalent RLC circuit, in which the losses are modeled by the resistance R or the conductance G. Let the slope parameter x = 1, then according to the equations [START_REF] Honarvar | Design of coplanar waveguide ultrawideband bandpass filter using stub-loaded resonator with notched band[END_REF][START_REF] Wolf | Band-pass coplanar filters in the G-frequency band[END_REF], L = C. Furthermore, assuming that all the cavities have similar characteristics, R = Q u for all the resonators. Table 3 shows the L and C calculated values that integrates the resonators in the circuit model, for the given filter electrical specification with f 0 = 2.4 GHz. where J stands for the characteristic admittance. In general, the ABCD matrix of the admittance inverter is given by:

Table 3. L and C values of the resonators for the filter circuit model

[ 𝐴 𝐵 𝐶 𝐷 ] = [ 0 ± 1 𝑗𝐽 ±𝑗𝐽 0 ] ( 32 
)

Filter specification Capacitance [F] Inductance [H]

S (fo = 2.4 GHz) 6.631x10 -11 6.631x10 -11 J values could be calculated using the equations (32-34) [2], corresponding to a band-pass filter network composed by shunt-parallel resonators.

𝐽 0,1 = √ 𝑌 0 𝐹𝐵𝑊𝜔 0 𝐶 𝑝1 Ω 𝑐 𝑔 0 𝑔 1 (33) 𝐽 𝑖,𝑖+1| 𝑖 = 1 𝑡𝑜 𝑛-1 = 𝐹𝐵𝑊𝜔 0 Ω 𝑐 √ 𝐶 𝑝𝑖 𝐶 𝑝(𝑖+1) 𝑔 𝑖 𝑔 𝑖+1 (34) 
𝐽 𝑛,𝑛+1 = √ 𝐹𝐵𝑊𝜔 0 𝐶 𝑝𝑛 𝑌 𝑛+1 Ω 𝑐 𝑔 𝑛 𝑔 𝑛+1 [START_REF] Arnal | 3D Multi-Layer Additive Manufacturing of a 2.45 GHz RF Front End[END_REF] To illustrate the procedure, Figure 31 By means of the circuital analysis described above, the associated electrical performance for several substrate thicknesses was determined, in order to obtain the cavity height that best fits the requirement. Table 4 register the Q u value, the insertion loss and flatness in function of the number of layers per cavity, considering a maximum limit of 60 substrate layers imposed by the foundry. In accordance with the obtained performances in both electrical specifications, a cavity height of 30 layers per cavity is the most appropriated election in order to meet the given electrical specification, leading to an insertion loss level lower than 1.8 dB.

Although the election of 60 layers per cavity offers a better performance, the latter option is privileged since it allows a better cavities disposition, taking into account the maximum allowed height and the structure footprint.

Choice of topology.

2.3.1.3.

In the previous section it was analyzed the relation between the number of substrate layers that are stacked to make a cavity and its associated Q u factor. Since this parameter has a direct impact in the insertion loss and flatness of the filter response, in principle the filter topology should contain the maximum possible number of substrate layers. However the foundry imposes a constraint of the maximum allowed height of the circuit and additionally its size and occupied area need to be optimized.

In this context, several filter structures are proposed in order to obtain the best configuration that optimizes the electrical performance and the total footprint. The mentioned topologies were designed taking into account the maximum allowed height of the circuit (h = 2.25mm), integer multiple of a layers substack. Then, the maximum number of layers considered for the stacking, noted as C MAX , corresponds to 20 substacks or 60 substrate layers. Each structure is integrated by a variable number of cavity stacks, noted as N STACKS . This value will depend of the filter order and the number of layers per cavity used in each configuration.

For ease of understanding, Figure 32 shows a scheme of a 12-order SIW filter in which appears a graphic explanation of its constitutive parts. It is integrated by two cavity stacks and 6 layers per cavity. After analyzing the overall performance offered by the filter configurations depicted above, in terms of electrical response and occupied size, and also considering the given C MAX value and the filter order, the SIW filter with 30 layers per cavity and N STACKS =6 is consolidated as the best alternative. Table 6 registers their associated electric performances and footprint. Additionally, Figure 33 depicts the superior and transversal view of the topology, indicating the cavities disposition into its structure.

The tables shown before could be also employed when another filter order and different size constraints (C MAX , total footprint, etc) are specified, since they provide several decision elements that aid to determine what is the most convenient alternative to adopt. The coupling matrix registers the coupling coefficients between the resonators that integrate the filter as well as the couplings associated with the accesses. Their calculus are based in the low pass prototype coefficients found in [1]. Table 7 lists these values for a Tchebyshev response with n = 12 and a maximum ripple level of 0.01 dB, under the condition that all the resonators resonate at the same frequency. This type of response was chosen because it offers the best tradeoff between the rejection level and the flatness in the passband, both required according to the specification, in contrast with an elliptic response, which offers a high out-of-band attenuation but conversely it exhibits a variable ripple in the passband. 

𝑘 𝑛,𝑛+1 = 1

√ 𝑄 𝑒,𝑙𝑜𝑎𝑑 𝐹𝐵𝑊 (40) 
In this context, it is possible to use a matrix representation comprised for N+2 rows and N+2 columns, where N = order of the filter. Thus, the coupling matrix of the filter is a reciprocal matrix (𝑘 𝑖 , 𝑗 = 𝑘 𝑗 , 𝑖 ) where each row and column is associated with an access or a resonator and their elements corresponds to the interaction between them. Table 8 In the matrix shown above, the stronger coupling values are those that correspond to the accesses and also to the electrical interaction between the first and the second resonators. These coefficients will be taken into account to determine the physical dimensions of the coupling structures (slots and magnetic iris) between the cavities that integrate the SIW filter.

2.3.2.

Characterization of the external quality factor 𝑸 𝑬 and the interresonators coupling coefficients 𝑲 𝒊,𝒋 .

Calculation of the external quality factor Q E 2.3.2.1.

The characterization of the external quality factor 𝑄 𝐸 of the filter lies in the adjustment of the coupling element employed to realize the filter access, considering a single loaded resonator centered at fo for the procedure. It is determined by means of successive simulations, employing the phase method documented in [2], whose execution allows obtaining the magnitude and phase curves of the S 11 parameter of the resonator in function of the frequency, as it can be appreciated in Figure 34. The method employs two parameters, the resonance frequency (fo) at which the minimum value of the S 11 curve occurs and a delta of phase inversion around (fo) Δf ±90 , given by: ∆𝑓 ±90 = 𝑓 Φ0-90 𝑜 -𝑓 Φ0+90 𝑜 [START_REF] Huang | Compact Ridged Half-Mode Substrate Integrated Waveguide Bandpass Filter[END_REF] In [START_REF] Huang | Compact Ridged Half-Mode Substrate Integrated Waveguide Bandpass Filter[END_REF], 𝑓 Φ0±90 𝑜 represents the frequency in which the S 11 phase parameter is 90° higher or 90° lower respectively, to the corresponding phase to the resonance frequency (Φ 0 ). Subsequently, the experimental 𝑄 𝐸 value is determined by the equation:

𝑄 𝐸 = 𝑓 𝑜 ∆𝑓 ±90 (43) 
The phase curve of the parameter S 11 is determined in HFSS by using the function cang_deg(S(1,1)), available in the data report results display. Figure 35a depicts the characterization topology utilized to carry out the procedure, based in a single loaded cavity. Moreover, Figure 35b plots the curves of the experimental 𝑄 𝐸 values vs the magnetic iris length, whose theoretical value is 𝑄 𝐸 = 3.94, derived from equation [START_REF] Deslandes | Integrated microstrip and rectangular waveguide in planar form[END_REF]. According to the plotted curves, a magnetic iris length around 8400 um is required to obtain the theoretical 𝑄 𝐸 values. Due to the physical structure of a multilayer SIW filter composed by resonant cavities, two different types of couplings can be introduced between them: horizontal and vertical couplings [START_REF] Chien | Miniaturized bandpass filters with double-folded substrate integrated waveguide resonators in LTCC[END_REF]. The former are made by means of magnetic iris and are intended to be utilized between adjacent cavities placed in the same plane. In contrast, the latter are realized by employing vertical slots, etched on the intermedia metallization between stacked cavities. Since the elected cavity operation mode is the TE 110 , the electric field is concentrated at the center of the structure, whereas along the edges the concentration of magnetic field is the strongest. For this reason, the coupling iris has a magnetic predominance. In consequence, the vertical slots are located near the extremity of the cavities to have a coupling of magnetic nature along all the structure.

The inter-resonator coupling coefficients could be characterized experimentally by using the method described in [2], based in the analysis of the S 12 parameter of a structure integrated by two resonant cavities coupled by the mentioned coupling elements (Iris or slots). Hence, the coupling coefficient 𝑘 𝑖,𝑗 can be calculated by:

𝑘 𝑖,𝑗 = 𝑓 1 2 -𝑓 2 2 𝑓 1 2 +𝑓 2 2 ( 44 
)
Here f 1 and f 2 define the resonance peaks obtained from the analysis of the S 12 curve, as it can be appreciated in Figure 36 for the particular case of a magnetic iris characterization. To excite the structures, the access must be weakly coupled in order to distinguish correctly the resonance peaks. Subsequently, a group of successive simulations are carried out in HFSS to determine the values of f 1 and f 2 , taking as parameter the dimensions of the coupling element, and then the coupling coefficient is determined by means of the equation ( 44) for each dimension value. width slot (see Figure 37b) is conceived to achieve strong couplings e.g. k 12 , since its reduced size provides a stronger coupling as compared with a bigger slot. Moreover, 2000 um width slots are also employed (see Figure 37c and Figure 37d). Although their size is considerable, compared with that of the total cavity, they are intended to help suppressing the field concentration of superior spurious modes such as the TE 110.

On the other hand, the magnetic iris can be located in any cavity side, provided that it has a square shape. The plotted curves show the coupling coefficient evolution as the coupling element length (magnetic iris or slot) is increased. Afterwards, these curves are employed to determine the physical dimensions of the coupling structures that correspond to the k ij theoretical values, calculated by using equation [START_REF] Mira | Design of ultra-wideband substrate integrated waveguide (SIW) filters in zigzag topology[END_REF] for each filter specification. Although the dimensions derived from the characterization are approximated and susceptible of being modified during the tuning stage, they provide a good starting point for the filter conception, which leads to a reduction of the tuning time.

Microstrip-SIW transition.

2.3.2.3.

It is expected that the SIW filter must be compatible with planar circuits since it will be part of a satellite telecommunication system integrated by other devices that operates in this technology. For this reason, a microstrip-SIW transition is developed, as shown in Figure 38. Such structure allows transforming the microstrip quasi-TEM mode into the TE 10 mode of the SIW cavity, since the electric field distribution of both modes is collinear [START_REF] Boudouris | Cavités électromagnétiques[END_REF]. The transition is constituted by two tappers, whose function is to improve the impedance transition over a broad bandwidth, and an enlarged width waveguide, that reduce the cutoff frequency and increases the matching level of the filter response.

The transition electrical response is controlled by the dimensions of the two tappers W 1 , W 2 , L 1 and L 2 . Their values are obtained through electromagnetic optimization, considering the bands of interest and the bandwidth given for each filter requirement. Moreover, its substrate thickness correspond to a value of h = 562.5 um (5 layers substacks), height that facilitates the measurement connection. Finally, the port width must be adjusted carefully, in such a way that it is not lower than 80 um in accordance with the fabrication constraints. Figure 38 depicts the transition structure and its response. Additionally, Table 9 registers its dimension parameters. 

. Physical dimensions of the 2-stages microstrip-SIW transition

After having determined the filter architecture that provides the best performance in terms of electrical response and total footprint, respecting at the same time the design constraints given by the foundry, and after performing the characterization of the external quality factor and the inter-resonators coupling coefficient, considering for this purpose couplings of horizontal and vertical type, as well as the development of the microstrip-to-SIW transition, the physical implementation of the vertically stacked SIW filter could be carried out. This action will be explained in the next section. 

Transversal view

Microstrip to SIW transition

First cavity

Physical implementation of the vertically stacked SIW 2.4. filter.

Electromagnetic simulation of the initial structure.

The physical implementation of the vertically stacked SIW filter integrated by 6 resonators stacks consists in the stacking of the cavities and the insertion of the magnetic iris and the slots on the metallic ground planes that separates them, to ensure the coupling between the cavities. Additionally, the microstrip-to-SIW transitions are added at the extremities of the cavities 1 and 12 to carry out the access coupling.

Once the structure has been fully integrated, it is necessary to apply additional tuning of the cavities dimensions due to the frequency shifting induced by the insertion of the coupling elements. Furthermore, an additional adjusting of the iris and coupling slots dimensions is required to improve the matching level of the electric response. This task is performed with the support of the software ADS™ for the simulation of the ideal model and the HFSS™ tuning tool, available in its latest version (HFSS v2015). After the tuning operation, it was reported that the length cavity corresponding to resonator 1 was lower than that of resonator 4 for both filter specifications. In this sense, since the width of the transition access is greater than the cavities width, an overlapping problem occurs between the mentioned cavities. To issue the inconvenient, a pair of waveguides was introduced to the first and last resonator in order to reduce the overlapping area. Figure 39 shows a superior and 3D view of the developed filter together with its electrical response. For its execution, the losses effect are considered, as seen on the insertion loss level. 

Insertion of staggered metallic vias around the SIW filter structure.

Once the conception stage is finished and an electric response that satisfies the requirement has been achieved, we proceed to the metallic vias insertion around the conceived filter structure. Such procedure has been studied by several authors, including [START_REF] Deslandes | Single-substrate integration technique of planar circuits and waveguide filters[END_REF], [START_REF] Deslandes | Accurate modeling, wave mechanisms, and design considerations of a substrate integrated waveguide[END_REF], for the case that concerns a metallic vias arrangement integrated by stacked vias that goes through the substrate upper face until its lower face.

Empirical equations for the calculus of the effective width a eff and the necessary conditions for the vias inter-pitch and diameter in order to reduce the cavity radiation loss are proposed as well in [START_REF] Cassivi | Dispersion characteristics of substrate integrated rectangular waveguide[END_REF], [START_REF] Xu | Guided-wave and leakage characteristics of substrate integrated waveguide[END_REF].

Nevertheless, due to fabrication constraints imposed by the foundry, it is not allowed to employ stacked vias in the filter designs, since it may result in a bump on the part surface. To solve this issue, it was proposed the utilization of staggered vias for the lateral walls arrangements, with a height equivalent to a layers substack (h = 112.5 um) each one. The design rules applied for these metallic vias concerning their diameter and via spacing were described in section 1.2.6.1.4, being equivalent for those of stacked vias. However, their main inconvenient are the simulation task complexity because of the structure meshing and the reduction of the isolation power, which promotes the presence of radiation leakage.

According to Figure 39a it becomes apparent that the topology architecture, wherein each cavity is placed facing to their symmetric one (i.e the cavity 1 is placed aside with cavity 12, cavity 2 with cavity 11 and so on), makes necessary the introduction of a special shielding wall at the center of the filter to ensure the isolation and suppress the apparition of couplings between non-adjacent resonators, considering for its realization the utilization of staggered vias. This metallic vias pattern is also employed to enclose the cavities and the magnetic iris. This wall is integrated by 3 interleaved vias arrangements, connected together by using a metallic sheet. The diameter via is ∅ = 160 um, the via to via pitch is of 4∅ um for vias in the same layers substack and 2∅ for vias that belong to different substacks, in accordance with the design rules. Figure 40 illustrates the mentioned configuration. One major concern regarding the utilization of the described vias pattern lies in the presence of TM modes in the cavity. Since a metallic sheet is utilized to interconnect the vias, transverse magnetic modes could coexist inside its structure, which leads to the existence of horizontal currents on the side walls. Moreover, their appearance is promoted as the cavity height is increased. Equations (45-47) [7] allows calculating the frequency of the first fundamental TM mode (TM 110 ) mode and then its associated height b, to verify if such mode can influence the band of interest Design and implementation of a test vehicle.

2.5.

A test vehicle operating at f 0 = 2.4 GHz was designed in order to determine the substrate relative permittivity value ε r at the frequency of interest as well as to verify the fabrication capacities of the chosen foundry. It is integrated by two superposed cavities as seen in Figure 45 and Figure 46, with a total height of 1990 um. The lower cavity is composed by 5 layer substacks while the upper cavity is integrated by 12 substacks. Moreover, a supplementary separation layer with metallic vias, introduced around it, is then inserted between the two cavities to assure a common ground plane through all the structure. To feed the circuits, a tapered microstrip to SIW transition and a CPW access are employed for the lower and upper cavities respectively. A special staggered metallic vias pattern is used to enclose the cavities. Such vias pattern is integrated by 2 interleaved vias arrays, connected by using a metallic sheet.

The vias diameter is ∅ = 160 um, the via to via pitch is 6∅ um for vias in the same layers substack and 3∅ for vias belonging to different substacks. Figure 44 shows a superior view of the described vias configuration. 1) Substrate deformation in the middle region of the structure due to high vias concentration and uneven metallization distribution. This problem was issued by optimizing the sintering process. A metallization deformation in the vias region is also visible (vias are higher than surface). The roughness of that zone can be eventually decreased by polishing the surface after sintering, eliminating that way the vias that bump the substrate.

2) Shrinkage variation of the module occurred during the development stage, leading to a variation of the final dimensions of the test vehicle.

3) Presence of micro-cracks between vias, whose existence is caused by a high vias concentration around the metallic sheet patterns and the stress in the structure during the sintering process. This problem can affect the long-term reliability of the device.

Figure 47 presents at higher scale some photographs detailing the defects on the structure. The described problems were issued through the process parameters optimization during the sintering process, the election of a high viscosity thick-film paste that allows fine patterns printing and some manual corrections to enhance the lines definition. Finally, the foundry succeeded to provide two modules with only small defects, which are presented in Figure 48. In order to correct the frequency shift, the dimensions tolerance effect is taken into account in the design and a variation of the relative permittivity value is pursued.

By using equation ( 48), it is determined that the retro-simulated permittivity value must be of 57.777 ≈ 57.8. Figure 50 shows the obtained response after the proposed modifications on the structure. Good agreement in terms of central frequency and bandwidth is observed between the measurements and the electromagnetic simulation of the upper cavity, validating that way the new ε r value as well as the fabrication capabilities of the elected foundry for prototypes manufacturing in LTCC technology. The retro-simulated ε r value calculated above will be considered hereinafter for the filters simulations. Since the previous filter structures were designed taking into account a value of ε r = 68.7, their electrical responses will experience a shifting towards high frequencies when the new ε r value is applied. To overcome this issue, it is necessary to shift their response once again to fit the electrical template given by the specification. This is achieved through the proportional variation of the cavity dimensions (length and width), as well as the length of both slots and magnetic iris.

Finally, a tuning stage must be carried out to match the filter response and to obtain the required out-of-band rejection level. Dispersions study for the High-K SIW filter.

2.6.

During the fabrication, the filters structure is exposed to the effect of dispersions of technological and material type. The metallic vias drilling and the physical realization of lines and slots have a limited resolution, which could lead to dimension imprecisions for the filter elements (cavities, edges, coupling slots, metallic lines, etc). This issue could induce a frequency shifting towards higher or lower frequencies than fo and also to variations of the response bandwidth. On the contrary, the material type dispersion makes reference to the substrate ε r value, which has a measurement tolerance given by the fabricant. For the ceramic Heraeus Heratape ®CT765, the relative permittivity has a value of 68.7±0.5 at 2.5 GHz [START_REF]Technical Datasheet, substrate Heraeus Heratape ®CT[END_REF]. This incertitude influences directly the central frequency of the electrical response.

The mentioned behavior can be verified through equation [START_REF] Bechtold | Innovative Integrationslösungen für Sensoren mit LTCC[END_REF], which relates the cavity resonance frequency with its dimensions and the substrate relative permittivity. It becomes apparent that a variation of 𝜀 𝑟 or in the dimensions of the width a or the length l leads to a resonance frequency modification of the filter. Since it is a major concern to predict and to correct its effect, an analysis of the mentioned dispersions for the developed SIW filter in High K LTCC technology is presented as follows for the given electrical specification. 2 (48)

𝑓 𝑟 = 𝑐 √ 𝜀 𝑟 √ 1 (2𝑎) 2 + 1 (2𝑙)

Material type dispersion on the substrate relative permittivity.

The material type dispersion is related with the ε r value accuracy given by the substrate fabricant. Its nominal value is of 68.7 at 2.5 GHz, with an accuracy of ±0.5, that is, it is comprehended between 68.2 and 69.2. Since the operation frequencies of the filter is located around 2.5 GHz, it is possible to adopt a nominal permittivity of 68.7 for the substrate. According to equation ( 48), an ε r increase leads to a shifting towards low frequencies. On the other hand, a decrease of ε r inflicts a shifting towards high frequencies. Figure 56 illustrates the electrical response of the SIW filter developed in section 2.4.1 when the ε r value is modified considering the mentioned tolerance. According to the results, a frequency shifting of ± 6 MHz was observed between the response with ε r = 69.2 and the one obtained with ε r = 68.2. 

Technological type dispersions on the filter dimension.

The technological type dispersions concern the variation of the filter elements dimensions due to a limited accuracy of the fabrication procedure. The LTCC multilayer process exhibits a moderate precision when compared with classical planar technologies [START_REF] Fournier | 3D Structuration Techniques of LTCC for Microsystems Applications[END_REF]. According to the chosen foundry, a fabrication precision of ±5 um is to be considered for the dimensions of the vertical slots, lines and the vias diameter. An eventual layers misalignment could also be present; however it does not impact notably the filter performance as long as its value does not exceed 15 um, according to the design rules.

Figure 57 shows the behavior of the filter response when the expected technological dispersion of ±5 um is applied to their vertical slots dimensions. The ideal topology described on section 2.4.1 is taken as reference to simplify the analysis, taking into consideration the required simulation time. Then, the observed behavior from the test can be extended to the case when the complete topology is simulated. The dimensions variation involves a coupling values modification, which leads to a slight variation of the response bandwidth and a frequency shifting lower than 500 KHz, as it can be seen at the plot. On the other hand, a diameter vias variation of ±5 um induces a small resonance frequency shifting due to the modification of the cavities dimension (width and length), as well as it modifies the Er = 68.2 Er = 68.7 Er = 69.2 horizontal couplings value. Both effects were estimated and its associated impact on the filter performance was not significant. In synthesis, it was seen that the technological dispersion does not affect in a great extent the behavior of the electrical response. However, the material dispersion reports to influence the resonance frequency the most due to the variation of the ε r value. Moreover, the combined effect of the technological and material dispersion yields to a total variation on the electrical response of ± 6 MHz around f 0 . In this context, the introduction of a frequency adjustment device plays an important role in the filter design, since it compensates for the dispersion effect due to the described phenomena.

Multiphysics analysis of the SIW filter concerning 2.7.

exterior temperature variations.

The filter structures developed during this project are intended to a space use in satellite payloads. In this harsh environment, the circuits are exposed to strong temperature variations that could affect the substrate electrical properties, such as the relative permittivity or the loss tangent. In a similar way, the heating or cooling of the circuit could inflict a dilatation or shrinkage phenomena depending of the metallized mask. Hence, it is important to assess the impact of the temperature variations on the electrical performance, in order to take into account their effects during the filters conception and to prevent or reduce the consequences of these phenomena. To carry out the analysis, a typical variation of exterior temperature of -

-5um Nominal + 5um
similar way, the ∆𝑫 value is 7.28x10 -4 . Such value given in percentage is ∆𝑫(%) = 𝟎. 𝟎𝟕𝟐𝟖%, which corresponds to a variation of ±0.0364% around the original circuit area without dilatation at the ambient temperature. Table 11 shows the values of the relative permittivity and the dilatation for the temperatures comprised in the given range.

Table 11. Relative permittivity and dilatation for the temperatures comprised in the temperatures range.

The found values of 𝜺 𝒓 and dilatation registered in the previous table are then applied to the SIW filter structure described on Figure 39 in order to estimate the impact of the temperature variation on the electrical performance. For this purpose, 3 simulations are run, corresponding to the temperatures -20°C, 20°C and 60°C, modifying the 𝜺 𝒓 value and the cavity dimensions l and a for each case. Figure 58 plots the filter electrical responses for the S band SIW filter. The overall frequency variation on the range -20°C/+60°C is of 3 MHz, that is, 0.125% of the central frequency f 0 = 2.4 GHz. This variation does not perturb in a great extent the circuit performance, being considered negligible, especially when compared with the dispersion of the relative permittivity. In order to correct the frequency shifting produced by the relative permittivity incertitude, a frequency adjustment device is inserted on the filter structure. Such solution needs to cover a tuning range of 12 MHz around the operation frequency and to be enabled for bidirectional post tuning, that is, it must be capable to shift the filter response towards high and low frequencies. This section explains the operation of this device.

Adjustment principle of a SIW resonator towards high and low frequencies.

A bidirectional post tuning device for SIW cavities was proposed by Abbas el Mostrah in Lab-STICC [START_REF] Mostrah | Étude de filtres semi-volumiques pour les charges utiles flexibles des futures satellites de télécommunications[END_REF]. It is based in the etching of a coplanar line (CPW) on the cavity superior metallization. Its presence perturbs the electromagnetical field confined inside its structure, leading to a frequency shifting of the electrical response.

Then, the central conductor of the CPW line is replaced by a series of small metallic patches, which are interconnected between them by employing 17 um diameter wire In this context, the sense and magnitude of the induced frequency variation is controlled by the CPW length as well as by the device position on the cavity metallization. Moreover, the patch number depends of the number of tuning steps.

This operation is performed by removing the wire bondings one by one, based on the filter measurements and the desired frequency variation sense. Thus, a shifting towards low frequencies is achieved by increasing the CPW length, action made by removing the lateral wire bondings. In contrast, a shifting towards high frequencies is applied by expanding the gap, that is, by removing the lateral and central wire bondings. Regarding the device location, it is reported that the best performance is obtained when the short-circuited region of the CPW is placed near of the cavity center.

The CPW line expansion and the gap enlargement are described on Figure 61.

The nominal case is present when all the wire bondings are connected to the cavity surface, equivalent to have a normal cavity without the presence of any post-tuning structure. Therefore, if there is not a frequency variation in the response, no adjustment is required on the device. In order to validate the post tuning concept behind the utilization of the proposed solution, a 2.4 GHz cavity with the device etched in its superior metallization was developed. Figure 60 and Table 12 registers the dimensions of the device. Additionally, Figure 61 shows the resonance frequency Once the developed bidirectional post tuning device has been properly dimensioned and its dynamic covers the frequency shifting produced by the permittivity dispersion, it is introduced on the 6 stacks SIW filter. For this purpose, the device is etched on the cavities located at the superior face of the filter, specifically at cavities 2,3,6 and also 7,10,11 (see diagrams found on section 2.4.1) by symmetry. Figure 62 depicts the SIW filter topology with the devices etched in the mentioned cavities and Figure 63 shows the obtained results for the different wire bonding configurations.

Due to the physical disposition of the cavities in the topology, the device could be etched only on the superior cavities located at the filter surface. This fact results in some asymmetries between the different filter states responses, as it can be appreciated on Figure 63. In a similar way, this issue leads to the introduction of a bigger size device to obtain the required tuning dynamic, aimed to compensate for the correction of the cavities that are not accessible. Finally, according to the results, a frequency variation of 18 MHz is registered by the device, whose range covers the desired interval of ±6 MHz around the nominal response. If it is necessary to reduce the covered band, the patch size needs to be reduced. Additionally, it was demonstrated the utility of the analysis of the relation between the substrate layers number employed in each cavity and its effect on the electrical response. This task led to a structure integrated by 6 cavity stacks and 30 layers per cavity, which reported to have the best electrical performance and a reduced footprint, taking into account the fabrication restrictions. This result could be applied for the optimal conception of SIW structures with different electrical characteristics and physical constraints.

Moreover, the insertion of a staggered metallic vias array, imposed by the foundry restrictions, greatly augmented the simulation and tuning tasks complexity. A successive simulations scheme was proposed to deal with this issue, managing to reduce the conception time in an important way.

The fabricated filter was measured in Thales Alenia Space at Toulouse. The experimental response does not meet the electrical template. The possible reasons are a delamination and shrinkage problem during the sintering process and also a fissure on the microstrip access. A retrosimulation is being performed in this moment to figure out the problem, with a view for a next fabrication.

Finally, the bidirectional post tuning mechanism exhibited a good electrical performance for each tuning state. It offers a tuning range of 18 MHz, large enough to compensate for the effects of technological and material type dispersion, whose frequency variation is of ±6 MHz.

3. Chapter 3: Design and implementation of a High-K LTCC stubs filter in LTCC technology.

Introduction. 3.1.

This chapter is devoted to the design and implementation of a stripline quarter wavelength stubs filter in High-K LTCC technology. The conception departs from a classical synthesis found in [1], conceived in principle for a planar configuration, and then it is extended to a multilayer approach. The design flexibility provided by the LTCC technology allows carrying out a planar and multilayer folding of its structure, obtaining that way a substantial footprint reduction, as compared with a planar structure, and facilitates the insertion of cross couplings between non-adjacent resonators. Additionally, the proposed architecture is able to meet narrow bandwidth requirements of the order of 16% and higher, extending that way the stubs filter application range which is intended to respond properly only in wideband conditions.

Firstly, a study case consisting in the synthesis of a 6 th order stubs filter operating at 2 GHz, with a FBW = 16% is proposed to validate the new design approach. Given the reduced filter bandwidth, an important contrast between both the stubs impedances and the admittance inverters is observed. To meet this issue, a solution is proposed taking profit of the design flexibility offered by the LTCC technology. It consists in the stubs substrate thickness reduction, achieved by the insertion of metallic ground planes sections placed below and above each one of the targeted stubs. This alternative lead to a stubs width reduction for a given impedance value, which results in an improvement of the electrical performance.

Subsequently, the chapter outlines the multilayer and planar folding of the structure, the insertion of staggered vias arrangements around the filter structure, taking into account the design rules, the design of an appropriate access to facilitate the filter measurement and the tuning process of the total structure. Then, the proposed solution is applied to meet the S band filter specification given by the requirement, maintaining a good electrical performance and a small footprint. Then, the fabrication of the mentioned filters, their measurement and the electrical response analysis are carried out. On the other hand, a sensitivity study is performed and a post tuning mechanism is proposed to correct the frequency variation caused by the studied dispersions.

Synthesis of a quarter wavelength stubs filter in a 3.2.

planar configuration in stripline technology.

General description.

The quarter wavelength stubs filter is a resonant structure well suited for wideband applications [2]. It is integrated by shunt short-circuited stubs and admittance inverter lines with a length of λ g0 /4. The synthesis procedure, found in [1],

allows to determine the characteristic admittance of both stub lines, noted by Y i (i = 1 to N, N = Order of the filter) and the admittance inverters noted by Y i,i+1 (i = 1 to N -1), and then their respective dimensions. The equations related in the synthesis depend of the FBW value and the coefficients of the lowpass prototype filter that corresponds to the chosen approximation function. Additionally, the synthesis incorporates a dimensionless scale factor, noted as b. Its correct election is important since it allows adjusting a convenient admittance level inside the structure. Figure 64 shows a scheme of the mentioned filter, which indicates its elements. Similarly, Figure 65a and Figure 65b present the masks of a UWB 5 th order filter [START_REF] Clavet | Evaluation des performances large bande d'un substrat à forte permittivité à partir d'un filtre à stubs en court-circuit[END_REF] and a wideband 8 th order stubs filter [START_REF] Ahn | Wideband coupled-line microstrip filters with highimpedance short-circuited stubs[END_REF], both implemented in microstrip technology. Short-circuited stub The short-circuited stubs filter is known to have its second passband centered at 3f 0 and an attenuation pole located at 2f 0 . This filter is intended to respond properly for wideband applications; however for narrowband requirements (FBW lower than 20%) the synthesis generates low impedance stubs that finally lead to wide widths, in contrast with the high impedances associated with the inverters lines. This contrast impacts the electrical performance and also makes difficult the fabrication process [1].

The interest of the next section is to propose a new design approach for stubs filter conception that allows meeting narrowband specifications, by employing the LTCC technology in a high permittivity environment. This approach is explained through the development of a study case, which is described as follows.

Filter specifications.

A study case consisting in the conception of a stubs filter centered at f 0 = 2 GHz with FBW=16% is proposed to explain the proposed design approach. Figure 66 presents its electrical template. 

dB min

The electrical template defines a filter function centered at f o = 2 GHz, with a passband of 320 MHz (FBW = 16%). The required return loss is of 14 dB, with a ripple of 0.01 dB. The rejection must be higher than 40 dB at f o ± 360 MHz. To accomplish this requirement, a Chebyshev response with 0.01 dB ripple and a filter order of N = 6 is chosen. Such response type was adopted due to its capability to offer a constant ripple in the passband whereas exhibiting an adequate rejection level.

3.2.3.

Stubs filter synthesis in stripline technology in a planar configuration.

The stub filter synthesis begins with the characteristic admittance calculus of the filter elements, derived from the equations found in [1]. Then, the tool LineCalc®, available in ADS®, was employed to obtain the dimensions that correspond to such admittances values. A stripline configuration, in which the conductor lines are introduced inside a dielectric enclosed by two metallized ground planes, is chosen for the circuit design. This election is based in its footprint reduction capability, enhanced by the utilization of a high permittivity substrate, and its isolating properties against external spurious radiation. In order to obtain an acceptable dimensions ratio between the filter elements

h 1 = 2250um h 2 = 1125um
and to facilitate its further realization, it is assumed a line width range comprehended between 80 um (minimal realizable width by the foundry) and 3000 um, in accordance with the design rules. Those widths correspond to a range of realizable impedances comprehended between 6.326 and 29.423 Ohms for the substrate height of h 1 = 2250 um in stripline technology. Hence, two different problems must be faced. Firstly it is not possible to realize transmission lines with a characteristic impedance of Z o = 50

Ohms under the conditions imposed by the technology and the high substrate permittivity value. Secondly, there exists a matching problem at the filter accesses, which must exhibit a 50-Ohms terminal line impedance to enable its interconnection with other RF devices. To solve these issues, it was opted to use an 80 um width quarter wavelength impedance transformer with Z c = 29.243 Ohms (highest realizable impedance), terminated with a 50-Ohms impedance port. The condition is that the measurement connection must be made punctually at the extremity of this line. Thus, the terminal line impedance of the stubs filter can be calculated by the equation [7]:

𝑍 𝑖𝑛 = 𝑍 0 𝑍 𝐿 + 𝑗𝑍 0 tan 𝛽𝑙 𝑍 0 + 𝑗𝑍 𝐿 tan 𝛽𝑙 (53) 
Since 𝑙 = λ/4+nλ/2, the input impedance 𝑍 𝑖𝑛 is equal to:

𝑍 𝑖𝑛 = 𝑍 0 2 𝑍 𝐿 ( 54 
)
Then, 𝑍 𝑖𝑛 = 17.314 Ohms. This value yields an admittance of Y in = 0.0577

Siemens, employed to run the filter synthesis. Figure 68 depicts an schema of the 6 th order quarter wavelength stubs filter in which are indicated the 50-Ohms access port, the matching line and its terminal input impedance. Subsequently, an appropriate dimensionless scale constant b must be chosen, since it allows adjusting in a global manner across the filter the impedance levels of both stubs and inverter lines. Its value is calculated by considering the limits of the realizable impedances range mentioned before. However, it was seen in practice that if the stubs width is reduced, the local interference with other adjacent stubs is lowered at the same time due to the distance increment between them, leading that way to an electrical performance improvement. This is achieved when the b value is calculated to obtain a Z c value equal to the maximum limit of realizable impedances, which corresponds to an 80 um width line. Then, this criteria was applied to determine the value of b.

Considering the aforementioned, a value of b = 0.6064 is chosen for the synthesis, taking into account the range of realizable impedances of 6.326 < Z realizable < 29.423 Ohms for the substrate height h 1 = 2250 um. Then, the synthesis is executed with Yo = 0.0577 Siemens and b = 0.6064. Since there is an important impedance contrast between both the stubs and the inverter lines and the stubs characteristic impedance is lower than the realizable impedance range, it was opted to employ a parallel stubs arrays configuration in the filter, intended to double their characteristic impedance, so does it lowers its associated width. Hence, if Z i is the characteristic impedance associated to a stub, its new impedance after the modification will be 2Z i . However, after this action the stub impedance values remain beyond the realizable range and the topology footprint becomes larger in the considered planar configuration. In synthesis, the stub filter is not realizable under the conventional technological possibilities. In this sense, taking advantage of the flexibility provided by the LTCC technology in a multilayer environment, a new approach was proposed to reduce the stubs width. The development of this strategy will be explored as follows.

High K LTCC multilayer quarter wavelength stubs filter 3.3. in stripline technology.

Description of the proposed design approach.

The implementation of the quarter wavelength stubs filter by employing the LTCC technology offers a new range of possibilities to meet the filter requirements and to deal with the problems that were faced in the planar configuration. In this context, to reduce the characteristic impedance contrast between the filter elements, we propose to reduce locally the thickness of the stripline substrate associated to the stubs to h 2 = 1125 um, through the introduction of metallic ground plane sections.

Thus, the direct consequence of this action lies on the stubs width reduction for a given impedance value.

The proposed modification in the stripline filter design has two advantages: firstly it allows enlarging the range of realizable characteristic impedances (the inferior limit is now of 3.595 Ohms for a line width of 3000 um, 6.326 Ohms before).

Secondly, it enables the multilayer folding of the parallel stubs in two different stripline stacks, one above the other, recovering that way the space occupied by their use and leading to a more compact structure. In consequence, the proposed approach allows obtaining low impedance lines with reduced width values, by decreasing their associated substrate thickness.

To illustrate the principle, Figure 69 substrate thickness reduction and the Q u value. Since the stubs substrate thickness is decreased, the Q u factor associated to them is lowered as well. This fact decreases the insertion loss and the flatness of the filter response. In order to illustrate the stages related to the substrate thickness reduction associated to the stubs lines as well as its effect on the characteristic impedance of the stubs and the admittance inverters, Figure 72 presents a scheme that summarizes the procedure. The X axis presents the implemented steps and the Y axis shows the transmission lines widths needed to obtain the characteristic impedances derived from the synthesis. Technologically, it is not possible to realize lines whose width is less than 80 um (lower red zone) and topologically, it is not convenient to have a width greater than 3000 um (upper red zone), which would lead to an unreasonable aspect ratio between the different filter elements. Once the reduction of the substrate thickness associated to the stubs has been performed, the range of realizable impedance is changed. It was seen that 6.326 < Z realizable < 29.423 ohms for h 1 = 2250 um. Likewise, h 2 = 1125 um yields an interval of 3.595 < Z realizable < 24.423 Ohms. The aforementioned leads to an overall realizable impedances range of 3.595 < Z realizable < 29.423 ohms that can be conceived by employing both substrate heights. Taking into consideration the minimum and maximum limits of Z realizable for h 1 and h 2, Table 14 depicts the calculated b values as well as the impedance ranges for the filter elements obtained from the synthesis, in which the Z realizable limits are highlighted for a better understanding of the procedure.

On the other hand, the duplicated values of the stubs impedances are shown in the form 2xZ i to underline the fact that they come from a stub in parallel. Connection lines width (μm)

x 1) Calculated impedances with a basic stripline configuration at h 1 .

2) Implementation of parallel stubs with = 2x .

3) Stub width reduction with ground plane sections at h 2 = h 1 /2.

x From the information registered in Table 14 it is stated that the b value must be comprised in the range 0,6064 < b < 0,9146, since the associated impedance ranges obtained from the synthesis for this interval are included inside the overall Z realizable range of 3.935 < Z realizable < 29.423 ohms. From the given b value interval, the chosen value is b = 0.6064 in accordance with the criteria explained in section 3.2.3. Such election leads to the reduction of the associated stubs width, keeping at the same time a good aspect ratio with the admittance inverters. Thus, if b = 0.6064, the obtained impedance range is 5,423 ohms (2x2,711 Ohms) < Z c < 29,423 ohms. Table 15 registers the calculated impedance elements as well as its associated dimensions.

Additionally, Figure 73 shows the resulting circuit model and its presents its electrical response. According to the electrical responses plotted in Figure 75, there is good agreement between both responses in terms of return loss and the rejection level.

This result validates the synthesis of the 6 th order quarter wavelength stubs filter with the reduction of the stripline substrate thickness associated to the stubs lines, intended to decrease the contrast between the filter elements at the given FBW, obtaining that way a good aspect ratio, as well as to lead to physically realizable line dimensions.

Physical implementation of the filter topology.

After validating the proposed design approach, the stripline stubs filter topology with the introduction of metallic ground plane sections between the parallel stubs arrays is built by using the software HFSS®. In order to facilitate the tuning procedure, the following steps are executed: 1) Simulation of the filter topology with access lines at h 1 = 1125 um, with a characteristic impedance of Z c = 17.314 ohms, equivalent to the reference impedance 𝑍 𝑖𝑛 used to run the filter synthesis (see section 3.2.3).

2) Introduction of a λ/4 access line at h 1 = 1125 um with Z c = 29.423 ohms, to the tuned filter topology derived from the previous step (see Figure 74).

3) Insertion of a λ/4 access line integrated by a stripline and a microstrip section.

The interest of following the steps mentioned above is to obtain at first instance an electrical response similar to the one shown at Figure 73. Subsequently, the λ/4 access lines with Z c = 29.423 ohms are introduced, which leads to a filter structure compatible with 50-ohms connection ports, as it was detailed in section 3.2.3. Finally, a λ/4 access line composed by a stripline and a microstrip section is introduced to the filter topology to enable the circuit measurement and its interconnection with other planar devices.

Figure 76a depicts the initial structure of the 6 th order stripline quarter wavelength stubs filter, including its dimensions. Inside the topology several electrical walls are inserted on the extremity of the stubs to make the short circuits connections and also in each side of the parallel stubs in order to improve the isolation between them. Additionally, staggered vias are employed to make the connection between the parallel stubs arrays, respecting the minimum via stagger of 2∅ given by the design rules. They will be also employed subsequently to make the short circuits at the extremity of the stubs and in shielding purposes.

Additionally, a symmetrical planar folding of the filter topology has been performed, as described in Figure 76b. This operation enhances the general shape of the structure and augments its compactness. For this purpose, the topology was folded taking as reference the admittance inverter between the third and fourth stub.

Additionally, an electric wall was introduced at the middle of the filter in order to prevent parasitic couplings between the superior and inferior stubs array. The multilayer folding of the stubs and the planar folding of the topology make necessary the execution of a tuning stage. This process consists basically in the variation of both stubs and inverters width, whose modification affects the response bandwidth, as well as the variation of the stubs length, whose modification control the stubs resonance frequency. Once the implementation filter stages described in section 3.3.3 are finished and its electrical response is tuned, the insertion of staggered vias is performed in order to design the real filter structure ready for further fabrication. Thus, the short circuits located at the extremity of the stubs, the shielding between the parallel stubs arrays and the central wall were replaced by arrangements of staggered vias. For this purpose, the applied design rules are the same that those considered for the SIW filter. Figure 78 illustrates in greater detail the structure of these vias arrangements and its location inside the filter topology. Additionally, Figure 81 shows a top and a 3D view of the resulting filter structure. The comparison between the simulated electromagnetic response and the experimental measurement is shown on Figure 83. Some filter poles centered around f 0 =2 GHz could be observed at the S 12 curve. However, their power level is located at -16 dB. This is most likely due to a weak coupling at the filter input or to a delamination problem, which impacts the inner connections between the filter elements. An analysis of the technological reasons that could originate the problem as well as a retrosimulation is being performed at this moment. The conception principle of a High-K LTCC multilayer stubs filter in stripline technology exposed previously was applied to the design of a 12 th order filter for the S band specification (f 0 = 2.4 GHz, FBW = 20.83%). Since the fractional bandwidth of the given requirement corresponds to a narrowband application, the new design approach, based in the reduction of the substrate thickness associated with the stubs, is effective for the implementation of this filter.

However, it should be mentioned that during the course of the research work, the design approach was applied at first to the development of such requirement, without implementing the synthesis method previously explained for the design of a 6 th order filter operating at f 0 = 2GHz with FBW = 16%. Therefore, although the characteristics of the electrical response for this filter are near of the given specification template, it does not correspond exactly to an optimum performance, as that obtained from the application of the synthesis. the disposition of the staggered vias arrays inside the filter topology. Additionally, Figure 85 presents its exploded view. The design rules concerning its utilization are the same that those applied for the implementation of the 6 th order filter operating at f 0 = 2 GHz. Since the first and last stubs present high impedances values, it was not necessary to implement them in a parallel configuration. The topology incorporate a cross coupling between the first and last stubs, implemented through a metallic transmission line located at the inferior extremities of the stubs, which makes a coupling of capacitive type. Its control parameters are the coupling line characteristic impedance, its length and the coupling gap between the line and the stubs.

On the other hand, the access lines were folded and placed in a symmetrically opposite location and the first and last stubs were folded in order to increase the isolation between them and the access lines, all of that intended to reduce the presence of spurious couplings. Finally, a 80 μm microstrip line was employed to develop the access topology, in order to allow the integration of the stripline stub filter with other microstrip planar circuits as well as to facilitate its measurement. Figure 86 shows a top and 3D view of the resulting filter structure. this issue would be to increase the height of the substrate thickness h 2 related to them, since this action enhances the Q u value. However, it leads to an increment on the stubs widths and therefore it worsens the dimension contrast with the inverter lines, which also affects the electrical response. In consequence, there is a tradeoff between the Q u value and the stubs width which affects the filter performance, especially when the filter order N expressed in the number of resonators is high. The disturbance could be due to delamination and shrinkage issues that were detected during the fabrication process. It can also occur due to accuracy problems to realize thin width lines, employed for the access topology and some admittance inverters. During the circuit conditioning for measurement the access lines were detached due to the heat employed for wiring. Subsequently they were glued again with a conductor paste. This fact could be a source of problems that affects the filter performance. The retrosimulation is being performed at this moment. In a similar way to the SIW filter developed in chapter 2, the stripline stubs filter behavior is affected by dispersions of the material characteristics and during fabrication. The technological type dispersion mainly affects the filter elements dimensions, whose length could be enlarged or shortened due to a lack of precision in the metallization process. Moreover, the material dispersion affects the substrate relative permittivity. In this sense, a value of 68.7 with a tolerance of ± 0.5 is given by the fabricant as it was already mentioned. Considering the above, a sensibility study is necessary to assess the influence of these types of dispersions on the filters performance and to propose the introduction of an adjustment device to correct their effects. The analysis is carried out based in the S band filter structure shown in section 3.5, as part of the requirements demanded by CNES and Thales Alenia Space for the attainment of the project.

Dispersion of material type on the substrate relative permittivity.

The material type dispersion affects the ε r substrate value, due to a change of its physical or electrical characteristics. As it was mentioned above, a value of 68.7

with a precision of ± 0.5 is given by the substrate fabricant. The direct effect of this change is a frequency shifting towards lower or higher frequencies. Figure 90 plots the and that obtained with ε r =68.2. As expected, the inflicted frequency variation is more significant as compared to that registered with the dispersion of technological type.

Dispersion of technological type on the dimensions of the stripline stubs filter.

Due to defects in the LTCC fabrication process (lines metallization, lamination, etc) the filter lines dimensions could be altered. Concerning this issue, the chosen foundry provides a ±5 um precision on the widths and lengths of the filter lines. To assess its impact on the filter performance and without loss of generality, a set of simulations was run, taking as parameter the variation of the stubs length. Figure 91 shows the simulation results of the filter structure when a technological dispersion of ±5 um is applied to the stub dimensions. It becomes apparent a frequency shifting of ±2 MHz between the different dimensions values. The shifting towards high frequencies occurs when the stubs length is decreased. On the contrary, when its value is increased a shifting towards low frequencies is registered. Since this frequency change is not significant as compared with the f 0 value, it can be affirmed that this topology exhibits a good tolerance against variations on the stubs physical dimensions at the given electrical specification. Thus, if the effect of the material and technological dispersion is considered at the same time, the total frequency variation on the electrical response around f 0 will be of ± 10 MHz. In this sense, an adjustment device with an appropriate tuning range must be designed to cover the mentioned variation.

Multiphysics analysis of the stripline stubs filter 3.7. concerning exterior temperature variations.

A multiphysics analysis of the stripline stubs filter concerning exterior temperature variations is developed, taking into consideration the values of the relative permittivity and the dilatation registered on Table 11 for temperature range 20°C/+60°C. Figure 58 presents the obtained electrical responses. It can be appreciated that the frequency variation for the considered temperature range is of 2.5 MHz, that is, 0.104% of the central frequency f 0 = 2.4 GHz. In a similar way to the SIW filter studied in chapter 2, this variation does not perturb significantly the circuit performance, being considered negligible, especially when compared to the -5um Nominal + 5um

impact of the material dispersion. An adjustment device is proposed to correct the effect of the dispersions of technological and material type in the stripline stubs filter. It consists in the introduction of a metallic sheet located upon the staggered vias arrays employed to make the short circuits of the stubs surrounded by an air slot. Then, one group of 17 um diameter wire bondings is inserted in order to make the contact between the metallic sheet and the top ground metallization. Their function is to offer a range of different tuning steps depending on the number of wire bondings connected on the structure. Moreover, the post tuning device exhibits a unidirectional behavior, since its tuning dynamic is directed towards low frequencies as the wire bondings are suppressed.

The proposed adjustment device is analyzed initially on a thin stub resonator, in order to verify its operation principle with a reduced number of wire bondings.

Subsequently, it will be inserted on a stub operating at the frequency and the conditions stated by the given requirement.

Adjustment principle of a stub resonator towards low frequencies

In order to explain the operation principle of the developed post tuning device, it was etched on the superior ground plane of a parallel stub operating at f 0 = 2.4

GHz. Figure 93 shows a top and a side view of the resonator after the device introduction, whose reduced dimensions allows the introduction of 8 wire bondings between the metallic sheet and the superior metallization. Additionally, Figure 94 and Table 16 present the post tuning device dimensions. Then, the analysis aims to determine the individual effect of each wire bonding in the electrical response when they are retired one by one from the device. Concerning the adjustment device operation, the nominal state is configured when all the wire bondings are connected on the structure, equivalent to have a stub without the presence of any post tuning device. Let f' be the stub resonance frequency at any wire bondings configuration, then the f' value at the nominal state is f' = 2.4

GHz and the frequency variation taking as reference the original stub resonance frequency (f 0 = 2.4 GHz), is equal to ∆ = 𝑓 0 -𝑓 ′ = 0 MHz. In the other hand, the no wire bondings state corresponds to the situation when there is not any wire bonding connected on the device. In this case f' = 2.149 GHz, which yields ∆ = 251 MHz.

Figure 95 depicts the electrical response for the described states as well as their resonance frequencies. Regarding the information contained in Table 17, it becomes apparent that the frequency variation in terms of the Δ value is different for each wire bonding or for a combination of them. Thus, the following affirmations can be made:

The effect of retiring the wires 3, 4 or its combination on the response is minimal. Hence, Δ(3) = 0.1 MHz, Δ(4) = 0 MHz and Δ(3,4) = 1 MHz.

The wires placed at each side of the adjustment device exhibit a greater Δ value as compared with the wires placed in front of the device. For this reason, Δ(1,2)

and Δ (5,[START_REF] Someda | Electromagnetic Waves[END_REF] are greater than Δ(3,4). response. Then, considering the observed dynamic, the post tuning device is inserted in the stubs resonating at the conditions given by the requirement.

3.8.2.

Unidirectional tuning of the S band stubs filter.

To assess the behavior of the adjusting device described in the previous section for the S band stubs filter, it was inserted on the superior ground metallization of its structure. Since the proposed solution exhibits a unidirectional behavior towards lower frequencies, it is necessary to shift the original electrical response of the stubs, centered at f stub , to a higher frequency, in order to cover the totality of the desired frequency range. This operation is made by reducing the stub lengths. Hence, this frequency corresponds to the starting point, obtained when the device is configured at the nominal state (with all the wire bondings connected on the structure).

Subsequently, different tuning states could be obtained towards low frequencies when the wire bondings are retired one by one by following a symmetrical pattern, action based in accordance with the filter measurements.

According to the sensitivity analysis, the post tuning device must provide a 20

MHz band in order to cover the maximal frequency shifting of ±10 MHz. Considering the tuning dynamic towards low frequencies explained above, three tuning states, noted as LF1, LF2 and LF3, are configured on the adjustment device. Let 𝑓 Δ S = 10 MHz be the maximum frequency shifting at the specified band, then the state LF1 corresponds to f stub -𝑓 Δ S , LF2 to f stub and LF3 is assigned to f stub + 𝑓 Δ S . expressed in the number of posts arrays used to make their short circuits. This reference width corresponds to 4 posts arrays. For this reason, it is not necessary to recalculate the tuning states for the stub 3 and the obtained configurations can be directly applied on its structure.

Subsequently, by following a similar procedure as the one explained above, the tuning states of the stubs 4 and 5 are determined, as depicted in Figure 99, MHz, which differs from the target of 20 MHz. This variation can vary slightly the frequency shifting accuracy of the filter response; however its effect is not relevant taking into account the obtained performance.

In the other hand, the stub 1 represents a particular case since it is not implemented in a parallel configuration like the other stubs and also due to its reduced width, derived from its high characteristic impedance. For these reasons, the S 11 responses depicted on Figure 101 exhibit a considerable bandwidth as compared with the observed for the other stubs. For this stub, the device incorporates 8 wire bondings, with which it was possible to achieve a 21 MHz tuning range. In general, it can be appreciated in all the cases that the wires are removed in a symmetrical basis.

Additionally, the lower tuning state corresponds to the least quantity of wires present on the device. After obtaining an adequate tuning range for the S band stub resonators, through the appropriate configuration of the adjustment devices for the three analyzed tuning states, their introduction on the total filter structure is performed. For such purpose, the associated configurations with a particular state are applied on the adjustment devices of the stubs 1 to 6, and in the other half of the filter by symmetry, according to the results indicated in the stubs individual analysis shown above. For instance to obtain the state LF2, the adjustment devices of all the stubs must have connected only the wire bondings associated with that state in particular, by taking into consideration the performed analysis. In the other hand, the state LF3 (nominal state) is achieved when the adjustment devices of every stubs have all the wire bondings connected.

Figure 102 presents the filter results for the tuning states LF1, LF2 and LF3.

According to the curves, a tuning dynamic of 17 MHz is registered by the adjustment device. Although this result is lower than the required range of ±10 MHz, which is due to a lack of accuracy in the calculus of the tuning states performed for every stubs of the filter structure, it is considered that such value is appropriate enough to deal with the effect occasioned mainly by the dispersion of material type. Through the thesis project it became apparent the design flexibility in 3D provided by the LTCC technology, for the conception of structures that are very difficult or not realizable by employing other fabrication techniques. The stacking of cavities in the SIW filter and the substrate thickness reduction in the stripline stubs filter were possible thanks to this multilayer capability. In a similar way, it augmented the flexibility for the implementation of cross couplings between non-adjacent resonators, allowing the improvement of the filters electrical performance.

The vertically stacked SIW filter and the stripline stubs filter demonstrated to best meet the electrical specifications given by the requirement among several other filter topologies, whose performance and feasibility were analyzed. The SIW filter exhibits an electrical response whose characteristics are very near from those given by the requirement, thanks to its elevated Q u factor which leads to low insertion loss and flatness. To optimize its performance, an analysis of the relation between the number of substrate layers employed in each cavity and its associated Q u factor was pursued, considering as restrictions the occupied footprint and the maximum number of stacked layers given by the foundry. Such analysis has proven to be of great utility to conceive a compact and high-performance structure. However the filter presents some drawbacks. The transition access size is quite big compared to the overall filter structure. Considerable effort was made to try to decrease its footprint but this action decreases the transition matching level and increments the insertion losses. Moreover, the rejection is affected by the presence of spurious located at frequencies not far from the central frequency f 0 . Even though the coupling slots, judiciously dimensioned and placed in the inter cavities metallization, help reducing its effect, it is not completely eliminated, reason why the rejection at the right side does not strictly accomplish the requirement.

On the other hand, the stripline stubs filter is distinguished by taking advantage of the flexibility offered by the LTCC technology to obtain a substantial footprint reduction as compared with a classic planar equivalent. Additionally, thanks to this multilayer approach, the structure is able to meet narrowband specifications through the substrate thickness reduction associated to the stubs, reducing that way the dimensions contrast between the stubs and the admittance inverters. The proposed formulation was expressed in a filter synthesis, validated through the design of a 2 GHz filter with FBW = 16%. The obtained electrical response satisfied the electrical template, being near from the ideal electrical equivalent. However, despite the good electrical properties described above, the filter presents a tradeoff between the substrate thickness reduction and the Q u value, which decreases the insertion loss and the flatness of the filter response.

In order to compare the performance of the developed filter topologies in terms of electrical response and overall size, Figure 104 presents a comparative chart that registers this information. The knowledge of the substrate electrical characteristics after fabrication, especially the dielectric permittivity 𝜀 𝑟 , plays a key role during the design stage, since it makes possible to calculate the correct dimensions of the filter elements and to anticipate the frequency shifting produced by a different 𝜀 𝑟 value of that given by the substrate fabricant. Similarly, it is fundamental to work in coordination with the foundry in charge of the filter fabrication, in order to refine the filters design according to their fabrication skills.

Regarding the formulation of post tuning strategies, two adjustment devices were proposed and tested, both based in the utilization of wire bondings, which are retired one by one to deliver different tuning states. A bidirectional tuning device was employed on the SIW filter, based in the etching of a CPW on the cavities superior metallization. Moreover, a unidirectional post tuning device was proposed for the stripline stubs filter, whose structure was etched on the superior ground metallization, upon the stubs structure. Through the study of their characteristics and its further simulation, it becomes apparent that both tuning structures accomplish the required tuning range, defined by the impact of the dispersions of technological and material type. Likewise, two factors make the proposed devices be of great interest: the fact that their introduction minimally impacts the original performance of the filter structures. Moreover, its tuning dynamic can be extended with ease to other required tuning ranges, due to the practical adjustment of the tuning steps and of its physical characteristics.

Concerning the experimental results of the fabricated filters, it was seen that in general they don't meet properly the specified requirements. The main reason of this problem lies in several technological issues detected during the sintering process, such as layers delamination and shrinkage. Similarly, some physical problems involving the access lines, such as the presence of cracks, metallization discontinuities and a detaching problem due to the heat employed for wiring were noticed. A group of retrosimulations is being performed in this moment to determine the causes of the registered behavior on the experimental results. Additionally, a X-ray analysis of the filter structures is advised to verify the filters inner structure and to exclude the presence of other unforeseen problems. A second run will be launched on July 2016, in which it is expected to obtain experimental results that successfully meet the specifications.

microstrip to SIW transition in LTCC technology, framed in the context of the ATOMIQ project, funded by the ANR and Thales Alenia Space.

-It was explained above that only the S band specification was implemented in this manuscript, since the conception process is similar for both L and S band templates. However, in the frame of the R&T project the L band specification was also carried out. Figure 105 depicts the superior and 3D view of the L band vertically stacked SIW filter structure as well as its associated dimensions and Figure 106 presents a photography of the filter after fabrication. The disturbance could be due to delamination and shrinkage issues that were detected during the fabrication process. It can also occur due to accuracy problems to realize thin width lines, employed for the access topology and some admittance inverters. An X-ray analysis of the structure and a retrosimulation are being conducted now to figure out the reasons of the described behavior in the electrical response.
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 11 Figure 1. Frequency response of the four types of filters. a) Low-pass b) High-pass c) Bandpass d) Band-stop
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 2 Figure 2. Frequency response of a passband filter and its electrical parameters
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 3 Figure 3. Graphical representation of the insertion loss of a resonator taken from its S 12 electrical response [3]
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 4 Figure 4. Calculation of the loaded quality factor Q L by employing of the S 21 parameter response of a resonator [3]
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 5 Figure 5. Equivalent circuits of lossy resonators a) Series RLC circuit b) Parallel RLC circuit.
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 6 Figure 6. Microstrip technology a) Basic structure of a microstrip line. b) Fields distribution in a microstrip line.
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 7 Figure 7. Coplanar technology a) Basic structure of a coplanar line. b) Quasi-TEM mode.
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 8 Figure 8. Stripline technology a) Basic structure of a stripline. b) Fields distribution
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 9 Figure 9. Multilayer technology a)-b) Mulilayer microstrip c) Strongly coupled microstrip lines d) Thin film microstrip (TFMS) e) Buried coplanar line f) Coplanar line g) Multilevel coplanar line i) Suspended substrate technology [19]

Figure 10 Figure 10 .

 1010 Figure 10. Scheme of a stubs filter a) Short-circuited stubs filter b) Open-circuited stubs filter

Figure 11 .

 11 Figure 11. Interdigital passband filter a) General scheme b) Interdigital filter with tapped-line input Figure 11b presents a variation of the topology proposed on [22-23], in which the access line is directly connected to the resonators (1,n). This alternative solves some problems related with the original coupling access and improves the performance of the electric response.
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 12 Figure 12. Passband coupled filter a) General scheme b) Mask of a 10 th order passband coupled line filter

Figure 13 .

 13 Figure 13. Types of coupling in open-loop resonators a) Electric coupling. b) Magnetic coupling, c) and d) Mixed coupling e) Mask of a 10 th order open-loop filter f) Multilayer openloop filter 1.2.3.2.3. DBR filters.
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 14 Figure 14. DBR filter a) Topology of a DBR resonator b) Mask of a 4 th order DBR filter
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 15 Figure 15. Filter based in dielectric resonators a) HFSS model b) Photograph of the fabricated filter c) Filter response [29]

Figure 16 .

 16 Figure 16. Waveguide filter a) HFSS model and photograph of the fabricated filter b) Filter response
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 17 Figure 17. Cavity filter a) Photograph of the fabricated filter b) Filter response

Figure 18 .Figure 19 .

 1819 Figure 18. Technologies utilized for additive manufacturing [34].

  scheme of a SIW cavity as well as the fields distribution for the fundamental model TE 101 . The structure has a width W, a length L, and a thickness denoted by h. The posts have a diameter of d and an inter-via pitch represented by p. It is important to choose conveniently the value of these two parameters, taking into account the technological constraints at the same time, in order to minimize the radiation loss[START_REF] Deslandes | Single-substrate integration technique of planar circuits and waveguide filters[END_REF] and to improve the isolation. Then, for a metallic via with d < 0.2 λ, the radiation
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 20 Figure 20. Structure of a substrate integrated waveguide cavity b) Fields representation of the fundamental mode in a SIW cavity

Figure 21 .

 21 Figure 21. Examples of SIW filter structures [50-52] a) Ridged Half-mode SIW filter (RHMSIW) b) Triangular-shaped cavity SIW filters c) SIW Zig-Zag filter topology
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 22 Figure 22. Fabrication process of a circuit in LTCC technology [46].
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 2324 Figure 23. LTCC modules belonging to a satellite payload experimental board (Synthesizer, LNA, TxRx and Switch)
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 25 Figure 25. Design rules for via spacing [44]
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 26 Figure 26. Template definition of the S band filter

  RL[dB] = -20𝑙𝑜𝑔 |Γ| = -20 log 0.2 = 13.97 𝑑𝐵 ≈ 14 𝑑𝐵[START_REF] Matthaei | Interdigital Band-Pass Filters[END_REF] 
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 31 Synthesis of the SIW filter in S band. Cavity dimensioning considering the central frequency and the Q u factor. 2.3.1.1.

Figure 28 .

 28 Figure 28. 3D and side view of a cavity composed by 6 layers substacks.

Figure 29 .

 29 Figure 29. Unloaded quality factor of a cavity vs number of substrate layers for the S band specification

Figure 30 .

 30 Figure 30. Circuit model of the SIW filter including lossy reactive elements

  shows the electrical response of the RLC circuital model when 30 layers per cavity or 10 substacks are employed. The associated Q u value for this cavity height is of 318.72, as seen in Figure 29. The depicted response exhibits a value of IL = 1.29 dB and a flatness of 1.336 dB.
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 31 Figure 31. Electrical response of the circuit model including lossy reactive elements

Figure 32 .

 32 Figure 32. Scheme of a vertically stacked SIW filter with N STACKS = 2 and 6 layers per cavity.

Filter topologies depending of the number of cavity stacks 3

 3 
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 633 Figure 33. Cavities disposition inside the SIW filter topology a) Superior view b)Transversal view

  fo = 2.4 GHz, FBW = 20.8% 21,32 mm/31,98 mm 1,253 dB/ 1,859 dB

Figure 34 .

 34 Figure 34. S 11 parameter phase curve [2]

Figure 35 .

 35 Figure 35. External quality factor characterization. a) Characterization topology with a single loaded resonator. b) Q E vs magnetic iris length curve

Figure 36 .Figure 37

 3637 Figure 36. F 1 and F 2 values obtained from the S 12 curve of a magnetic iris characterization structure Figure 37 illustrates the schemes of the coupling coefficient characterization structures, including as well the 𝑘 𝑖,𝑗 vs coupling element dimension plots. A 1000 um

Figure 37 .

 37 Figure 37. Coupling coefficient characterization structures for the S band specification and their respective curves of k ij vs coupling element length.

Figure 38 .

 38 Figure 38. Two-stages Microstrip-SIW transition a) Physical structure b) Electric response

Figure 39 .

 39 Figure 39. Six-stacks 12-order SIW filter a) Superior and 3D view b) Electrical response c) Wideband simulation response The electric response shown above exhibit an insertion loss of 1.65 dB and the flatness is 1.546 dB. Moreover, its rejection level is higher than of 55.3 dB at 2.05 GHz and 45.3 dB at 2.75 GHz. The presence of some spurious associated with the superior mode TE 202 is registered around 3.2 GHz and towards, however their insertion loss power is below -50 dB, proving this way the spurious attenuation capacity of this topology associated to the judicious location of the coupling slots. Additionally, they are located in a band region relatively far from the rejection constraint imposed by the template, reason why they don't affect visibly the response in the band of interest. The filter dimensions are L = 44.572 mm, w = 31 mm and h = 2.28 mm.

Figure 40 .

 40 Figure 40. Structure of the shielding wall composed by 3 arrangements of staggered vias. a) Superior view b) Side view

2 ( 47 )

 247 Hence, if a = 10.66 mm, k = 416.63 m -1 , which yields b = 10.66 mm for a cavity resonating at f 0 = 2.4 GHz. Therefore, it is necessary a cavity height of b = 10.66 mm for the mode TM 110 to be present. On the other hand, according to equation[START_REF] Amaya | A broadband 3D vertical Microstrip to Stripline transition in LTCC using a quasi-coaxial structure for millimetre-wave SOP applications[END_REF] the value of the frequency f 110 considering the cavity height corresponding to 30 layers per cavity (b = 1125 um) is 17.954 GHz. In synthesis, no spurious presence associated with the TM modes will be registered due to the use of the special vias pattern. Figure41shows an exploded view of the six stacks SIW filter after the introduction of the staggered metallic vias around its structure. The metallization ground planes thickness and the substrate height is also indicated. Such value corresponds to 30 layers, as it was mentioned before.

Figure 41 .

 41 Figure 41. Exploded view of a six stacks 12-order SIW filter with staggered metallic vias arrays introduced along its structure

Figure 42

 42 Figure 42 presents the electrical response of the vertically stacked SIW filter

Figure 42 .

 42 Figure 42. Electrical response of the six stacks SIW filterThe filter response exhibits an insertion loss of 2 dB and a flatness of 1.89 dB.The rejection level is higher than 55 dB and 45 dB at 2.05 GHz and 2.75 GHz respectively and its magnitude continues to improve towards low and high frequencies. In general the obtained electrical performance is very near from the specification mainly due to the elevated quality factor offered by the chosen cavities height. Figure43depicts a superior and 3D view of the S band filter topology including the introduction of the staggered metallic vias arrays. Moreover, the substrate surface was augmented to attain a rectangular shape that facilitates the fabrication of the total structure. The filter dimensions are length = 45.924 mm, width = 32.48 mm and h = 2.28 mm.
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 43 Figure 43. Superior and 3D view of a six stacks 12-order SIW filter with metallic vias introduced along its structure for the S band (l = 45.924 mm, w = 32.48 mm and h = 2.28 mm)
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 444546 Figure 44. Shielding wall structure employed within the vehicle test

Figure 47 .Figure 48 .

 4748 Figure 47. High zoom photographs of the defects encountered during the sintering process a) Bump on the substrate surface b) Defect on the line c) Substrate deformation in the vias region

Figure 49 .

 49 Figure 49. Comparison between the experimental and simulation results of the upper cavity

Figure 50 .

 50 Figure 50. Response comparison after the ε r retrosimulation and the dimension tolerances application

2. 5 . 1 .

 51 Simulation of the vertically stacked SIW filter structure after the modification of the relative permittivity value to ε r = 57.8.

Figure 64

 64 Figure64presents the electrical response of the vertically stacked SIW filter after the variation of the ε r value and the frequency shifting operation. The tuning stage was supported by ADS™ and the tuning option available in HFSS™. The insertion loss is 1.801 dB and the flatness is 1.45 dB. Additionally, the out-of-band rejection is higher than 55 dB and 44 dB at each side of the passband respectively. In general, the overall response behavior is similar to that observed in Figure42, corresponding to the original filter designed with the nominal ε r value of 68.7. Figure52presents the superior and 3D view of the resulting filter topology. The filter dimensions are length = 47.688 mm, width = 36.508 mm and h = 2.28 mm. Finally, the corresponding filter masks were sent to VIA Electronic for its further fabrication.
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 5152 Figure 51. Electrical response of the six stacks SIW filter after the ε r value variation

Figure 53 Figure 53 Figure 54 .Figure 55 .

 53535455 Figure 53 presents a picture of the vertically stacked SIW filter after fabrication.The substrate steps of different heights corresponding to the microstrip to SIW transition and to the cavities stacking can be appreciated on the photography.Moreover, some staggered vias patterns that bump on the top metallization can be observed as well. The filter measurement was carried out in the facilities of Thales Alenia Space in Toulouse, using a 254 um-height ceramic connecting circuit and a wire-bonding, which is connected to the microstrip access of the filter, as shown on Figure53b.
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 56 Figure 56. Sensibility analysis of the SIW filter taking as parameter the 𝛆 𝐫 variation.
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 57 Figure 57. Sensibility analysis of the SIW filter taking as parameter the variation of the vertical slots dimensions.
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 58 Figure 58. Electrical response of the SIW filter against exterior variations of the temperature

Figure 59 .

 59 Figure 59. Post tuning device etched on a SIW cavity superior metallization a) SIW cavity structure with the etched device b) CPW line expansion (Shifting towards low frequencies) c) Gap expansion (Shifting towards high frequencies)

  mentioned cavities for different wire bonding configurations. The device covers a band of 20 MHz for both cases, which meets the frequency variation of ±6 MHz induced for the dispersion in the substrate permittivity.

Figure 60 .Figure 61 . Resonance frequency evolution for different configurations of the adjustment device 2 . 8 . 2 .

 6061282 Figure 60. Bidirectional post tuning device dimensions

Figure 62 .Figure 63 . 2 . 9 .

 626329 Figure 62. SIW filter topology with the post tuning device etched at the upper cavities

Figure 64 .

 64 Figure 64. Scheme of a quarter-wavelength stubs filter [2]

Figure 65 .

 65 Figure 65. Masks of short-circuited stubs filters a) 5 th order stubs filter [62] b) 8 th order stubs filter [63].

Figure 66 .

 66 Figure 66. Template definition of the filter with f 0 = 2GHz.

Figure 67

 67 Figure67presents a basic scheme of the proposed configuration, which describes the position of the filter elements (stubs and inverter lines). The chosen substrate thickness is h 1 = 2250 um, which corresponds to 20 layers substacks. Its election responds to architecture issues, since it allows to maintain a distance symmetry between the ground planes and the lines that integrates the filter, having at the same time an integer multiple of substacks between them. Additionally, an increased substrate height delivers a better Q u factor. Hence, the filter structure lines are placed in the middle of the substrate at a height of h 2 = 1125 um, in accordance with a classical stripline configuration.

Figure 67 .

 67 Figure 67. General scheme of a stub line in the stripline technology proposed configuration with h 1 = 2250 um.

Figure 68 .

 68 Figure 68. Scheme of the 6 th order quarter wavelength stubs line with the access port description.

  presents the relation between the impedance Z and the line width w for different substrate thickness values. The impedance value was plotted for a line width of 80 um and 3000 um respectively, for a substrate thickness of h = 2250 um, h = 1125 um and h = 562.5 um, with ε r = 68.7. According to the plots, the characteristic impedance values for h = 562.5 um are the lowest for the given width values.
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 69 Figure 69. Relation between Z and w for different substrate thickness values

Figure 70 . 6 Figure 71 . Transversal and side view of a multilayer parallel stub with the introduction of metallic ground plane sections 3 . 3 . 2 .

 70671332 Figure 70. 6 th order quarter wavelength stubs filter circuit model based in a parallel stub arrays configuration

Figure 72 .

 72 Figure 72. Summary of executed stages to reduce the filter elements impedance contrast and the effect on their width.
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  Figure 73. 6 th order quarter wavelength stubs filter circuit model based in a parallel stub arrays configuration a) Ideal circuit model b) Electrical response

Figure 74 . 6
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 90 Figure 90. Sensibility analysis of the S band stripline stubs filter taking as parameter the 𝛆 𝐫 variationAccording to the shown electrical response, it becomes apparent a frequency shifting of ±8 MHz between the response obtained with a substrate value of ε r =69.2
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 291 Figure 91. Sensibility analysis of the S band stripline stubs filter taking as parameter the stubs length variation
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 92 Figure 92. Electrical response of the stripline stubs filter against exterior variations of the temperature
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 2494 Figure 93. 2.4 GHz stripline parallel stub with the post tuning device introduced upon the short-circuit vias arrays, h 1 = 2250 um and h 2 = 1125 um.
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 95 Figure 95. Resonance frequencies of the unidirectional post tuning device for the nominal state and the no wire bondings state Following a similar procedure, the wire bondings are eliminated one by one from the adjustment device and the values of f' and ∆ are calculated for each configuration. Table 17 registers such values, making reference to the numbered wire bondings depicted in the top view of the adjustment device shown on Figure 96.
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 96 Figure 96. Wire bondings numeration for the unidirectional adjustment device
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 97 Figure 97 depicts the filter structure after the insertion of the post tuning device in nominal state. Depending of the particular width of each stub, a different number of wire bondings could be employed, what leads to several possible configurations. Thus, each stub belonging to the S band filter with the adjustment device inserted upon its
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 97 Figure 97. S band stubs filter topology with the post tuning devices inserted on the upper metallization. Unidirectional tuning of the S band stub resonators.
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 98 Figure 98 illustrates the tuning states LF1, LF2 and LF3 obtained after the introduction of the post tuning device on the structure of the stub 2, as shown in Figure 97. LF3 corresponds to the nominal state (all the wire bondings are connected) located at f LF3 = 2.403 GHz. When the rigth and left inferior wires and the top-lateral wires are removed, the state LF2 is reached, with f LF2 = 2.391 GHz. Then, if the wires located at the top right and left side of the structure are retired, the state LF1 is achieved, with a frequency of f LF1 = 2.383 GHz. The device covers a band of 20 MHz, which meets the maximal frequency offset of ±10 MHz inflicted by the technological and the material type dispersions. It should be mentioned that the stub 3 exhibits the same shown behavior in frequency than the stub 2, since both have similar widths,
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 109 Figure 109. Photography of the fabricated filter structure a) Top view b) 3D view
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	Number of layers per	Unloaded quality	Insertion					
	cavity	factor	losses/Flatness	2 stacks	4 stacks	6 stacks	8 stacks	10 stacks
	9	170,96	2,242 dB/3,229 dB					
	12	204,88	1,871 dB/2,728 dB					
	18	255,6	1,5 dB/2,211 dB					
	30	318,72	1,253 dB/1,859 dB					

Table 7 . Low pass prototype coefficients for a Tchebyshev response with n = 12 and ripple of 0.01 dB

 7 The above coefficients together with the value of the fractional bandwidth FBW are used to determine the theoretical values of the coupling coefficients, noted as 𝑘 𝑖 , 𝑖+1 . Equations[START_REF] Deslandes | Integrated microstrip and rectangular waveguide in planar form[END_REF][START_REF] Rigaudeau | Mixed LTCC ultra compact S-band filter with wide multispurious stopband[END_REF][START_REF] Potelon | Design of a Substrate Integrated Waveguide (SIW) filter using a novel topology of coupling[END_REF][START_REF] Deslandes | Single-substrate integration technique of planar circuits and waveguide filters[END_REF][START_REF]Design of multilayer triangular substrate integrated waveguide filter in LTCC[END_REF] are utilized to calculated them, where 𝑄 𝐸 𝑠𝑜𝑢𝑟𝑐𝑒 and 𝑄 𝐸 𝑙𝑜𝑎𝑑 corresponds to the values of the external quality factor associated with the coupling at the accesses.

	𝑔 𝑜	𝑔 1	𝑔 2	𝑔 3	𝑔 4	𝑔 5	𝑔 6	𝑔 7			𝑔 8	𝑔 9	𝑔 10	𝑔 11	𝑔 12	𝑔 13
	1	0.8264 1.4497 1.8377 1,7527 1,9684 1,8022 1,9837 1,7883 1,9293 1.6695 1,5957 0.7508 1.1007
							𝑄 𝐸 𝑠𝑜𝑢𝑟𝑐𝑒 =	𝑔 𝑜 𝑔 1 𝐹𝐵𝑊				(36)
							𝑄 𝐸 𝑙𝑜𝑎𝑑 =	𝑔 12 𝑔 13 𝐹𝐵𝑊				(37)
							𝑘 0,1 =	1 √ 𝑄 𝑒,𝑆𝑜𝑢𝑟𝑐𝑒 𝐹𝐵𝑊				(38)
							𝑘 𝑗,𝑗+1| 𝑗 = 1 𝑡𝑜 𝑛-1 =	𝐹𝐵𝑊 √ 𝑔 𝑗 𝑔 𝑗+1		

Table 8 . Coupling coefficients obtained from the synthesis process

 8 

	𝑘 0,1	𝑘 1,2	𝑘 2,3	𝑘 3,4	𝑘 4,5	𝑘 5,6	𝑘 6,7	𝑘 7,8	𝑘 8,9	𝑘 9,10 𝑘 10,11 𝑘 11,12 𝑘 12,13
	1.208 0.190 0.127 0.116 0.112 0.110 0.110 0.110 0.112 0.116 0.127 0.190 1.208
		𝑀 𝑖,𝑗 =								(41)

depicts the coupling coefficients values resulting from the synthesis process for the studied filter specification as well as its corresponding coupling matrix.

Table 14 . b parameter values and impedance ranges derived from the synthesis for a quarter 6 th order quarter wavelength stubs filter in a parallel stub arrays configuration
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Table 15 . Characteristic impedances and dimensions of the stripline stubs filter elements after the reduction of the substrate thickness associated to the stubs a)

 15 

	i	Zi [Ohms]	1125 um Wi[um] at h2 =	h1 = 2250 um Zi,i+1[Ohms] at	W i,i+1[um]	
	1	6,363	1473	20,741	305	
	2	5,598	1743	27,695	106	
	3	5,423	1816	29,423	80	
	4	5,423	1816	27,695	106	
	5	5,598	1743	20,741	305	
	Z 1	Z 2	Z 3	Z 4	Z 5	Z 6
	Z 1,2	Z 2,3	Z 3,4	Z 4,5	Z 5,6	
	Z 1	Z 2	Z 3	Z 4	Z 5	Z 6

Table 17 . Frequency variation between f 0 and f' for different wire bonding configurations

 17 

  From these affirmations it can be concluded that the Δ value is higher as the wire bondings are placed closer to the lower side of the device. The combinations(1,2,5,[START_REF] Someda | Electromagnetic Waves[END_REF] and(1,[START_REF] Someda | Electromagnetic Waves[END_REF]7,[START_REF] Boudouris | Cavités électromagnétiques[END_REF] are a good example of the aforementioned, since Δ(1,2,5,6) = 9 MHz and Δ(1,6,7,8) = 38 MHz. In the same way, it becomes apparent that the adjustment device provides an appropriate variation range to face the frequency shifting caused by the dispersions of technological and material type in the electrical

	Δ(7,8) = 23 MHz.		
	Retired wire		
	bondings from the	𝑓 ′ [𝐺𝐻𝑧]	∆ = 𝑓 0 -𝑓 ′ [𝑀𝐻𝑧]
	adjustment device		
	1	2,3992	0,8
	2	2,3996	0,4
	3	2,3999	0,1
	4	2,4	0
	5	2,4	0
	6	2,3981	1,9
	7	2,3937	6,3
	8	2,3927	7,3
	1,2	2,396	4
	5,6	2,396	4
	1,6	2,396	4
	2,5	2,399	1
	3,4	2,399	1
	7,8	2,377	23
	1,6,2	2,395	5
	1,5,6	2,395	5
	3,4,7	2,392	8
	3,4,7,8	2,373	27
	1,6,7	2,385	15
	2,5,7	2,389	11
	2,5,7,8	2,371	29
	2,3,5	2,398	2
	2,3,4,5	2,3955	4,5
	1,2,5,6	2,391	9
	1,6,7,8	2,362	38
	1,5,6,7,8	2,348	52
	1,2,6,7,8	2,346	54
	The combination (1,6) exhibits a greater Δ value in relation with (2,5) ou (3,4).

Thus if Δ(1,6) = 4 MHz, Δ(2,5) = 1 MHz and Δ(3,4) = 1 MHz, Δ(1,6) > Δ(2,5) and Δ(3,4). The wires 7 and 8 exhibit the highest Δ value. Δ(7) = 6.3, Δ(8) = 7.3 and

substacks Substrate Layer 3 layers / substack

Z in = 17,314 Ohms

This thesis was co-funded by CNES (Centre National d'Etudes Spatiales) and Thales Alenia Space, and was accompanied by an R&T project funded by CNES. The German foundry Via Electronic was responsible for the filters fabrication.

Conclusion. 1.3.

This chapter presented a brief description about microwave filters, including its theory and design, main topologies and realization technologies. Considering the given requirement, which deals with the development of L and S band filters for satellite payloads, the LTCC technology in combination with a high substrate permittivity is consolidated as a cost-effective and high-potential solution to offer superior electrical performance and compactness, highly required in the space industry. This technology is distinguished for the flexibility it provides for microwave circuits design in a multilayer environment and because of its suitability for active and passive components integration directly into the substrate. Additionally, the utilization of the substrate Heraeus Heratape ®CT765 offers an important miniaturization potential for the development of filter structures centered at relatively low f o values. The observed reduction factor is of 7-9 times taking as reference the size of planar filter structures built with standard ceramics, like Alumina.

In this context, several filter structures were studied along the research work.

However two topologies were finally chosen to meet satisfactorily the requirement: a vertical stacked SIW filter and a stripline quarter-wavelength stubs filter. The proposed topologies exploits the LTCC advantages for filter design such as resonator superposition and juxtaposition, which enables an overall size reduction, as well as the cross-couplings implementation, targeted to increase the electrical performances.

20°C to 60°C (253°K to 333°K) will be considered.

For this purpose, the substrate fabricant Heraeus provides some information found on the substrate datasheet [START_REF]Technical Datasheet, substrate Heraeus Heratape ®CT[END_REF] concerning the temperature sensibility of the substrate. Two coefficients are given: The Thermal Coefficient of Expansion (TCE) and the Temperature Coefficient of Frequency (TCF), whose values describe the substrate dilatation and the frequency variation in function of the temperature respectively.

Then, the Thermal Coefficient of Dielectric Constant (TCε r ), that defines the relative permittivity variation in function of the temperature, is related to the TCF and TCE by means of the following empiric expression:

Table 10. Temperature coefficients of the substrate Heraeus Heratape CT765 [START_REF]Technical Datasheet, substrate Heraeus Heratape ®CT[END_REF].

Table 10 registers the coefficients values as well as the determined value of TCε r , whose value is 7.6 ppm/°K. Subsequently, the relative permittivity value and the dilatation could be found for the mentioned exterior temperature variation, by applying the equations (49-52) [START_REF]Temperature Coefficients of Dielectric Resonators[END_REF]. However, it should be mentioned that no information is specified about the used method to determine the cited coefficient values as well as the structure employed for their characterization. For this reason, the realized calculation for the filter structures is approximate.

∆𝜀 𝑟 = 𝑇𝐶𝜀 𝑟 (ppm/°K) 𝜀 𝑟 ∆𝑇/10 6 (50)

∆𝐷 = 𝑇𝐶𝐸(ppm/°K)𝐷∆𝑇/10 6 (52

Where ∆𝑻 represents the temperature range (∆𝑻 = 𝟑𝟑𝟑°𝐊 -𝟐𝟓𝟑°𝐊 = 𝟖𝟎 °𝐊 ).

∆𝜺 𝒓 and ∆𝑫 represent the variation of the relative permittivity and the material linear expansion for the given temperature range respectively. According to the previous equations, the ∆𝜺 𝒓 value is 0.03514, which corresponds to a variation of ±0.01757 around 𝜺 𝒓 = 57.8 (relative permittivity at the ambient temperature of 𝟐𝟎°𝐂). In a

Thermal coefficients Value

Thermal coefficient of expansion respectively. In general a good agreement is observed between the obtained electric performance and the response of the ideal circuit model.

Circuit model response

In the other hand, the filter exhibits a good performance in high frequencies;

however the presence of a spurious frequency located at 4.1 GHz is registered. It leads to the presence of a transmission zero that produces an asymmetry at the right side rejection level of the response. This is due to the high compactness of the structure, which leads to the presence of couplings between non-adjacent resonators that are not completely suppressed by the action of the isolating electrical walls. A second spurious around 6 GHz is also registered, due to the inherent characteristics of a stubs filter topology, which is distinguished by presenting its second harmonic Conclusions.

3.9.

This chapter described the implementation and development of a novel stripline stubs filter in High-K LTCC technology. The conceived structure exhibit a great compactness thanks to the utilization of a high permittivity ceramic together with the flexibility provided by the multilayer approach, which allows performing a multilayer and a planar folding of the total structure. Under this perspective, a synthesis was proposed, which aims to develop a stripline stubs filter able to deal with narrowband filter specifications in a high permittivity environment, fully enabled to work with 50

Ohms access ports when it is not possible to synthetize its associated line width.

The implementation and tuning of a 12 th order stripline stubs filter for the S band specification was also performed by applying the developed design approach, based in the reduction of the substrate thickness associated with the stubs. From its size and delivered electromagnetic response, it is stated that this technique allows to synthetize high order filter functions while maintaining at the same time a small footprint and a good electrical performance.

Both filters, the 6 th order filter with f o = 2 GHz and the 12 th order filter in S band were fabricated and measured. The 2 GHz filter response does not meet adequately the proposed electric template, presumably due to a discontinuity at the filter input that provokes a weak coupling or to a delamination problem. On the other hand, the S band filter exhibits an electric response well centered at the operating frequency, however a strong disturbance affects is performance. Some retrosimulations are being performed at this moment to determine the problem causes and to propose solution alternatives.

In the other hand, a post tuning device based in the insertion of a metallic sheet with the utilization of wire bondings was also proposed and tested on the filter structure. Its offered tuning range proved to be satisfactory to face the frequency shifting caused by the dispersion of material type, which demonstrated to impact in a greater extent the electrical response. Moreover, it offers a wide variety of tuning steps, due to the diversity of configurations that can be obtained when the wire bondings are retired. Finally it was become apparent in simulation that the device does not degrade the electrical characteristics of the filter original response, augmenting that way the value of the proposed adjustment solution.

This thesis highlighted the potential of the LTCC technology together with the utilization of a high permittivity ceramic for the design of microwave filters with compact size and superior performances, highly demanded in actual telecommunication systems and in the space industry. Some perspectives are proposed to continue developing this research line, which are outlined in the next section.

Perspectives. 4.2.

The research work conducted during the thesis explored the possibilities of the High-K LTCC technology for filters miniaturization with high electrical performance. In this context, two innovative filter topologies were designed and tested. Some future work is proposed intended to improve the performance and the miniaturization capabilities of the studied topologies, as well as to present other research alternatives based in the application of the LTCC technology in a high permittivity environment.

-During the development of the filter structures a maximum substrate height of 2.28 mm for both the SIW filter and the stripline stubs filter was considered. However, the foundry stated that it is possible for them to cast substrate tapes until a height of 8 mm. Therefore, the developed topologies could be redesigned taking into account this new height value. This action would enhance their associated unloaded quality factor, leading to a better electrical performance.

-Implementation of SIW miniaturization techniques, such as the design of a Ridged Half-mode Substrate Integrated Waveguide (RHMSIW) filter in LTCC High-K technology: the RHMSIW integrates a ridge into a HMSIW waveguide. Its implementation with the High-K LTCC technology would increase the filter miniaturization potential.

-Tuneable filters in High-K LTCC technology: The LTCC technology is able to operate with compatible reconfigurable devices such as diodes, varactors and microelectromechanical systems (MEMS), which increase the filter functionalities. In the same way, LTCC microfluidic systems for sensing applications offer interesting research possibilities.

-One of the special features offered by the chosen foundry (VIA Electronics) is the capability to make substrate steps of different heights in LTCC structures, as those designed for the microstrip to SIW transition for the SIW filter and for the stubs filter access line. Such capability allows conceiving a step of reduced substrate height, convenient to ease the filter interconnection with other components based on planar technologies, and another one of an increased substrate height associated with the filter structure, intended to improve the Q u factor, thus leading to better electrical performances. This capability is being seized at this moment for the design of a 3D

Filtres miniatures LTCC High K en bandes L et S.

Résumé

Dans les systèmes actuels de communication, qu'ils soient terrestre ou spatial, qu'ils soient mobile ou fixe, il y a un réel intérêt à développer des front-ends radiofréquences et hyperfréquences miniatures et performants. Ceci s'applique en particulier aux dispositifs de filtrage ou l'encombrement et les facteurs de qualité sont clairement antagonistes. Pour les bandes de fréquences basses aux alentours du GHz, les longueurs d'onde restent encore importantes, rendant difficiles les efforts de miniaturisation. D'autre part il faut aussi s'assurer que ces filtres viendront s'interconnecter aisément avec les autres composants du système, notamment les actifs.

Pour toutes ces raisons, le développement de structures de filtres multicouches utilisant des substrats à haute permittivité (εr = 68) selon une approche LTCC apparait comme une alternative intéressante. Elle peut en effet conduire à une réduction significative de l'empreinte (footprint) sans pour autant trop nuire aux performances électriques.

Dans le cadre de ce travail, deux structures de filtres multicouches ont été développées pour répondre à des spécifications proposées en bandes L et S, par un équipementier du spatial. Ces filtres ont pour caractéristiques principales un haut niveau de rejection et des faibles pertes dans la bande passante. Pour atteindre les spécifications, un filtre SIW empilé verticalement et un filtre à stubs en court-circuit en configuration triplaque ont été étudiés. Le filtre SIW se distingue par un facteur de qualité élevé, ce qui entraîne des faibles pertes d'insertion et une bonne platitude. La solution à stub permet quant à elle de réduire l'encombrement mais au prix d'un impact sur les performances électriques. Dans les deux cas on tire partie de la souplesse offerte par la technologie LTCC, puisqu'elle offre finalement un degré de liberté supplémentaire, par rapport à une approche planaire classique. Si dans le cas SIW, c'est surtout l'architecture topologique qui a été étudié finement pour pouvoir agencer et coupler douze cavités, dans le cas du filtre à stub une synthèse mettant à profit tous les degrés de liberté offerts a été spécifiquement développés.

Compte tenu de la complexité des filtres, notamment à cause de l'ordre élevé et de la mise en oeuvre de murs « électriques » à partir d'arrangements de via spécifiques, une attention particulière doit être apportée lors des phases de simulation et d'optimisation. De plus la très forte permittivité du substrat ne permet pas d'utiliser de ligne 50 Ohms. Enfin les transitions constituent un point dur de l'exercice surtout dans le cas SIW.

Cette thèse co-financée par le CNES (Centre National d'Etudes Spatiales) et Thales Alenia Space, était accompagné par un projet R&T financés par le CNES. Le fondeur allemand Via Electronic avait en charge la fabrication des filtres.

Mots clés : LTCC, SIW, filtre, stubs filtre, high K diélectrique.

LTCC High K miniature filters in L and S bands

Abstract

In current communication systems, whether terrestrial or spatial, whether fixed or mobile, there is a real interest in developing high performance miniature RF front-ends. This is applied in particular to filter devices, in which the size and the quality factors are clearly in conflict. For low frequency bands around the GHz, the wavelengths remain significant, making it difficult the miniaturization efforts. On the other hand, we must also ensure that these filters will be easily interconnected with other other system components, including active devices.

For all these reasons, the development of multilayer filter structures using high permittivity substrates (Er = 68) in an LTCC approach is consolidated as an interesting alternative. It may lead to a significant footprint reduction without decreasing the electrical performances.

As part of this work, two multilayer filter structures have been developed to meet the given specifications in L and S bands, given by a space manufacturer. These filters have as main features a high rejection level and low losses in the passband. To meet the specifications, a vertically stacked SIW filter and a short-circuited stubs filter in a stripline configuration were studied. The SIW filter is characterized by a high quality factor, which results in low insertion loss and good flatness. The stubs filter allows in contrast to reduce the footprint but at the price of impacting the electrical performance. In both cases we take advantage of the flexibility offered by the LTCC technology as it finally provides an additional freedom degree compared to a conventional planar approach. For the SIW filter, the topological architecture was studied and designed in detail, to be able to arrange and synthetize couplings between twelve cavities. In a similar way, for the stub filter a synthesis that takes profit of all the offered freedom degrees was developed.