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Abstract 
 

 The filters deployed in the satellite are high-performance filters that have 

very stringent in-band and out of band performance. They require high Q 

resonators with spurious free-range for their realization. But, the Q factor 

decrease with an increase in frequency. Currently, Ka-band high throughput 

satellite uses cavity filters in its payload because of its known performance and 

well-established realization process. This thesis presents novel high Q filters, 

which provide an alternative to conventional cavity filters. 

           The Ka-band filters developed using two different technologies. The first 

is a fully tunable Non-radiative dielectric waveguide filter, and the second is the 

High Q coaxial resonator filter. For the first time, high Q TM012 mode of the 

coaxial resonator used at Ka-band for filter realization. The direct and cross-

coupled filters have designed to demonstrate the concept of higher-order modes 

of the coaxial resonator for filter development. The high power analysis has done 

for the identical configuration cross-coupled coaxial resonator and cavity filter; 

compare their performance over operating temperature from -150C to 650C. 

These filters fabricated from metal and their frequency drift depend on the 

coefficient of thermal expansion of metal, which should be minimum to have a 

stable response in the space environment. The analytical tool used to minimize 

the frequency drift of the coaxial resonator filter and compensate it over the 

operating temperature. The temperature-compensated coaxial resonator filter 

has developed with this tool, and its performance is compared with the identical 

uncompensated filter. This temperature-compensated filter provides more 

design margin without increasing the complexity.  
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Chapter 1 

Introduction 

1.1. Motivation 

 The demand for broadband is rapidly exhausting the available capacity 

of existing Ku-band and leads to the evolution of High throughput satellite 

(HTS) in Ka-band Large and small enterprises increasingly depend on media-

rich applications to grow their businesses and retain their competitive edge. 

Governments need high-bandwidth applications to deliver services to their 

citizens, and consumers want to watch movies, make VoIP phone calls, and 

browse the Web—all at the same time. The first generation of high throughput 

satellite operate in Ku-band, but the Ku-band spectrum is saturated, and the 

next generation of HTS operate in Ka-band due to uncrowded available 

spectrum in the Ka-band. The high bandwidth available in the Ka spectrum and 

frequency re-use capabilities across multiple beams enable the delivery of more 

capacity at faster speeds to smaller dishes—opening the door to upgraded 

services at lower costs for more users [1]. These HTS require high-performance 

filters, which used both at transmitting and receiving end. The demand for high-

performance filters requires high Q-factor resonator makes it challenging to 

design them at higher frequency bands. Simultaneously, these resonators 
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should have a very wide spurious-free range and good thermal stability to be 

used for filtering applications in the satellite.  

 

Figure 1.1 Requirement for high performance filter. 

 Figure 1.1 shows the requirement for a high performance filter. These 

high-performance filters use high-quality factor resonator to achieve the 

specifications, which are either direct-coupled or cross-coupled resonator based 

filters. The quality factor decreases as the frequency increases and is 

proportional to the ratio of volume to the surface area. The commonly used 

microwave resonators are planar resonators and three-dimensional resonators. 

The planar resonators with different shapes and topologies realized on the 

microstrip substrate have low Q (Q<200) and seldom used at Ka-band for high-
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performance filters. The three-dimensional resonators are MEMS resonator, 

coaxial resonator, waveguide resonator, gap waveguide resonator, cavity 

resonator, and dielectric resonators.  These resonators offer moderate to very 

high Q depending upon its type. The resonators used for high-performance 

filters should have reasonably high Q, small size, less mass, wide spurious free 

range; stable performance over the operating temperature range, high power 

handling capability and high reliability that is must for filters used in satellite 

applications. Figure 1.2 shows the insertion loss variation of different types of 

resonator considering their size.  The MEMS resonators are compact but have 

moderate Q at Ka-band [2-3]. The dielectric resonators are being used till Ku-

band in payloads due to its small size, high-Quality factor, and better 

performance over the temperature, but they suffer from the problem of inferior 

spurious free range and better suited for narrowband filters [4].  

 

Figure 1.2 Variation of insertion loss with size of resonator. 

Moreover, DR size and Q-factor decreases with an increase in frequency, and 

they are difficult to handle at Ka-band. The cavity resonators are the state of 
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art for very high-frequency filters due to their high Q, fairly good size, better 

power handling capability and its predictable performance over the temperature 

[5]. They offer wide spurious-free window if operated in the dominant mode, else 

the higher order spurious mode is to be suppressed, which is bit tedious task. 

The coaxial resonators’ dominant TEM mode offer high Q, small size, good 

power handling capability and very wide spurious free range, but the TEM mode 

coaxial resonator filter application is limited to C-band because their Q 

decreases drastically with increase in the frequency. The filters developed with 

the TEM mode coaxial resonator are direct-coupled or cross-coupled, and in each 

form, the emphasis is on performance improvement and size reduction [6-9]. 

From many decades, in the gyrotron application, the higher order Transverse 

electric (TE) or Transverse magnetic (TM) modes of the coaxial resonators are 

used [10]. These higher order modes have very high Q and never explored for 

the filter application. Recently, the higher order mode of the coaxial resonator 

uses for filter realization at Ka-band. This thesis explores the novel approaches 

to realize high Q high-performance filters at Ka-band for high throughput 

satellite.  

1.1.1. Importance of filters in Satellite 

The heart of the communication satellite is a payload, which consists of 

many transponders responsible for providing communication link. The 

different types of filters cover more than 60% of the payload, and 

without filters, it is difficult to imagine a communication payload. They 

have shown as a shaded region in figure 1.3. The low power filters 
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deployed at the front-end of the payload before the TWTA and high 

power filters at the back end. 

 

Figure 1.3 Communication payload block diagram (12-channel transponder). 
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These filters are high-performance filters as their specifications are 

stringent and have superior passband (in-band) and stopband (out-of-

band) performance with an insignificant impairment to the signal. 

These filters require high-quality factor, wide spurious free range, small 

mass and size, high power handling capability and stable thermal 

behaviour. 

The pre-select filter is a bandpass filter deployed after antenna should 

have low insertion loss and offer very high isolation to the transmit 

band. It requires high Q and wide spurious free resonators for their 

realization. There are many different types of filters used in the receiver 

for rejection only with a minimal insertion loss. After receiver, the 

incoming frequency band channelized into different RF channels by 

Input multiplexer (IMUX), which is a bank of bandpass filters tuned at 

different channel frequencies. The IMUX filters are high Q filters as it 

has very good bandpass flatness and offers very high isolation to the 

adjacent channels. The IMUX filters have a wide spurious free 

response, so that spurious may not fall in the frequency band of 

operation. The output multiplexer (OMUX) filter used to combine the 

channels after being amplified by TWTA. They have very low insertion 

loss and have signification isolation for the combining signal. They 

require high Q resonator, which can handle very high power with a wide 

spurious free performance. The harmonic reject filters which are 

inherently lowpass filters are used at the output of the payload to reject 

the harmonics of TWTA. 
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1.1.2. Communication Satellite filters 

The satellite communications started with the Intelsat series, and the 

Intelsat IV was the first to use a channelized architecture in which 500-

MHz uplink around 6 GHz has received by satellite, amplified using a 

low-noise amplifier (LNA) and down convert downlink band from 3.7 to 

4.2 GHz. This 500 MHz band is channelized into 36 MHz bandwidth 

channels using an input multiplexer. These individual channels are 

known as transponders, and each channel is amplified and recombined 

using an output multiplexer. After recombining, they are feed to the 

transmit antenna [5] which creates the need for high-performance filters 

and multiplexers. The insertion loss of the input multiplexers is of 

relatively little importance as the noise figure depends on the Low noise 

amplifier. On the other hand, the insertion loss of the output multiplexer 

is critical, as it directly affects the link budget. The output multiplexers 

use rectangular waveguide filters constructed from Invar (for 

temperature stability), which combined in a common waveguide 

manifold, with each channel filter providing high isolation to signals in 

non-adjacent bands. These multiplexers were very large and heavy, 

weighing about 4 kg per channel. The methods of reducing this weight 

were of paramount importance. The first breakthrough was the use of 

dual-mode filters, where two orthogonal degenerate modes in the same 

physical cavity are excited. Comsat Laboratories, Canada developed the 

first practical devices [11–13]. The Triple mode and quad-mode filter 
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designs offer further size reduction, but they are very sensitive and 

suffer from poor temperature stability. The next stimulus to research 

was the adoption of higher frequencies, in particular, the 14/12-GHz 

band for direct broadcast satellites. Standard designs at these 

frequencies would have an unacceptable 1 dB more loss than the 6/4-

GHz band. This led to the development of TE10N and TE11N filters, where 

N is an integer corresponds to the number of half-wavelength cavity 

lengths [14]. Then the advancement was made in the methods and 

theory of multiplexing from non-contiguous to contiguous [15-17]. 

Satellite communications also stimulated work on filter transfer 

functions and network synthesis. The use of high permittivity and high 

Q ceramics termed as dielectric resonators were used to construct single 

mode filters, which offer very good size, volume, and mass reduction 

[18]. The further development in this area was the use of dual-mode 

dielectric resonator filter, which matches the performance of single 

mode and has significant size, volume, and mass reduction. The other 

major development was High-temperature superconductor filter where 

ultra-high Q resonators cooled to 77 K [19]. They offer huge mass saving 

at the expense of cryo-coolers. The major focus on communication filters 

is to reduce the footprint and mass without any compromise on its 

performance. Moreover, the power of communication satellite is 

increasing pose a major challenge to dissipate the heat, which requires 

an efficient thermal design with minimum frequency drift in the filter 

over the operating temperature. 
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1.2. Research Contribution 

 The satellite filters are high performance and high Q filters, which have 

low loss and steep rejection over the operating temperature. The prime objective 

of the thesis is to explore and implement the novel high Q resonator-based filters 

at Ka-band for high throughput satellite. 

Also, the filters must have comparable performance compared to the 

conventional waveguide filters used in the satellite. The contributions are as 

follows: 

1) The high Q resonators are explored and found that the three-dimensional 

resonator offers the highest Q-factor among different types of microwave 

resonator. The LSM01 mode of Non-Radiative Dielectric Waveguide and higher-

order modes of coaxial resonators has explored. 

2) Besides high Q, the modes should have a wide spurious free window and 

tunability to be used for the filter application. The NRD guide based filter 

reported in the literature lacks tuning. So, the LSM01 mode of E-plane resonator 

with mechanical tuning proposed for the filter design. The fabricated MNRD 

guide filter offers for both centre frequency and bandwidth tunability. The 

TM012 mode of coaxial resonator offers ultra-wide spurious-free window, use for 

the first time for filter application.   The TM012 mode used to design and realize 

direct and cross-coupled filters at Ka-band to validate the concept of higher-

order coaxial resonator modes for filter application. 
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3) The cross-coupled waveguide filter design with the overmoded cavity to 

achieve cross-coupling. Here, a solution has proposed to use a non-resonating 

post instead of overmoded cavity to realize cross-coupling in the waveguide 

filter, which makes the waveguide filter compact. 

4) The proposed 5-2-0 TM012 mode coaxial resonator filter to be used for satellite 

must comply with the performance that can achieve with the conventional 

waveguide filter. So, an identical waveguide configuration compact waveguide 

filter has designed, and its performance compared with the proposed filter.  

5) The filters deployed at the output section of the payload can able to withstand 

high power. The rigorous high power analysis of both the filters done, so that, 

they can be used for high power applications. 

6) The filter response should be stable over the operating temperature in the 

satellite. The thermal stability of the filter determined by the frequency drift of 

the filter. The proposed temperature compensated coaxial resonator filter uses 

Invar metal post to minimize its frequency drift without any compromise on the 

RF performance. The high Q temperature compensated coaxial resonator filter 

at Ka-band has proposed for the first time. This approach does not degrade the 

resonator Q, and at the same time provide excellent design margin without 

increasing the overall filter weight. 
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1.3. Organization of the Thesis 

 The thesis has organised into six different chapters. Chapter 2 is the 

literature survey which discussed the work done for various types of filters at 

Ka-band. To emulate a low Q resonator to behave as high Q, Predistortion 

technique employed in the filter has discussed. Since the filters deployed in the 

satellite have a stable response over the operating temperature. So, 

temperature compensated filters and approaches of temperature compensation 

have discussed. 

Chapter 3 describe the method to realize the transfer function for direct and 

cross-coupled microwave filters. The filters synthesized through the coupling 

matrix whose elements give the coupling between the resonators.  

Chapter 4 describe the mechanically tunable Non-Radiative Dielectric 

Waveguide filter.  The low loss LSM01 mode of E-plane resonator used to design 

a filter at Ka-band. The filter centre frequency, as well as bandwidth, can be 

tuned with the help of screws. 

Chapter 5 discussed in detail about the higher-order modes of the coaxial 

resonator. The high Q TM012 mode with an ultra-wide spurious-free window has 

used to realize the filter at Ka-band. The concept of high Q higher-order mode 

for filter realization is validated through the direct and cross-coupled filter. The 

compact cross-coupled waveguide filter designed for the identical configuration 

TM012 mode based coaxial resonator filter and their RF performance compared 

along with the high power analysis. 
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Chapter 6 provide the method for temperature compensation of High Q coaxial 

resonator-based filter at Ka-band. Here, the analytical tool of sensitivity 

analysis used to calculate the temperature compensation. The coaxial post of 

Aluminium is replaced by Invar metal post to achieve temperature 

compensation without any impact on the RF performance of the filter. The 

performance of temperature compensated and uncompensated filters have 

compared for the identical configuration filter. 

Finally, conclusion and future scope are provided in chapter7. 
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Chapter 2 

Literature review 

2.1. Introduction 

The microwave filters are resonator coupled filter, which is either directly 

coupled or cross-coupled. This chapter introduces the various filter technologies, 

especially Ka-band, and their feasibility in realizing payload filter. Apart from 

the technologies, the techniques like Predistortion to improve the in-band 

performance of filter are also introduced. Moreover, the payload filter has to 

operate satisfactorily in the space environment facing temperature excursion. 

The various temperature compensation techniques for filters reported in the 

last three decades has been reviewed. 

2.2. Ka-band Filters 

The resonant cavities or three-dimensional resonators are used to realize Ka-

band filters for satellite applications.  There are different technologies for 

realization of cavity filters, and they are as follows: 

1) Micromachined cavity filters 

2) Substrate Integrated waveguide filters  

3) Cavity Filters 
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2.2.1. Micromachined Cavity filters 

 The work on micromechanical resonator and silicon 

micromachined structure start with the fabrication of plated-metal 

cantilever beam in 1967 by Nathanson [20], but the micromachined 

filter gained popularity last two decades because of the their small size, 

use of IC technology process for fabrication, low mass and good RF 

performance. In this technology, metallized cavities and suspended 

membranes have realized in Silicon or SOI (Silicon on Insulator) 

substrates. The multilayer approach of stacking multiple cavities by 

bonding reduces the footprint. The flexibility of designing input and 

output ports on the same layer gives the surface mountable filters 

provides good ease of integration with monolithic circuits. Despite their 

advantages, the single-layer filters have high losses (i.e. low Q-factor) 

compared to 3D resonators, prone to fabrication process tolerances, no 

tunability because of their small size, thermal drift, and their cavity wall 

surface roughness which mainly determine their Q-factor. 

The work started with the micromachined components developed on a 

microshielded line [21-26]. The microshield is a quasi-planar half-

shielded design, which uses a thin dielectric membrane to support the 

conducting lines. The W-band filter developed with the microshield 

lines. A 90 GHz low pass filter and 95 GHz bandpass filter has been 

presented at W-band and their performance is at par with the planar 

filter technologies like microstrip and CPW [27].   
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The WR-10 rectangular waveguide has been fabricated from (100) 

silicon wafer using micromachining technique for 75 GHz–115 GHz [28]. 

The waveguide split in two half along the broadside to ease fabrication. 

This opens the way for the design of a micromachined cavity filter with 

a high Q and small footprint.  The micromachined cavity resonators are 

the building block of the filter. A high Q micromachined filter consisting 

of input and output microstrip lines and rectangular cavities on 

different dielectric layers in vertical stacking greatly reduces the 

occupied area. The cavities made by Si micromachining and are 

metallized by conventional micromachining techniques. Coupling 

between the cavities and the microstrip line is achieved via the slots 

etched at appropriate locations with respect to the microstrip lines [29-

31]. The micromachined cavity has Q similar to a metallic waveguide 

cavity with the same dimensions, but it has the advantage of 

maintaining a planar form that allows for easy integration for MIC. This 

concept of vertical stacking resonator was used to fabricate a three-pole 

filter with 3.7% bandwidth at 10.01 GHz. The measured de-embedded 

insertion loss of the filter is 2.0 dB attributed to the CPW-microstrip 

transition line length and the fabrication process reduced the 

conductivity [32]. 
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Figure 2.1 Cross-sectional schematic of four-pole linear phase filter [32]. 

The good work was done [32] by the authors used horizontal 

integration of cavity where resonators are placed side by side and 

coupled by evanescent waveguide shown in fig. 2.1. They have designed 

a four-pole filter at 27 GHz.  The filter has 1.9% fractional bandwidth 

centered at 27.604 GHz with an insertion loss of 1.6 dB. The unloaded 

Q-factor was 1465. The same concept with a similar coupling scheme 

was used to design a bandpass filter around 20 GHz [33]. However, this 

approach produces an inclined or non-vertical sidewall cavity due to the 

etching. Moreover, the processing condition affects the surface 

roughness, which increases the conductor losses of the metallized cavity, 

affects Q-factor. The multilayer micromachined cavity resonators and 

filters at 38 GHz demonstrated where each layer made of gold-coated 
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silicon, structured by deep reactive etching. The measured unloaded Q-

factor was 343 at 38 GHz, which is poor to realize front-end filters for 

high throughput satellite [3]. 

 

Figure 2.2 (a) Layout of etched silicon wafer pieces, and (b) perspective view of 

width-stacked filter design [35]. 

Another work to improve the Q of the micromachined cavity was done by Micah 

Stickel, et. al. They fabricate a micromachined cube cavity of dimension 7.071 

mm*7.071 mm* 7.5 mm with a measured Q of 4500 at 29.314 GHz, where wafers 

are bonded by electroplating thick copper [34]. Later on, they demonstrate a 

three-pole bandpass filter at 29.7 GHz with 654 MHz bandwidth. In this filter, 

the width of the rectangular waveguide structure is created through the 

stacking of etched silicon wafer pieces shown in figure 2.2. The measured 
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insertion loss of the filter is 1 dB, while the predicted passband insertion loss 

was 0.45 dB [35]. The etching and metallization was the major drawback to 

achieve desired performance.  

 

Figure 2.3 (a)Fourth order filter topology with a negative sign coupling between 

1st and 4th resonators, (b) perspective view of the 4th order filter, and (c) details of 

the layers [37]. 

The compact and low loss 4th order pseudo-elliptic filter at Ka-band in 

multilayer micromachined technology is designed and fabricated, which 

is having good reproducibility. The stacking of six silicon layers reduces 

the footprint. The filter design on λ/2 TEM Si membrane resonators 

placed inside shielding cavities, and short-circuited at both anchored 

ends. The fourth-order filter shown in figure 2.3. It has a 50%-footprint 

reduction compared to TE101 resonant mode cavity filter but has a poor 

Q-factor of about 500 [36-37]. This filter has been used by European 

Space Agency (ESA) for their project, and they are suitable when they 

used in integration with active packages like a receiver for rejection of 
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harmonics and unwanted signal. They meant for unwanted signal 

suppression where there is no emphasis on in-band filter performance, 

which largely depends on the Q-factor of the resonator. The 

micromachined 3D filter designed has a wide-bandpass characteristic of 

39%; with an insertion loss of 1.7 dB at 33.2 GHz is suitable for high 

power MMIC applications. This filter is compact but has a low Q [38]. 

Apart from this, work is going on in the submillimeter-wave and 

Terahertz frequency for High Q filters, where there is a limitation of 

conventional machining. One such filter developed at 450 GHz with 1% 

bandwidth and Q of more than 700 [39]. 

2.2.2. Substrate Integrate Waveguide 

(SIW) filters 

Over the past decade, Substrate integrated waveguide (SIW) has 

received much attention due to its low cost, small size, integration 

potential and superior performance over planar filter technologies. SIW 

is a dielectrically filled waveguide transmission line formed with 

microwave laminate (Printed Circuit Board) substrate material. The top 

and bottom metal surfaces of the substrate are electrically connected 

using two parallel sets of collinearly arranged metal-plated via holes, 

which function as the waveguide sidewalls [40]. The resultant structure 

has modes and propagation characteristics the same as their 

conventional metal waveguide. The configuration of SIW was initially 

introduced as a post-wall waveguide [41] or laminated waveguide [42], 
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which could be fabricated with the easily fabricated with commonly 

printed circuit board (PCB) fabrication method. SIW has less radiation 

loss and better quality factor than conventional planar circuits. It is also 

easier to fabricate, more compact and cost-effective than the traditional 

rectangular waveguides. Due to its quasi-planar structure, it provide an 

upper hand to design and integrate passive components, active circuits 

and radiating elements in a dielectric substrate, which led to the 

development of various microwave and millimeter-wave components in 

SIW technology, such as antennas [43-45], power dividers [46-48], 

couplers [49, 50], filters [51- 53] and diplexers [53, 54]. The separation 

between the vias in the transverse direction, the diameter of the vias 

and the pitch length (vias centre to centre distance) are the parameters 

use for designing SIW. Like rectangular waveguide, the dominant mode 

of SIW is TE10 [55]. 

Different types of filters with different topologies have been developed 

based upon SIWs [53, 56, 57]. In [58], a direct-coupled SIW filter with 

irises operating at 60 GHz was designed and fabricated. In [59, 60], 

cross-coupled filters developed on rectangular and circular SIW cavities. 

SIW elliptic filters with high selectivity were proposed in [61] using a 

two-layer substrate to realize the elliptic response with four cavities; 

compact and super-wideband SIW bandpass filters employing 

electromagnetic band-gap (EBG) structures were designed and 

experimentally verified in [61]. These filters have lower losses than the 

corresponding planar filters in the millimeter-wave frequency range, 
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and they exhibit a substantial size reduction compared to their 

implementation in conventional waveguide structures. 

The research was going on to reduce the size of SIW filters and improve 

their performance. The different modified waveguide configurations 

that have been proposed are as follows: 

a) Folded SIW: In [62] author used a double-folded SIW with 

multilayer structures in a low-temperature co-fired ceramic (LTCC) 

technology to design a quasi-elliptic and Chebyshev filter. The 

coupling between the vertically SIW resonators is controlled using 

U- and L-shaped slots in the middle metallic layer, as shown in figure 

2.4. The size reduction of 74% and 88% are noted for quasi-elliptic 

and Chebyshev respectively compared to conventional SIW. The 

author uses quadri-folded SIW (QFSIW) [63] to develop a fourth-

order bandpass filter with a size reduction of 89%. 

b) Slot Loaded SIW: The inductive and capacitive loading of slot in 

SIW lower shift its fundamental resonant mode. The authors of [64] 

designed three different miniaturized dual-mode filters with 

rectangular cross-slot, H-slot and T-shaped slots respectively in the 

SIW technology. The slot induces a capacitive effect to the cavity and 

thus miniaturization is achieved.  The fabricated prototypes of all 

types of the reported filters are shown in figure 2.5. Similarly, the 

square ring slot, ramp shaped slot [65], open-ended semi-circular slot 

[66] and E-shaped slot-loaded SIW [67] has been reported with 
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miniaturized size and improved performance. 

 

Figure 2.4 Exploded view of the (a) quasi-elliptic, and (b) Chebyshev filter [62].  

c) Stepped impedance metamaterial structure (SIMMS): The 

SIMMS works on evanescent mode propagation [68]. It states that 

an electric dipole (above the waveguide) can be used to achieve a 

passband below the cutoff frequency of the waveguide. By loading 

SIMMS on the SIW components, a negative permittivity is expected. 

Based on its negative permittivity, SIMMS can be considered as an 
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electric dipole [68]. The author [68] incorporate SIMMS in half mode 

SIW to design a filter and diplexer with a 75% reduction in the size 

compared to conventional SIW. In [69] author uses different 

geometry of SIMMS to miniaturize the filters and diplexers with high 

selectivity. The other work to reduce size and improve Q is done by 

incorporation of composite left/right-handed (CLRH) structure in 

SIW [70]. The CLRH structure behaves as a series capacitance and 

shunts inductance, thus achieves CLRH functionality. The CLRH 

structure generates the resonance below the cut-off frequency of the 

SIW resonator.  

 

Figure 2.5 Fabricated prototypes of the miniaturized dual-mode SIW filters 

with the rectangular cross-slots, T-shaped cross-slots, and H-shaped cross-slots. 

[64]. 

d) Sub modes of Full mode SIW: Electric field patterns of the 

fundamental TE101 mode in a conventional full-mode circular-SIW 

cavity resonator, half-mode SIW (HMSIW), quarter-mode SIW 

(QMSIW), eighth-mode SIW (EMSIW), sixteenth-mode SIW 

(SMSIW), and thirty-two-mode SIW (HMSIW) are shown in figure 
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2.6 [71]. The solid line is considered as an electrical wall and the 

dashed line as a magnetic wall, as shown in figure 2.6. Symmetrical 

planes of A-A1, B-B1, C-C1, and D-D1 in figure 2.6a are considered 

as magnetic walls. The half-mode SIW (HMSIW) can be realized from 

the full mode SIW by cutting it along the symmetrical A-A1 line, as 

shown in figure 2.6b. As a result, the field pattern of the fundamental 

mode remains unchanged with a size reduction of 50%. 

 

Figure 2.6 Field distribution of the circular SIW cavity resonator (a) full-mode, 

(b) half-mode, (c) quarter-mode, (d) eighth-mode, (e) sixteenth-mode, and (f) 

thirty-second-mode [71]. 

In [72] wideband filter is designed by coupling the four QMSIW 

cavity resonators with H-shaped slots on each cavity to suppress the 

higher-order modes, which enhance the upper stopband 
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performance and 75% size reduction compared to full mode SIW. In 

[73] a bandpass filter with controllable transmission zeros designed 

with EMSIW cavity resonator. The filter in the multilayers 

configuration is designed where resonators are arranged vertically 

through a slot for coupling. The author of [74] uses the SMSIW 

cavity resonator with fundamental TM01 mode. The spacing between 

resonators is adjusted to achieve coupling, and a rectangular slot is 

etched on the ground plane to suppress higher-order mode. 

Table 2.1 Comparison of different miniaturization techniques in SIW filters 
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The fabricated filter has a 93.75% size reduction compared to the 

conventional full mode SIW cavity filter. The table compares the 

various miniaturization techniques in SIW filters [75]. 

The author of [74] uses the SMSIW cavity resonator with 

fundamental TM01 mode. The spacing between resonators is adjusted 

to achieve coupling, and a rectangular slot is etched on the ground 

plane to suppress higher-order mode. The fabricated filter has a 

93.75% size reduction compared to the conventional full mode SIW 

cavity filter. The table compares the various miniaturization 

techniques in SIW filters [75]. 

2.2.3. Cavity Filters 

The low losses and high power handling capability of cavity filters make 

them popular for many decades for onboard application.  Their metallic 

cavity structure made from either Invar or Aluminium makes them 

bulky, and significant advances were made in the past to reduce their 

mass and volume and improve RF performance. The mass and volume 

reduction have done by employing various lightweight material instead 

of metals, while the RF performance has improved due to advancement 

in the filter synthesis [76].  The advancement done in the last few 

decades in the field of cavity filters are as follows: 

a) Inductively Coupled waveguide filter [77]: The rectangular 

waveguide resonator coupled to other resonators through a thick iris. 
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Each resonator operates in a single mode and is the most common 

use cavity filter configuration. 

b) Lightweight Material Cavity filters: The cavity filters fabricated 

from metal makes them bulky. So, other structurally stiff, 

lightweight and conductive materials explored for the filter 

development, which led to the development of composite materials 

like Kevlar and graphite fiber epoxy composite (GFEC) for cavity 

filters [78-80] fabrication. The manufacturing process established 

successfully, but the graphite filters are difficult to manufacture 

than invar filters and require elaborate quality control and 

mechanical design. This limits its use for spaceborne applications. 

c) Multi-mode cavity filters: Lin [82] first illustrated the use of 

degenerate mode with identical natural frequency in a single cavity. 

However, the first practical dual-mode waveguide filter was 

developed by suppressing the unwanted mode and control the 

degenerate mode independently [83]. The use of a dual-mode cavity 

filter provides identical performance to the single-mode cavity filter. 

Also, the dual-mode filters have significant mass and volume 

reduction due to the reduction of the physical cavity by half. A variety 

of dual-mode filters has developed using the principle of spatial 

symmetry [11]. The quest for further mass and volume reduction led 

to the development of triple and quad mode filters. Comsat labs was 

the first to realize a triple-mode filter [83] using two orthogonal TE111 
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modes and a TM010 mode to construct a two-cavity six-pole filter. The 

quadruple mode filters required two orthogonal modes that could use 

twice within a square or circular cavity. The quad-mode filter using 

TE113 and TM010 mode has been demonstrated [84, 14]. The reported 

multi-mode filter like triple and quad mode filters are sensitive to 

temperature variation and are not suitable for deployment in the 

payloads. 

d) Low loss mode filters: The need for low loss filter at Ku-band leads 

to the invention of TE11n and TE10n (n>1) cavity filter [14, 85]. The 

implementation of these filters are same as iris coupled waveguide 

filter but Q has increased by increasing the cavity height in the 

integer multiple of half wavelength.  Atia and Williams [86] did the 

other work in the field of low loss filter. They use low loss mode TE011 

of circular waveguide and demonstrated a four pole quasi-elliptic 

filter at 12 GHz. The unloaded Q of 16000 achieved at 12 GHz. 

Within the same line a fully tunable filter at Ka-band has been 

reported by using TE011 mode circular cavity [87]. The unloaded Q of 

16000 achieved at 12 GHz. Within the same line a fully tunable filter 

at Ka-band has been reported by using TE011 mode circular cavity 

[87]. The authors has done a remarkable work was done in the field 

of low loss filter by introducing the concept of Super Q [88, 89].  They 

developed filter around 19 GHz and 30 GHz has extremely high Q of 

better than 25000 at 19 GHz. Here, the higher order TE221mode of a 

cylindrical cavity resonator used for filter realization. The TE221 
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mode has 55% higher Q than TE011 mode of the cylindrical cavity 

resonator used for low loss filter. The figure 2.7 shows the size 

comparison of 8-pole super Q filter with conventional TE113 mode 

filter.   

 

Figure 2.7 30-GHz eight-pole super Q filter and a TE113 version with the same 

filter function [89]. 

 

 

 

 

 

 

Figure 2.8 Wideband RF performance of the fabricated eight-pole super Q filter 

operating at 30 GHz with 40-MHz bandwidth [89]. 
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The figure 2.8 shows the wideband performance of Super Q filter at 

30 GHz. The filter performance is superior and is good for 

narrowband and channelization applications like multiplexer filters. 

The spurious-free window is 1.8 GHz, which is not suitable for this 

filter to be used for designing wideband filters and for Pre-select 

filters used at the front end of the payload. 

2.3. Predistortion 

The Q-factor depends on the material selection, resonator type and size. 

However, to increase the Q, one must often increase the dimensions of the 

resonator cavities, resulting in a larger and heavier filter. It may not always be 

practical due to overall design constraints driven primarily by the application. 

The concept of Predistortion was first proposed by Livingston [90] and later 

described in more detail by Williams [91] for cross-coupled microwave filters. In 

Predistortion, during the polynomial synthesis, the transmission poles of the 

polynomial are moved toward the jω axis by a fixed amount [90, 91] shown in 

figure 2.9. However, both of these works flatten the loss of the filter over 

frequency without reducing the size and mass.  

They apply the Predistortion technique on the High Q filter, which does not 

reduce size and mass, but severely deteriorate insertion and return loss. The 

recent advancement in the technique [92-95] is use adaptive Predistortion 

method that applies adaptive correction factors to the transmission poles of the 

filter function polynomial. This technique leads to improvement in insertion loss 
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and group delay equalization and permits a filter that is implemented in lower 

Q technology to emulate the performance of a higher Q counterpart. In [92], 

authors demonstrated predistorted filters made from low Q coaxial resonator 

that can achieve an equivalent Q of >20000 while providing more than a three-

to-one reduction in mass and volume over current C-band single-mode dielectric 

resonator filters [92,95], yet only introducing an additional 4 dB of insertion 

loss. The two ways Predistortion used in microwave filters for (a) mass and size 

reduction by using a low Q resonator and emulate them to behave as a high Q 

resonator. (b) The RF performance of the existing filter made from a high Q 

resonator. The other techniques [96-97] similar to predistortion, where the 

microwave filter is designed with non-uniform Q and demonstrate on microstrip 

technology. The use of resistive coupling for its implementation is a tedious task 

to incorporate in the three-dimensional resonator. 

 

Figure 2.9 Distribution of poles for Pre-distorted, lossless and finite Q filter. 

jω 

 

Pre distorted filter  

Lossless filter 

Finite ‘Q’ filter 
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The Predistortion technique is suitable to the input multiplexers where 

insertion loss of filter is not critical, and the return loss is governing by 

circulators and isolators. Thus, standalone filter return loss is of little 

importance. Moreover, the filter tuning is cumbersome due to poor return loss. 

2.4. Temperature Compensated Filters 

The communication payload filters are resonators coupled filters that operate 

in large temperature excursions (-150C to 650C) in the space environment.  The 

efficient use of spectrum with minimal guard band makes filter design more 

stringent with a low design margin. Moreover, the self-heating of the filter has 

increased due to the increase of power of the satellite. These payload filters 

fabricated from the metal and its frequency response drift due to the thermal 

drift. So, the payload filters compensated over temperature to perform their 

intended function over the mission life. The temperature compensation 

approaches employed in the microwave devices based on [98, 99]: 

A. Use of material with high thermal stability with respect to dimensions and 

RF properties. 

B. Temperature-controlled environment eliminates the root cause of 

temperature drift. 

C. Designing a device using materials with specific dimensional or property 

drift, so that net temperature drift is insignificant. 

The selection of approach for temperature compensation in filters depends on 

ease of implementation, simple and high reliability over the mission life. 
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A. Thermal stability and material science 

The easiest way is to use the material with a low coefficient of thermal 

expansion (CTE) that makes the filter both thermally and dimensionally 

stable. The early design using Invar for high thermal stability [100]. Invar 

has a low CTE of 1.6 ppm/0C, which exhibit 93% reduction in temperature 

drift compare to aluminium with a CTE of 23 ppm/0C. Compare to other 

conductors like copper and aluminium, Invar is bulky and has poor thermal 

conductivity. Invar is three times heavier than aluminium and has thermal 

conductivity 1/20th of aluminium thermal conductivity. The Invar filter 

trapped heat inside [101, 102] and act as a thermal insulator compared to 

aluminium. The composite material and graphite fiber epoxy composite 

(GFEC) used in the development of cavity filters [77-79] instead of Invar, as 

they are lightweight and exhibit dimensional stability that meets that of 

Invar. However, they require elaborate quality control and are tough to 

manufacture than modern Invar waveguides filters. 

B. Temperature controlled RF design 

The Thermal drift in RF components can also be minimized by subjecting 

them to control temperature. Research that implements this approach using 

both active and passive cooling presented here. 

 In [101], Atia proposed a TE113 dual-mode cavity filter that uses a heat 

exchanger to reject heat more efficiently. The cavity walls are constructed 

from Invar. Due to the poor thermal conductivity of Invar, Atia proposes 

that thick copper irises attached to an external heat exchanger, which has 
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used to conduct heat out of the cavity. The high thermal conductivity of 

copper, along with the large surface area of the heat exchanger, allows heat 

to be dissipated more efficiently. A cross-section of the proposed filter shown 

in figure 2.10. 

However, adding a heat exchanger results in an increase in mass and 

volume over a traditional filter, and it requires a low ambient temperature 

to provide an effective heat sink. 

 

Figure 2.10 Bandpass filter with heat exchanger [101]. 

In [102], Rosowsky and Wolk propose a satellite multiplexer that dissipates 

heat using heat pipes. This multiplexer uses the Invar waveguide to 

construct the filter portion of the multiplexer. Heat pipes containing 
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ammonia are attached to the Invar cavities. As the ammonia is heated, it 

evaporates and travels to the evaporation zone, near the perimeter of the 

satellite. Heat dissipated by radiation, the ammonia condenses, and the 

cycle continues. A cross-section of the waveguide and heat pipe shown in 

figure 2.11. However, the large contact area is required to dissipate the 

heat, but the filters are small to provide a sufficient contact area for heat 

dissipation. 

The other work is on HTS [103, 104], which offer ultra-high unloaded Q but 

require cryocoolers to maintain the temperature of 77K. The reliability issue 

with the cryocoolers over the satellite mission limits this approach. 

 

Figure 2.11 Cross-section of heat-pipe cooled waveguide [102]. 

C. Net thermal stability approaches 

This approach involves choosing appropriate materials for part of the resonator 

to reduce the net temperature drift. Combline resonators and filters have been 



Chapter 2                              Literature Review 

36 
 

widely used in communication systems since Matthaie presented the theoretical 

basis for their design in [105, 106], which are well suited to moderate- and 

narrow-band applications. Figure 2.12 shows a typical combline resonator. The 

cavity resonance depends heavily on the capacitance between the tuning screw 

and the partial resonator rod (coaxial post), and that a negative temperature 

characteristic for this capacitance will result in a thermally stable resonance 

[107]. With the use of significantly different CTEs materials for the housing and 

tuning screw, the temperature coefficient of the capacitance can be substantially 

negative. However, realizing a temperature compensated resonator using this 

empirical approach is time-consuming and iterative. 

 

Figure 2.12 Cross-section of a temperature-compensated combline resonator. 

Zaki later proposed a mode-matching approach incorporating perturbation 

techniques that allowed for temperature stabilization in simulation [108] works 

well for applications suitable to combline resonators. However, tuning the 

resonant frequency of a compensated cavity degrades the compensation and Q, 
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which complicates the implementation of these resonators in filters.  

Another common approach to reducing temperature drift is to constrain cavity 

expansion. The two related designs have proposed [109, 110], which used a 

control rod made from a low CTE material to restrain the increase of the cavity 

surfaces shown in figure 2.13 and 2.14. 

The other design [109, 1110] shown in figure 2.15 uses a domed wall shaped 

resonator, where one domed wall of cavity resonator constructed from low CTE 

material. The edge of the dome is fixed to the cavity by the retaining ring. When 

the cavity expands, the dome will deflect inward, and this inward deflection 

compensates for the expansion of the cavity. However, the temperature 

compensation depends on the CTE of cavity, CTE of the dome, the shape and 

thickness of the dome, which need to be very thin. 

 

Figure 2.13 Sketch of constrained expansion temperature compensated cavity 

filter [109]. 
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Figure 2.14 2D view of Sketch of constrained expansion temperature 

compensated cavity filter [109]. 

 

Figure 2.15 Domed wall temperature compensated resonator [110]. 

A patent granted to Lundquist proposed a filter based on differential expansion 

[111]. In his work, a high CTE metal iris protrudes into the cavity made of 

substantially low CTE metal shown in figure 2.16. The electrical length of the 

cavity shortens by the protrusion of the iris. Thus, it compensates for the 

expansion of the cavity walls. This temperature compensation makes the 
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resonator complex, increases the complexity of the filter design and affects 

reliability. Moreover, at Ka-band, the resonator dimensions are small, and this 

approach is difficult to implement. 

 

Figure 2.16 High CTE iris based temperature compensated filter [111]. 

Another constrained expansion design was proposed by Fitzpatrick in [112] 

shown in figure 2.17, and similar work done by authors [113] to compensate for 

7-channel high power Ku-band OMUX.  The filter uses an external compensator 

to deflect the end wall of a dual-mode cavity. The low CTE compensator will 

deflect the end wall inward, decreasing the length of the cavity, and it 

counteracts the effect of cavity expansion. The amount of compensation will 

depend on the end-wall thickness, the differential CTE of the control arm and 

cavity. The compensation can be adjusted by adjusting the tension in the control 

arm. The tuning range of the compensation is limited, and care must be taken 

to avoid plastic deformation of the end wall, which lead to hysteresis. 

The shaped memory alloys are a class of metal that change their shape when 

the bias force has applied and retained when the bias force has removed. The 
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resistive heating is used in SMA to produce a thermally driven actuator. These 

actuators have utilised to produce temperature compensated filters [114]-[116]. 

The movement of the tuning rod in the cavity has controlled by the SMA spring. 

It compensates for the effect of overall cavity expansion. The actuation of shape 

memory alloys is hysteretic concerning temperature. Moreover, at Ka-band, the 

dimensions are considerably small, and the dimensional sensitivity is high. 

 

Figure 2.17 External compensater based temperature compensated filter [112]. 

2.5. Summary 

The various techniques and technologies used to design filters at the millimeter-

wave band, especially Ka-band, have been discussed. All these different 
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technologies are reviewed from the perspective of their use in the payload filter 

applications. The focus of most of these technologies is on size miniaturization, 

weight reduction and performance enhancement. Among these technologies, 

cavity filters are the most popular due to their high Q and predictable thermal 

performance. Also, the various techniques to compensate the filter performance 

over temperature with tolerable frequency drift have reviewed since these 

filters have to operate in the space environment flawlessly. 
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Chapter 3 

Filter Synthesis 

3.1. Introduction 

 

  

Figure 3.1 Multi-coupled series-resonator bandpass prototype representation. 

(source courtesy: A.E. Atia) 

The filter synthesis involves the characteristic polynomial synthesis, which is 

used to synthesize the coupling matrix. The concept of the coupling matrix was 

introduced by Atia and Williams [11, 12]-[117, 118], where they used was a 

“bandpass prototype” (BPP) circuit model shown in figure 3.1. The circuit is a 

cascade of lumped-element series resonators intercoupled through 

transformers; each resonator comprising a capacitor of 1 F in series with the 

self-inductances of the mainline transformers with a total 1 H within each loop, 
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which gives a center frequency of 1 rad/s, and the couplings will be normalized 

to give a bandwidth of 1 rad/s.  

Moreover, every loop is theoretically coupled to every other loop through cross-

mutual couplings between the mainline transformers. The order of the filter and 

the position of transmission zeros used to synthesize the polynomial. These 

characteristic polynomials used to synthesize the coupling matrix via the 

admittance matrix [119]. The N+2 transversal coupling matrix synthesis and 

its steps of synthesis are given below: 

3.2. Polynomial synthesis 

The amplitude squared transfer function that defines any two-port lossless filter 

network  

|𝑆21(𝑠)|2 =
1

1+𝜀2|𝐾𝑛(𝑠)|2     (3.1) 

where s=  j  is the complex frequency variable, 𝐾𝑛(𝑠)is the characteristic 

function which determines an nth order filter response. 𝐾𝑛(𝑠) can be expressed 

by a ratio of two polynomials 

𝐾𝑛(𝑠) =
𝐹𝑛(𝑠)

𝑃𝑛(𝑠)
      (3.2) 

The 𝐹𝑛(𝑠) and 𝑃𝑛(𝑠) together with another polynomial 𝐸𝑛(𝑠) are the so-called 

characteristic polynomials, which is used to define the S-parameters as shown 

in 

𝑆11(𝑠) =
𝐹𝑛(𝑠)

𝐸𝑛(𝑠)
    (3.3) 
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𝑆21(𝑠) =
𝑃𝑛(𝑠)/𝜀

𝐸𝑛(𝑠)
     (3.4) 

where the ripple constant  for Chebyshev response is defined as below in order 

to normalize the equal ripple level of S21 at Ω = ±1 

𝜀 =
1

√
10

𝑅𝐿
10 −1

∗
𝑃𝑛(𝑠)

𝐹𝑛(𝑠)
|

𝑠=𝑗
     (3.5) 

where RL is the passband return loss level in dB 

The 𝑃𝑛(𝑠)/𝜀 is the numerator of 𝑆21(𝑠), it determines the transmission zeros of 

the filter’s response. Similarly 𝐹𝑛(𝑠) determines the reflection zeros.  The all of 

the three characteristic polynomials assumed to be normalized, i.e., the 

coefficient of highest order term is unity. 

The characteristic polynomials defined in terms of their roots given by (3.6) and 

(3.7) 

𝑃𝑛(𝑠) = ∏ (𝑠 − 𝑇𝑍𝑖)
𝑛𝑧
𝑖=1      (3.6) 

𝐹𝑛(𝑠) = ∏ (𝑠 − 𝑅𝑍𝑖)
𝑛
𝑖=1      (3.7) 

Where 𝑇𝑍𝑖 and 𝑅𝑍𝑖 represent the frequency points of the transmission zeros and 

reflection zeros on the normalised frequency domain, respectively; 𝑛𝑧 represent 

the number of the finite frequency transmission zeros; the number of the 

reflection zeros is always the same as the order of the filter, which is n in this 

case. 

with 𝑃𝑛(𝑠) and 𝐹𝑛(𝑠) known, as long as 𝐸𝑛(𝑠) is obtained, the S-parameters can 
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be determined. By using alternating pole method, 𝐸𝑛(𝑠) can be obtained. Since 

these three characteristic polynomials are not independent from each other, 

they can be expressed in one equation by applying the conservation of energy 

law to (3.3) and (3.4): 

𝑆11(𝑠)𝑆11(𝑠)∗ + 𝑆21(𝑠)𝑆21(𝑠)∗ = 1     (3.8) 

𝐹𝑛(𝑠)𝐹𝑛(𝑠)∗ +
1

𝜀2
𝑃𝑛(𝑠)𝑃𝑛(𝑠)∗ = 𝐸𝑛(𝑠)𝐸𝑛(𝑠)∗     (3.9) 

where denotes the complex conjugate. Since 𝑃𝑛(𝑠) and 𝑃𝑛(𝑠) are known, by 

applying polynomial multiplications to the left hand side of (3.9), 𝐸𝑛(𝑠)𝐸𝑛(𝑠)∗ can 

be obtained. There will be 2n roots of 𝐸𝑛(𝑠)𝐸𝑛(𝑠)∗ on the complex plane; they are 

symmetrical to the imaginary axis. The roots of 𝐸𝑛(𝑠) is strictly Hurwitz 

polynomial, which satisfies two conditions: 

1. The polynomial is real when s is real 

2. The roots have non-positive real parts 

Therefore, the roots of 𝐸𝑛(𝑠)𝐸𝑛(𝑠)∗on the left half plane have to belong to 𝐸𝑛(𝑠), 

while the roots on the right half plane belong to 𝐸𝑛(𝑠)∗. Hence, 𝐸𝑛(𝑠) is obtained 

[117]. 

3.3. Circuit Synthesis Approach 

The [ABCD] matrix representing the network a two-port network with unity 

source and load terminations given by [120]: 

[𝐴𝐵𝐶𝐷] =
1

𝑗𝑃(𝑠)/𝜀
[
𝐴(𝑠) 𝐵(𝑠)

𝐶(𝑠) 𝐷(𝑠)
] 
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(a)  

 

(b)  

Figure 3.2 Inter-resonator coupling and its equivalent, (a) N-resonator 

transversal array including source and load coupling, and (b) Equivalent circuit 

of Kth lowpass resonator in the transversal array. 

where 

   𝑆12(𝑠) =  𝑆21(𝑠) =
𝑃(𝑠)

𝜀

𝐸(𝑠)
=

2𝑃(𝑠)

𝜀

𝐴(𝑠)+𝐵(𝑠)+𝐶(𝑠)+𝐷(𝑠)
  

   𝑆11(𝑠) =

𝐹(𝑠)

𝜀𝑅

𝐸(𝑠)
=

𝐴(𝑠)+𝐵(𝑠)−𝐶(𝑠)−𝐷(𝑠)

𝐴(𝑠)+𝐵(𝑠)+𝐶(𝑠)+𝐷(𝑠)
  

   𝑆22(𝑠) =  
(−1)𝑁

𝐸(𝑠)

𝐹(𝑠)∗

𝜀𝑅
=

𝐷(𝑠)+𝐵(𝑠)−𝐶(𝑠)−𝐴(𝑠)

𝐴(𝑠)+𝐵(𝑠)+𝐶(𝑠)+𝐷(𝑠)
     (3.10) 
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Knowing 𝐴(𝑠), 𝐵(𝑠), 𝐶(𝑠) and 𝐷(𝑠) polynomial, their coefficients can be 

expressed in terms of coefficient of  𝐹(𝑠)/𝜀𝑅 𝑎𝑛𝑑 𝐸(𝑠)  

for N even 

 𝐴(𝑠) = 𝑗𝐼𝑚(𝑒0 + 𝑓0) + 𝑅𝑒(𝑒1 + 𝑓1)𝑠 + 𝑗𝐼𝑚(𝑒2 + 𝑓2)𝑠2 … . . +𝑗𝐼𝑚(𝑒𝑁 + 𝑓𝑁)𝑠𝑁
 

𝐵(𝑠) = 𝑅𝑒(𝑒0 + 𝑓0) + 𝑗𝐼𝑚(𝑒1 + 𝑓1)𝑠 + 𝑅𝑒(𝑒2 + 𝑓2)𝑠2 … . +𝑅𝑒(𝑒𝑁 + 𝑓𝑁)𝑠𝑁
  

𝐶(𝑠) = 𝑅𝑒(𝑒0 − 𝑓0) + 𝑗𝐼𝑚(𝑒1 − 𝑓1)𝑠 + 𝑅𝑒(𝑒2 − 𝑓2)𝑠2 … . . 𝑅𝑒(𝑒𝑁 − 𝑓𝑁)𝑠𝑁
  

𝐷(𝑠) = 𝑗𝐼𝑚(𝑒0 − 𝑓0) + 𝑅𝑒(𝑒1 − 𝑓1)𝑠 + 𝑗𝐼𝑚(𝑒2 − 𝑓2)𝑠2. … + 𝑗𝐼𝑚(𝑒𝑁 − 𝑓𝑁)𝑠𝑁
  (3.11a)

           

For N odd 

𝐴(𝑠) = 𝑅𝑒(𝑒0 + 𝑓0) + 𝑗𝐼𝑚(𝑒1 + 𝑓1)𝑠 + 𝑅𝑒(𝑒2 + 𝑓2)𝑠2 … . . +𝑗𝐼𝑚(𝑒𝑁 + 𝑓𝑁)𝑠𝑁
  

𝐵(𝑠) = 𝑗𝐼𝑚(𝑒0 + 𝑓0) + 𝑅𝑒(𝑒1 + 𝑓1)𝑠 + 𝑗𝐼𝑚(𝑒2 + 𝑓2)𝑠2 … . +𝑅𝑒(𝑒𝑁 + 𝑓𝑁)𝑠𝑁
  

𝐶(𝑠) = 𝑗𝐼𝑚(𝑒0 − 𝑓0) + 𝑅𝑒(𝑒1 − 𝑓1)𝑠 + 𝑗𝐼𝑚(𝑒2 − 𝑓2)𝑠2 … . . 𝑅𝑒(𝑒𝑁 − 𝑓𝑁)𝑠𝑁
  

  𝐷(𝑠) = 𝑅𝑒(𝑒0 − 𝑓0) + 𝑗𝐼𝑚(𝑒1 − 𝑓1)𝑠 + 𝑅𝑒(𝑒2 − 𝑓2)𝑠2. … + 𝑗𝐼𝑚(𝑒𝑁 − 𝑓𝑁)𝑠𝑁
  (3.11b) 

Converting ABCD parameter of equation (3.10) in terms of short-circuited 

admittance parameters and equating them. 

[𝑌𝑁] = (
𝑦11(𝑠) 𝑦12(𝑠)
𝑦21(𝑠) 𝑦22(𝑠)

) = 
1

𝑦𝑑(𝑠)
(

𝑦11𝑛(𝑠) 𝑦12𝑛(𝑠)
𝑦21𝑛(𝑠) 𝑦22𝑛(𝑠)

)    

    =𝑗 (
0 𝑘∞

𝑘∞ 0
)+∑

1

(𝑠−𝑗𝑘)

𝑁
𝑘=1 (

𝑟𝑘11𝑘 𝑟12𝑘

𝑟21𝑘 𝑟22𝑘
)  (3.12) 

 Where y11n(s), y12n(s), y21n(s), and y22n(s) are the numerator 

polynomials of the rational polynomials y11(s), y12(s), y21(s), and y22(s), 

respectively, and yd(s) is their common denominator. Knowing the denominator 

and numerator polynomials for 𝑦21(𝑠) and 𝑦22(𝑠)., their residues 𝑟21𝑘 and 𝑟22𝑘, 
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k =1, 2,…,N may be found with partial fraction expansions and the purely real 

eigenvalues 𝜆k of the network found by rooting the denominator polynomial 

yd(s), common to both 𝑦21(𝑠) and 𝑦22(𝑠). The Nth-degree polynomial 𝑦𝑑(𝑠) has 

purely imaginary roots=j𝜆k. Expressing the residues in matrix form yields the 

following equation for the admittance matrix [YN] for the overall network [119]. 

𝑦𝑑(𝑠) = 𝐵(𝑠) 

𝑦11𝑛(𝑠) = 𝐷(𝑠) 

𝑦22𝑛(𝑠) = 𝐴(𝑠) 

    𝑦21𝑛(𝑠) = 𝑦12𝑛(𝑠) =
−𝑃(𝑠)

𝜀
            (3.13) 

3.3.1. Synthesis of Two port Admittance   

  Matrix[YN] 

The [ABCD] matrix for the kth low pass resonator: 

  [𝐴𝐵𝐶𝐷]𝑘 = − [

𝑀𝑙𝑘

𝑀𝑠𝑘

(𝑗𝐵𝑘+𝑠𝐶𝑘)

𝑀𝑠𝑘𝑀𝑙𝑘

0
𝑀𝑠𝑘

𝑀𝑙𝑘

]            (3.14) 

which is converted to equivalent short circuit Admittance matrix    

𝑦𝑘 = [
𝑦11𝑘(𝑠) 𝑦12𝑘(𝑠)

𝑦21𝑘(𝑠) 𝑦22𝑘(𝑠)
] = 

𝑀𝑠𝑘𝑀𝑙𝑘

(𝑗𝐵𝑘+𝑠𝐶𝑘)
[

𝑀𝑠𝑘

𝑀𝑙𝑘
1

1
𝑀𝑙𝑘

𝑀𝑠𝑘

]     

    = 
1

(𝑗𝐵𝑘+𝑠𝐶𝑘)
[

𝑀𝑠𝑘
2 𝑀𝑠𝑘𝑀𝑙𝑘

𝑀𝑠𝑘𝑀𝑙𝑘 𝑀𝑙𝑘
2 ]   (3.15) 



Chapter 3                                               Filter Synthesis 

49 
 

The two-port short-circuit admittance parameter matrix [YN] for the 

overall network may also be synthesized directly from the fully 

canonical transversal network, the general form of which is shown in 

figure 3.2 .The two-port short-circuit admittance matrix [YN] for the 

parallel-connected transversal array is the sum of the y-parameter 

matrices for the N individual sections, plus the y-parameter matrix [ySL] 

for the direct source–load coupling inverter MSL.: 

   [𝑌𝑁] = [𝑦𝑆𝐿] + [𝑦𝑘]            (3.16) 

3.3.2. Synthesis of N+2 Transversal matrix 

Equate (3.12) and (3.15) 

    𝑀𝐿𝑘
2 = 𝑟22𝑘      (3.17)  

    𝑀𝑆𝑘𝑀𝐿𝑘 =  𝑟21𝑘     (3.18) 

    𝑀𝐿𝑘 =  √𝑟22𝑘
2       (3.19) 

    𝑀𝑆𝑘 =
𝑟21𝑘

√𝑟22𝑘
2       (3.20) 

This M is the transversal coupling matrix which reduced to the desired 

coupling matrix after applying similarity transformation on the element 

of M which is to be annihilated [121]-[123] to desired realizable form. 

3.4. Example of 4-2-0 filter synthesis 

The synthesis of 4-pole cross-coupled filter with two symmetrically located 

transmission zeros at ±1.9 and 26 dB return loss are as follows: 

1) Polynomial Synthesis through recursion [119]. 
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where      𝑘𝐶𝑁(𝜔) =
𝐹(𝜔)

𝑃(𝜔)
  and 𝑘 is a constant. 𝐶𝑁(𝜔) is a filtering function 

of degree N and its poles and zeros are roots of 𝑃(𝜔) and 𝐹(𝜔). 

 

𝐶𝑁(𝜔)=cos[∏ cos−1(𝑥𝑛(𝜔))𝑁
𝑛=1 ] for |𝜔| < 1                                                  (3.20) 

𝑥𝑛(𝜔) =
𝜔 −

1
𝜔𝑛

1 −
𝜔
𝜔𝑛

                                                                                                     (3.21) 

Replacing cosh-1 term in equation 3.19 with its identity. 

𝐶𝑁(𝜔)=𝑐𝑜𝑠 ℎ[∏ 𝑙𝑛(𝑎𝑛 + 𝑏𝑛)𝑁
𝑛=1 ]                                                                        (3.22)   

Where 𝑎𝑛 = 𝑥𝑛(𝜔) and 𝑏𝑛 = √𝑥𝑛
2(𝜔) − 1  

Rearranging 𝑏𝑛 we get 𝑏𝑛 =
𝜔′√1−

1

𝜔𝑛
2

1−
𝜔

𝜔𝑛

 where 𝜔′ = √𝜔2 − 1 

The 𝐶𝑁(𝜔) finally expressed as 

𝐶𝑁(𝜔) =
1

2
[
∏ (𝑐𝑛 + 𝑑𝑛)𝑁

𝑛=1 + ∏ (𝑐𝑛 − 𝑑𝑛)𝑁
𝑛=1

∏ (1 −
𝜔

𝜔𝑛
)𝑁

𝑛=1

]                                              (3.23) 

Where 𝑐𝑛 = 𝜔 −
1

𝜔𝑛
 and 𝑑𝑛 = 𝜔′√1 −

1

𝜔𝑛
2  

Now consider numerator of equation 3.23 

𝑆21(𝜔)𝑆21(𝜔)*= 
1

[1−𝑗 𝜀
𝜀𝑅

𝑘𝐶𝑁(𝜔)][1+𝑗 𝜀
𝜀𝑅

𝑘𝐶𝑁(𝜔)]
                                                               (3.18) 

𝐶𝑁(𝜔)=cosh[∏ cosh−1(𝑥𝑛(𝜔))𝑁
𝑛=1 ] for |𝜔| > 1                                             (3.19) 
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𝐶𝑁(𝜔) =
1

2
[𝐺𝑁(𝜔) + 𝐺𝑁′(𝜔)]                                                                            (3.24) 

𝐺𝑁(𝜔) = ∏ (𝑐𝑛 + 𝑑𝑛)𝑁
𝑛=1  and 𝐺𝑁′(𝜔) = ∏ (𝑐𝑛 − 𝑑𝑛)𝑁

𝑛=1  

The 𝐺𝑁(𝜔) can be expressed as sum of two polynomial of degree N 

𝐺𝑁(𝜔) =  𝑈𝑁(𝜔) + 𝑉𝑁(𝜔)                                                                                       (3.26) 

Thus, 𝐶𝑁(𝜔) calculated by recursion 

Consider the case of 4-pole filter with two transmission zeros placed at 

± 1.9j. The return loss of filter is 26 dB. 

Using recursion, we obtain, 

𝑈 = 6.8471𝜔4 − 7.1241𝜔2 + 1 

𝑉 = 6.8471𝜔3 − 3.7006𝜔 

Normalizing U and V 

𝑈 = 𝜔4 − 1.0405𝜔2 + 0.1460 

𝑉 = 𝜔3 − 0.5405𝜔 

The reflection zeros are same as roots of U, which are ±0.9345j and 

±0.4090j. The in-band reflection maxima are same as roots of V, which 

are ±0.7352j 

Constructing polynomials from these roots are 

𝑃(𝑠) = 𝑠2 + 3.61 
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𝐹(𝑠) = 𝑠4 − 1.0405𝑠2 + 0.1460 

𝐸(𝑠) = 𝑠4 + 2.6617𝑠3 + 4.5827𝑠2 + 4.6595𝑠 + 2.9140 

The value of ε evaluated using equation (3.5) as 1.2404. 

2) Synthesis of coupling matrix 

Consider equation (3.12) for even N 

𝑦21(𝑠) =
𝑦21𝑛(𝑠)

𝑦𝑑(𝑠)
= [

𝑃(𝑠)
𝜀⁄

𝑚1(𝑠)
] and 𝑦22(𝑠) =

𝑦22𝑛(𝑠)

𝑦𝑑(𝑠)
= [

𝑛1(𝑠)

𝑚1(𝑠)
] 

And for N odd, 

𝑦21(𝑠) =
𝑦21𝑛(𝑠)

𝑦𝑑(𝑠)
= [

𝑃(𝑠)
𝜀⁄

𝑛1(𝑠)
] and 𝑦22(𝑠) =

𝑦22𝑛(𝑠)

𝑦𝑑(𝑠)
= [

𝑚1(𝑠)

𝑛1(𝑠)
] 

where 

𝑚1(𝑠) = 𝑅𝑒(𝑒0 + 𝑓0) + 𝑗 𝐼𝑚(𝑒1 + 𝑓1)𝑠 + 𝑅𝑒(𝑒2 + 𝑓2)𝑠2 + ⋯ 

𝑛1(𝑠) = 𝑗 𝐼𝑚(𝑒0 + 𝑓0) + 𝑅𝑒(𝑒1 + 𝑓1)𝑠 + 𝑗 𝐼𝑚(𝑒2 + 𝑓2)𝑠2 + ⋯                  (3.27) 

Here 𝑒𝑖  and𝑓𝑖, 𝑖 = 0, 1,2,3, … … . . , 𝑁 are the complex coefficient of  𝐸(𝑠) 

and 
𝐹(𝑠)

𝜀𝑅
. 

for 4-2-0 filter case using equation (3.27) 𝑚1(𝑠) and𝑛1(𝑠), normalized 

with 𝑚1(𝑠) are 

𝑚1(𝑠) = 𝑠4 + 2.8116𝑠2 + 1.53 

𝑛1(𝑠) = 1.3308𝑠3 + 2.3298𝑠 
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𝑃(𝑠)
𝜀⁄ = 𝑃1 = 0.4031𝑗𝑠2 + 1.4522𝑗 

with the help of partial fraction, we find the residues and poles of 𝑦21 =

𝑃1

𝑚1
  and 𝑦22 =

𝑛1

𝑚1
  listed in the Table 3.1 

𝑦22 =
1.3308𝑠3 + 2.3298𝑠

𝑠4 + 2.8116𝑠2 + 1.53
   

Table 3.1 Eigenvalues, residues, and Eigenvectors for 4-2-0 filter 

 
 

The transversal coupling matrix Mt derived from the Table 3.1 

 
 

3) Reduction of transversal coupling matrix to folded coupling 

matrix using annihilation and similarity transformation. 

A similarity transform (or rotation) on an coupling matrix is carried out 

by pre- and post-multiplying Mt by an N +2 × N +2 rotation matrix R 
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and its transpose Rt. The pivot [i, j] (i ≠ j) of Rr means that elements Rii = 

Rjj = cos 𝜃r, Rji = −Rij = sin 𝜃r (i, j ≠ 1 or N), and 𝜃r is the angle of the 

rotation. The other principal diagonal entries are 1 and all other off-

diagonal entries are zero. The eigenvalues of the matrix after similarity 

transformation remain intact. 

𝑀𝑟 =  𝑅𝑟 ∗ 𝑀𝑟−1 ∗ 𝑅𝑟
𝑡            𝑟 = 1,2,3, … . . , 𝑅                                                     (3.28) 

When a similarity transform of pivot [i, j] and angle 𝜃r(≠0) is applied to a 

coupling matrix Mr−1, the elements in rows i and j and columns i and j of 

the resultant matrix Mr change in value from the corresponding element 

values in Mr−1. For the kth element in the row or column i or 

j of Mr, and not on the cross-points of the pivot (i.e., k ≠ i, j), the value will 

change according to the formulas: 

𝑀𝑖𝑘
′ = 𝑐𝑟𝑀𝑖𝑘 − 𝑠𝑟𝑀𝑗𝑘  𝑓𝑜𝑟 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑟𝑜𝑤 𝑖 

𝑀𝑗𝑘
′ = 𝑠𝑟𝑀𝑖𝑘 + 𝑐𝑟𝑀𝑗𝑘  𝑓𝑜𝑟 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑟𝑜𝑤 𝑗 

𝑀𝑘𝑖
′ = 𝑐𝑟𝑀𝑘𝑖 − 𝑠𝑟𝑀𝑘𝑗  𝑓𝑜𝑟 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑖 

𝑀𝑘𝑗
′ = 𝑠𝑟𝑀𝑘𝑖 + 𝑐𝑟𝑀𝑘𝑗  𝑓𝑜𝑟 𝑎𝑛 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑗                                      (3.29) 

The angle for equation (3.29) is given by 

𝜃𝑟 = tan−1 (
𝑀𝑖𝑘

𝑀𝑗𝑘 
)  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑘𝑡ℎ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑟𝑜𝑤 𝑖 (𝑀𝑖𝑘) 

𝜃𝑟 = −tan−1 (
𝑀𝑗𝑘

𝑀𝑖𝑘 
)  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑘𝑡ℎ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑟𝑜𝑤 𝑗 (𝑀𝑗𝑘) 
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𝜃𝑟 = tan−1 (
𝑀𝑘𝑖

𝑀𝑘𝑗 
)  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑘𝑡ℎ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑖 (𝑀𝑘𝑖) 

𝜃𝑟 = −tan−1 (
𝑀𝑘𝑗

𝑀𝑘𝑖 
)  𝑓𝑜𝑟 𝑡ℎ𝑒 𝑘𝑡ℎ 𝑒𝑙𝑒𝑚𝑒𝑛𝑡 𝑖𝑛 𝑐𝑜𝑙𝑢𝑚𝑛 𝑗 (𝑀𝑘𝑗)               (3.30) 

The pivot points and elements to be annihilate using similarity 

transformation for reducing transversal matrix to folded matrix ‘M’ given 

in Table 3.2 

Table 3.2 Pivots and angles of the similarity transformation for reduction of 

transversal matrix to folded 
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3.5. Summary 

This chapter lays the foundation for the successive chapters. The step-by-step 

method of synthesizing the coupling matrix for a prescribed position of 

transmission zeros and return loss of the filter has discussed along with an 

example. The first step is to synthesize the characteristic polynomial from the 

filter transfer function through recursion. Then the transversal coupling matrix 

is extracted from the polynomial using short circuit admittance parameters. 

This transversal coupling matrix contains some unrealizable and undesired 

coupling. These couplings are annihilated with similarity transform, and the 

coupling matrix reduces to folded form in which all couplings are realizable into 

a physical filter structure. 
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Chapter 4 

Non-Radiative Dielectric (NRD) 

Waveguide Filter 

4.1. Introduction 

T. Yoneyama first introduces the NRD guide in 1981 [124].  An NRD guide is a 

transmission line in which a dielectric strip inserted between two parallel metal 

plates, where the spacing between the plates is smaller than half a wavelength. 

The two parallel metal plate acts as a parallel plate waveguide operate below 

cut-off and block the propagation of electromagnetic wave with electric field 

parallel to the plate. Figure 4.1 shows the basic structure of the NRD guide. The 

NRD guide gain popularity at millimeter-wave due to its good technical 

parameters, low manufacturing cost, and good integration with planar 

microwave technologies (e.g. microstrip and coplanar waveguide). All these 

properties of the NRD guide have compared with the existing technology at the 

millimeter-wave shown in Table 4.1. This chapter starts with the discussion of 

NRD guide modes. Among various modes, the low loss LSM01 mode has used for 

filter fabrication. An E-plane resonator has introduced. This resonator is used 

for the development of the NRD guide bandpass filter. Later on, the basic 
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structure of NRD is modified, and the modified NRD guide bandpass filter is 

designed and developed around 30 GHz.  

4.2. Theory of NRD Waveguide 

 The NRD guide support hybrid modes, i.e., either an electric field or 

magnetic field component is absent in the direction perpendicular to the air-

dielectric interface.  These hybrid modes classified into two groups: 

Figure 4.1 Basic structure of NRD waveguide. 

1. LSEmn: Longitudinal section magnetic modes also referred to as TMx or 

Ex modes. The magnetic field component Hx does not exist in this mode. 

2. LSMmn: Longitudinal section electric modes also referred to as TEx or Hx 

modes. The electric field component Ex does not exist in this mode. 

‘m’ refer to the order of the solution of a transcendental equation in the x 

direction. Thus, m ranges from 0, 1, 2…‘n’ is the number of a half wavelength 

between the metal plates, thus n = 0, 1, 2… 

The first two hybrid modes of NRD are LSE01 and LSM01. These modes are 

shown in figure 4.2.  LSM01 mode preferred for passive devices because of its low 
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loss.  

Table 4.1 Comparison of various technologies at millimeter band 

Features 
Technology 

NRD Fin-line MMIC 

Loss in the millimeter wave band Very low Low High 

Radiation at discontinuities No No  Yes 

Production cost Low  Medium Very High 

Production technology Easy  Medium  Very difficult 

Integration with antenna circuits 

within one technology 

Yes No Yes 

 

 

        

(a) (b)                          

Figure 4.2 Plots of NRD guide field pattern: (a) LSM01 mode, (b) LSE01 mode. 

4.3. NRD Guide Bandpass filter 

The microwave filters are resonators coupled filters, and its basic element is 

resonator, which supports various modes. Till now, many papers have 

published where NRD guide technology used for the realization of bandpass 

microwave filters. The first bandpass NRD-guide filter had proposed by 

Yoneyama in 1984 [125]. They were composed of series NRD-guide 

resonators coupled either by air gaps or by thin dielectric strips.  There was 
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a difficulty in establishing the proper relative positions of resonators. 

Therefore, the thin dielectric strips were added, which allow one to keep the 

constant distance between the resonators. Both of these approaches had 

satisfactory transmission characteristics. Malherbe and Oliver [126] 

described a similar topology with dielectric resonators coupled by round holes 

made in the NRD-guide dielectric rod. Another coupling mechanism has 

proposed by F. Bonne and Ke-Wu [127]. The series of resonators coupled by 

double strip NRD-guide. The advantage of both presented filter topologies is 

ease of manufacturing. The significant reduction of filter length has achieved 

by Ke-Wu et al. [128]. They proposed a filter composed of a cascade of 

resonators where the coupling between them achieved by the so-called metal 

windows. It results in a 25 % reduction in length and steeper transmission 

characteristic in the stop band. Although filters shown [126]-[128] are easy 

to manufacture and have a shorter length, and higher order modes are 

excited in the discontinuities which create the filter structure. These modes 

occur because the discontinuities are not uniform in the vertical direction. 

Higher order modes can seriously deteriorate the filter response. Due to this 

fact, the filter design becomes more complicated, and the effect of these 

modes should consider in the design.  

To over these problems, the E-plane resonator based Bandpass filter reported 

by Yoneyama [129]. An E-plane resonator made from NRD guide by 

introducing a discontinuity (metal) in the E-field plane. The E-plane 

resonator supports LSM01 mode. E-plane resonator preferred because of its 

ease of fabrication, better fabrication tolerances, and spurious free 
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performance. The approach [129] shows better RF performance, but it lacks 

tunability. The placing of foils suffers two problems: (i) create minor air gaps 

(ii) Foil dimension tolerances. The lithography process also limits by 

dimensional tolerances. There is a spurious in the lower side of the passband. 

Once, this filter fabricated, the center frequency, as well as coupling, cannot 

be tuned. The current proposed work presents a new approach to design a 

fully tunable (both center frequency and bandwidth) filter. This approach is 

less depending on fabrication tolerances as well as provides good RF 

performance. 

4.3.1. E-plane Resonator 

Table 4.2 Specifications of the filter 

Specifications Value 

Center Frequency (CF) 43.5 GHz 

Bandwidth 350 MHz 

Rejection @ CF±500 MHz ≤ -20 dB 

Return Loss ≥ 17 dB 

The filter realized by using an E-plane NRD guide resonator. The E-

plane resonator realized in the NRD guide by introducing a metallic 

discontinuity in the electric field plane. The discontinuity must be 

symmetric, which eliminate the possibility of spurious mode. Figure 

4.3(a) shows the typical E-plane resonator, introducing a discontinuity 

(metal) in the E-field plane. The E-plane resonator supports LSM01 

mode. The field pattern of LSM01 mode in NRD guide shown in figure 
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4.3(b). E-plane resonator has preferred because of its ease of fabrication, 

better fabrication tolerances, and good spurious free performance.  

 
(a)       (b) 

Figure 4.3 LSM01 mode E-field pattern, (a) E-plane resonator CAD model, and 

(b) NRD guide CAD Model. 

4.4. Filter Design 

After exhaustive EM analysis of E-plane resonator, it has found that instead of 

using foils, the screw of a suitable dimension can provide tunability in the 

coupling. So, M2 screw has selected in the design, which can tune both center 

frequency and coupling. The M2 silver plated screws have used to minimize 

losses. Eigenmode solver of EM simulator has used for determining the 

dimension of NRD guide with the condition that the ‘a’ dimension should be less 

than half the wavelength of operating frequency. The Teflon of dielectric 

constant 2.1 considered in the eigenmode simulation, and the NRD dimensions 

are optimized for a wide spurious free window and best achievable Q-factor. The 

NRD dimensions are a=3.1 mm and b=3.7 mm, and the parallel plate width is 

15 mm. With these NRD guide dimension, the E-plane NRD resonator quality 

factor is 2500 at 43.5 GHz. The fourth-order chebyshev filter is designed with 
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E-plane NRD resonators and they are coupled through each other by the 

dielectric and M2 screws. Figure 4.4(a), (b) and (c) shows the 3D CAD model 

along with its dimensional parameter in top view and side view, respectively. 

The simulated response of the filter shown in figure 4.4(d). The design 

parameters, along with their values used for the EM simulation of figure 4.4, 

are listed in table 4.3. It is a very good solution at very high frequency, but this 

design doesn’t have a standard input-output waveguide interface, which poses 

a problem to test this design on the test bench. Moreover, there is a spurious at 

the lower side of the passband.  

Table 4.3 Design parameters and their values for NRD filter of figure 4.4 

Design Parameters Value (mm) Design Parameters Value (mm) 

a 3.1 g01 1.9 

b 2.8 g12 0.765 

d 3.0 g23 0.5 

R1 8.73 cavx 15.0 

R2 7.85 rad 2.0 

 

 

(a)  
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(b) 

 
(c) 

 

 
(d) 

Figure 4.4 E-plane NRD guide filter and its simulated response; (a) 3D EM CAD 

model, (b) Top view of Filter CAD model, (c) Side view of filter CAD model, and 

(d) Simulated Response. 
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The WR22 standard input-output waveguide interfaces are used to overcome 

the above limitation. This interface is an integrated part of the design. The NRD 

guide dielectric tapered at input and output interface to match the VSWR of 

both NRD guide and WR22 interface. This tapering is optimized to realize 

spurious-free input-output coupling. The modified filter model, along with 

dimension parameters, are shown in figure 4.5 (a), (b), and (c) as a 3D CAD 

model, top view and side view, respectively. The value of design parameters 

shown in figure 4.5 is listed in table 4.4.  The simulated response of this 

approach shown in figure 4.5(d). This approach keeps the RF performance 

intact, but still, there is a problem of spurious mode, which appears as 

transmission zero in the lower side of the passband. Moreover, precise drilling 

of the hole for the M2 screw also poses limitation.  

In the EM analysis of the design, it has found that if through-hole has done in 

the same location, instead of drilling precise holes for M2 screw, the spurious 

has eliminated from the lower side of the passband. This approach relaxes 

fabrication tolerances and provides superior RF performance.  

Table 4.4 Design parameters and their values for MNRD filter of figure 4.5 

Design Parameters Value (mm) Design Parameters Value (mm) 

a 3.1 g01 1.83 

b 3.7 g12 0.234 

d 3.9 g23 0.152 

R1 5.528 cavx 15.0 

R2 5.235 rad 2.0 

L1 5.0 t1 3.0 

WR22a 5.69 WR22b 2.845 
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(a)  

 

(b)  

 

(c)  
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(d)    

Figure 4.5 Modified NRD guide filter; (a) Filter CAD model; (b) Top view of 

Filter CAD model, (c) Side view of Filter CAD model, and (d) Simulated response. 

Here, the coupling between resonators is through air gap instead of Teflon, 

which provides coupling in the previous design approaches. The basic structure 

of NRD is modified, so the final approach is MNRD (modified NRD) E-plane 

resonator bandpass filter.  

Table 4.5 Design parameters and their values for MNRD filter of figure 4.6 

 

Design Parameters Value (mm) Design Parameters Value (mm) 

a 3.1 g01 0.991 

b 3.7 g12 0.196 

d 5 g23 0.152 

R1 5.487 cavx 15.0 

R2 5.378 rad 2.0 

L1 5.0 t1 3.5 

WR22a 5.69 WR22b 2.845 
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The MNRD E-plane resonator bandpass filter model, along with dimension 

parameters, are shown in figure 4.6 (a), (b), (c), and (d) as a 3D CAD model, top 

view, side view, and cut-sectional view,  respectively. The value of design 

parameters shown in figure 4.6 is listed in table 4.5. The simulated response of 

this approach shown in figure 4.6(e). It is difficult to find, commercially 

available M2 screws of the smaller length required for tuning, instead, the M3 

grub screw of any length are available. Hence, M3 grub screws are used for 

inter-resonator coupling and input-output coupling. 

 

  

(a)  

(b)  
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(c)  

 

(d)  

 

(e)  

Figure 4.6 MNRD guide filter CAD model with through hole for air gap 

coupling, and its simulated response; (a) MNRD guide filter CAD model, (b) 

Top view of MNRD filter, (c) Side view of MNRD filter, (d) Cut-sectional view 

of MNRD filter, and (e) Simulated results of MNRD filter. 
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The filter designed at 30 GHz with WR28 waveguide as input-output interface 

and M3 grub screws for inter-resonator coupling. The design parameters shown 

in the top view of the filter in figure 4.7 (a), and the fabricated filter shown in 

figure 4.7(b) and (c).  The filter has fabricated by a standard milling process. 

The two parallel metal plates of the filter are made from Aluminium with a 

fabrication tolerance of ± 20 microns. The dielectric has made from Teflon with 

a dielectric constant of 2.1. The fabrication tolerance of ±50 micron has 

considered for Teflon, and the tapping for the M3 grub screw is done with the 

M3 tap tool. The four numbers of M2 screws mount on the corners of the plate 

to assemble the filter. The filter is characterized on the VNA with WR-28 sliding 

load waveguide calibration kit. The two-port waveguide calibration done on 

VNA with the help of WR-28 coaxial to waveguide adapter and the calibration 

kit. After calibration, the VNA shows back to back adapter S21 is -0.01 dB and 

the S11 and S22 are -60 dB. The filter is tuned by a non-deterministic tuning 

method where passband return is tuned to get the desired response. The EM 

simulated and measured response shown in figure 4.8(a) and (b).  The 

penetration of tuning screws perturbs the electric field, so it shifts the response 

to the lower side has the same behaviour as the TE101 mode waveguide filter. 

The center frequency tuning is shown in figure 4.8(c), where different plots 

showed the change in center frequency due to a variation in penetration of the 

tuning screw.  

The measured response is shifted and centered around 29.2 GHz. The insertion 

loss of the filter is 2.3 dB.  This major shift in the center frequency is due to the 

plasticity of Teflon, which is a soft material that causes variation in the design 
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dimensions during fabrication. The large insertion loss is attributed to unplated 

Aluminium plate is used instead of silver plated Aluminium.  Moreover, the 

contact related issues between grub screws and tapped hole in the Teflon, 

between NRD guide Teflon and the parallel metal plates has major contribution 

in the filter response degraded performance. 

 
 

(a) 
 

 

     
 

(b)  (c) 

 

 

Figure 4.7 (a) Top view of MNRD filter at 30 GHz; (b) fabricated MNRD guide 

filter, and (c) open view of MNRD guide filter. 
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(a) 

  

(b)                                                                  (c) 

Figure 4.8 (a) Simulated and measured response of MNRD guide filter at 30 

GHz, (b) Measured response of MNRD guide filter, and (c) Centre frequency 

tunability due to variation of tuning element penetration. 
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Table 4.6 Design parameters and their values for MNRD filter of figure 4.7 

 

Design Parameters Value (mm) Design Parameters Value (mm) 

a 3.1 g01 0.836 

b 3.2 g12 0.127 

d 3.5 g23 0.114 

R1 6.84 cavx 15.0 

R2 6.91 rad 3.0 

L1 10 t1 2.0 

WR28a 7.11 WR28b 3.55 

 

4.5. Summary 

The design of modified NRD filter design, challenges and measured results are 

discussed. The novel concept of using grub screw instead of metal foil to realize 

E-plane resonator bandpass filter. It provides bandwidth tunability, while the 

center frequency is tuned by perturbing the E-field of the resonator. Initially, 

the filter design at the center frequency of 43.5 GHz, but due to the non-

availability of calibration standard, the filter was designed at 30GHz. There is 

a large difference between the MNRD filter simulated and measured results due 

to fabrication uncertainty and the contact related issue. The present 

configuration of the filter is not suitable to be deployed for payload applications. 
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Chapter 5 

High Q Coaxial Resonator Filter 

5.1. Introduction 

This chapter provides detailed information about the various higher modes of 

the coaxial resonator and the application of higher-order mode in the high-

performance filter design. The chapter starts with the different higher-order 

modes of the coaxial resonator and the mode selection criteria for the filter 

design. After mode selection, the various steps and procedure to design a filter 

is discussed. The concept of higher-order high Q mode for filter design and 

realization has validated by taking the example of direct and cross-coupled 

resonator filters. The cavity filters are the most popular filters at very high 

frequency. So, an identical configuration rectangular waveguide filter has been 

designed and realized, and its performance is compared with the higher-order 

mode coaxial resonator filter (proposed filter). It is mandatory to test the 

thermal performance of the filter used for the satellite, which gives an idea 

about the frequency shift of the filter under operating conditions. So, both the 

proposed and the waveguide filter are subjected to thermal cycling. Apart from 

these, the high power handling capability of both filters are analyzed. Due to 

the non-availability of high power test-up, both the filters are analyzed 

theoretically and validated with commercially available software 
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5.2. Higher-Order modes of Coaxial Resonator 

A metal post of length λ/4 shorted at one end inside a cavity constitutes a coaxial 

resonator. The shape of the cavity and the post may be cylindrical, cuboidal, and 

elliptical. It is also called combline resonator or re-entrant cavity, and it 

supports an infinite number of modes:  

1. TEM (Transverse Electromagnetic) Mode: This is the dominant mode 

of coaxial resonator used for filtering application. 

2. Higher-Order modes: TE (Transverse Electric) and TM (Transverse 

Magnetic) modes.  

The dominant mode of the coaxial resonator in each of the shape is Transverse 

electromagnetic (TEM), where the electric field is radially outward from the post 

surface to the cavity walls and the magnetic field encircles the volume between 

the post and the cavity. The electric and magnetic field pattern of TEM mode 

shown in figure 5.1 There is no component of the electric and magnetic field long 

Z-axis, i.e., along the length of the coaxial resonator.  

 
 

Figure 5.1 Coaxial resonator and its TEM mode electric and magnetic field 

pattern. 
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The dominant TEM mode preferably used for filtering application from VHF to 

C-band due to its small size, high Q-factor, wide spurious free-range and 

predictable thermal behaviour. The resonator Q-factor decreases with an 

increase in the frequency limit the use of coaxial resonator beyond C-band. The 

simulated Q-factor of TEM mode coaxial resonator is 2000, which is not enough 

for the realization of high-performance filters and multiplexers for satellite. 

There is a need for high Q, wide spurious free-range and a reasonably good size 

to handle at Ka-band and beyond. The higher-order modes of coaxial resonator 

have high Q-factor, but apart from high Q TM012 mode has wide spurious free-

range and a reasonably good size to be used for high-performance filters at Ka-

band and beyond. 

The cylindrical coaxial cavity structures are used in very high power gyrotron 

as they permit single-mode operation for larger cavity dimensions. However, the 

higher-order modes of the coaxial resonator have never used for filter 

applications.  The dimension of the coaxial cavity structure determines the mode 

and their mode separation. The coaxial resonators’ cavity diameter and height 

are 7.2 mm and 9 mm, respectively, and its post diameter and height are 3 mm 

and 4 mm, respectively. The first six modes of the coaxial resonator plotted 

against variation of cavity diameter and the resonant frequency of the resonator 

is shown in figure 5.2.  The eigenmode solver of commercial 3D electromagnetic 

(EM) simulator is used to find out the resonant frequency and Q-factor. The first 

mode in the mode chart is dominant TEM mode. The second mode is the dual 

mode TE111. The fourth mode is TM012, after that dual mode TE112. 



Chapter 5                                                            High Q Coaxial Resonator Filter 

77 
 

 

Figure 5.2 Higher order modes of coaxial resonator. 

5.2.1. Q-factor Measurement 

The coaxial resonator supports Transverse Electric (TE) and 

transverse magnetic TM modes. The higher-order TE and TM modes 

have high Q-factor. There are two methods to determine the Q-factor 

and resonant frequency of the modes. The first method is to use the 

eigenmode solver, which gives the resonant frequency of a lossy 

resonator. In this method, the loss has considered in terms of 

conductivity of the metal used for fabrication. The other method is to 

use the frequency domain solver, and the resonator is exciting by very 

weak coupling so that it does not load the Q-factor and resonant 

frequency. In this method, the measurement of peak values gives the 

resonant frequency. The 3dB bandwidth measured from resonator 

center frequency and the ratio of the resonator center frequency to 

3dB bandwidth gives the Q-factor. This method used to calculate the 
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Q-factor and resonant frequency practically. Either waveguide or 

coaxial connector has used for excitation. The 2.92 mm coaxial 

connector is used for excitation in the frequency domain solver, for 

estimation of resonant frequency, and Q-factor, as shown in figure 5.3. 

 

(a) 

 

(b) 

Figure 5.3 Resonant frequency and Q-factor of higher order modes of coaxial 

resonator, (a) Modes of coaxial resonator, and (b) CAD model of cavity for Q-

factor measurement. 

The coaxial resonators cavity diameter and height are 7.2 mm and 9 

mm, respectively, and its post diameter and height are 3 mm and 4 
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mm respectively used in figure 5.3 for Q-factor measurement. The 2.92 

mm coaxial connectors are at a height of 2 mm from the shorted end 

of the cavity. 

5.3. TM012 Mode 

The TM012 is the fourth mode in the mode chart, and its electric and magnetic 

field patterns are analogous to the TM01 mode of the cavity resonator where 

there is one variation of the magnetic field along azimuth, two variations along 

Z-axis, and zero variation along the radial direction. The TM012 mode field 

patterns shown in figure 5.4. The maximum field available near the top of the 

cavity is sufficient to realize narrow as well as the wide-passband bandpass 

filter. The simulated quality factor of the single resonator is more than 4800, 

considering the silver metal boundary. The dimension of the cavity diameter 

and height is 7.2 mm, and 9 mm, respectively. The post diameter and height are 

3 mm, and 4 mm, respectively. The spurious-free window of 7.1 GHz and 6 GHz, 

below and above the resonant frequency is sufficient to realize wideband filters.  

         

 

Figure 5.4 Electric and magnetic field of TM012 mode coaxial resonator. 
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Similarly, the mode chart is plotted for the first six modes of similar dimension 

cylindrical cavity as shown in figure 5.5. The dominant mode is dual-modeTE111, 

and its simulated Q-factor is better than 6500. The next higher mode is TM011 

has Q better than 6900. Then the next higher modes are TM012 and TE112. The 

spurious-free window between the dominant mode and the next higher mode is 

3 GHz, which reduces to 1.5 GHz, as diameter increases from 6.8 mm to 7.8 mm, 

respectively. The best spurious-free window is 4 GHz at one end and 5 GHz on 

the other end for TM012 mode, but the filter design with this mode have a poor 

wide stopband due to spurious modes. 

 

Figure 5.5 Mode chart of cylindrical cavity resonator. 
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5.4. Filter Design 

The filter design involves the following steps: 

1) Synthesis: The filtering function is to synthesize for the given 

specification, which is Chebyshev or Quasi-elliptic. In this, the order of the 

filter, position of transmission zeros, return loss defined for the synthesis of 

coupling matrix. 

2) Validation: The coupling values obtained from the coupling matrix are 

validated on the circuit simulator using parallel resonator and immittance 

inverter model where the parallel resonator is defined using lumped RLC 

corresponds to the resonant frequency (Center frequency of the filter), and 

immittance inverter is realized using a quarter wave transmission line 

having characteristic admittance equivalent to the coupling values. The 

feasibility of specifications is validated using this step. 

3) Virtual experimentation: This step determines the resonator dimensions 

and maps the coupling values into a physical realizable structure. The 

resonator dimension is realized using an eigenmode solver where the trade-

off has done between the resonator size, quality factor and the spurious-free 

range.  The coupling values realized in terms of iris dimension, where an iris 

placed between the two resonators and vary its dimensions to map the 

coupling values.  
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4) EM Simulation: The N-pole filter model is formed, and all the resonator 

and irises dimensions obtain from the above steps are mapped into it.  These 

are the initial dimension for the EM simulation. The coupling values mapped 

into the reflection group delay values. These values are used to simulate and 

optimize the dimensions to get the desired filter response. 

5) Fabrication: It involves the material selection based on the estimated 

frequency drift of the filter for the operating temperature range. 

The Table 5.1 gives specifications of a typical Ka-band filter of a high 

throughput satellite. These specifications can be either with direct coupled or 

cross-coupled filter. The filtering function is synthesized for these specifications 

and found that a 4-2-0 filter made from the Invar metal, and a 5-2-0 and 7-pole 

Chebyshev filter made from Aluminium can meet this specification. 

Table 5.1 Specification of ka-band pre-select filter 

Specification Values 

Frequency Band 30.0-30.5 GHz 

Insertion Loss < 0.5 dB 

Bandpass Flatness over BW < 0.3 dB 

Rejection at CF ± 450 MHz >20 dB 

Rejection at 20 GHz >90 dB 

Return Loss > 20 dB 

Input and Output Interface WR-28 

5.4.1. 4-2-0 Filter 

In the four pole filter, two transmission zeros placed at ± 1.9i for near 

band rejection.  The 26 dB return loss chosen for filter synthesis. The 

coaxial resonator dimensions are 7.2 mm, and 9 mm are cavity diameter 
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and height and 3 mm, and 4 mm post diameter and height.  

 

(a) 

 

(b) 

Figure 5.6 (a) Schematic, and (b) Circuit simulator response of 4-2-0 filter. 
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Table 5.2 Synthesize coupling matrix for 4-2-0 filter 

 

The synthesized coupling matrix for the 4-2-0 filter given in Table 5.2, 

where the cross-coupling is negative between resonator 1 and resonator 

4, and all the mainline couplings are positive. The mainline coupling, i.e., 

inter-resonator coupling, source to input resonator and load to output 

resonator shown as the black line in the schematic of figure 5.6(a). The 

cross-coupling is shown as a red line between resonator 1 and 4 in figure 

5.6(a). The cross-coupling is realized using a non-resonating post. The 

synthesized coupling matrix validated on a circuit simulator, and the 

circuit simulator response shown in figure 5.6 (b). 

The next step is the conversion of these coupling values into the realizable 

dimension. The design chart is generated using two resonators separated 

by an iris.  

κ= 
𝑓22−𝑓12

𝑓12+𝑓22      (5.1) 

 

                fc =  
𝑓1+𝑓2

2
       (5.2) 
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The coaxial resonator cavity diameter and height is 7.2 mm, and 9 mm, 

respectively. The post diameter and height are 3 mm, and 4 mm, 

respectively.  These two identical coaxial resonators are separated by an 

iris of thickness 2 mm and height 3.5 mm from the top of the cavity. Here, 

iris width is varying, keeping its height fixed. The eigenmode Solver of 

3D EM Simulation Software where f1 and f2 are the eigenmode 

frequencies and κ is the coupling value normalized with the filter 

bandwidth. The average center frequency is fc. Figure 5.7 shows, the 

variation of the normalized coupling values due to the variation in the 

iris width. Non-resonating Metallic post of length ‘l’ placed between non-

adjacent resonators to realize cross-coupling [130].  

The post should be normal to the plane of the magnetic field of the 

resonator. The variation of cross-coupling, with variation in the post 

length, as shown in figure 5.8.  

 

Figure 5.7 Variation of normalized coupling with iris width.  
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Figure 5.8 Variation of normalized coupling with the length of non-resonating 

post. 

The diameter of the non-resonating post shown in figure 5.8 is 1.6 mm, 

and its height is varying from the top of the cavity. It is placed in an iris 

of thickness 2 mm and height 3.6 mm. The increase in the length of the 

post decreases the gap between the post and iris. Initially, the coupling is 

positive and maximum when the post length is 1.75 mm. Then further 

increase in length changes the nature of coupling from positive to 

negative and become zero when the gap is zero. 

The EM simulation has done with the dimensions obtained from the 

above design chart. The design parameters for the 4-2-0 filter are shown 

in the 3D EM CAD model, its side view, and cut-sectional view in figure 

5.9(a), (b), (c) and (d). The values corresponding to the design parameters 

are listed in Table 5.3. The simulated response of 4-2-0 coaxial resonator 

filter shown in figure 5.9(e).  
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(a)  

 

(b)  

 

 

(c)   
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(d)  

 

(e)  

Figure 5.9 (a) 3D EM CAD model of4-2-0 coaxial resonator filter, (b) Top view 

of 4-2-0 coaxial resonator filter, (c) Sectional view shows resonator1 and 4, (d) 

Sectional view shows resonator2 and 3, and (e) Simulated response of 4-2-0 

coaxial resonator filter. 
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Table 5.3 Design parameters and their values for 4-2-0 coaxial resonator filter  

Design Parameters Value (mm) Design Parameters Value (mm) 

hpost1 3.53 input_wd 4.72 

hpost2 4.555 wd12 4.14 

cav_dia 7.25 wd23 4.1 

cav_ht 7.5 wd34 4.14 

iris_t 3 wd14 3.9 

post_dia 3.5 ht12 and ht34 3.15 

wr28a 7.1 ht23 3 

wr28b 3.55 ht14 4 

d 1.8 bar_len 2.22 

The filter fabricated using Invar, and its fabricated hardware and its 

measured response show in figure 5.10. The measured response shows 

that the transmission zero on the higher side of the passband is not 

prominent. The reason is the gap between the self-locking tuning element 

and the tapped-hole results in improper grounding, which affects the 

transmission zero shape.  

Figure 5.10 Fabricated 4-2-0 filter and its measured response. 

Initially, it has assumed that the Invar metal is difficult to machine. So, 

there is a gap between the tuning element and the tapped-hole. Due to 

this reason, the same filter has fabricated in Aluminium metal, which is 
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easy and precise to the machine. Figure 5.11 shows the fabricated filter. 

 

 

 

 

Figure 5.11 Fabricated 4-2-0 filter in Aluminium metal. 

However, in both cases, there is no change in the response. Hence, the 

type of tuning element type change from self-locking tuning element to 

M2 gold plated screw with hexagonal locking nut is used. The two 

different filters: Direct-coupled seven-pole Chebyshev filter and five-pole 

cross-coupled filter designed and fabricated to validate the concept of 

higher-order mode of the coaxial resonator for filtering application. 

5.4.2. Direct Coupled 7-pole Chebyshev 

filter 

The 7-pole filter synthesized for the specifications of Table 5.1. The 

return loss keeps at 26 dB corresponds to a passband ripple of 0.01dB. 

The synthesized coupling values for input and output coupling (J01 and 

J78) is 1.202, between resonator 1 and resonator 2 (J12 and J67) is 0.9493, 

between resonator 2 and 3 (J23 and J56) is 0.6410 and between resonator 

3 and 4 (J34 and J45) is 0.5918.  The filter is inline and symmetric, so the 
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rest of the inter-resonator coupling is the mirror image of the coupling 

between resonators 1 to 4. The top and cut-sectional view, along with 

the design parameters shown in figure 5.12(a) and (b). The resonators 

are numbered from 1 to 7 in figure 5.12(a). The values for the design 

parameters of figure 5.12 are listed in Table 5.5. The iris width of all the 

inter-resonator and input and output irises shown in figure 5.12(a). The 

EM simulation has done using these coupling values. Figure 5.12(c) 

shows the filter fabricated from Aluminium and silverplated to 

minimize loss.  The value of design parameters of figure 5.12 are listed 

in Table 5.4. The simulated and the measured narrow response of the 

filter shown in figure 5.13 (a) and the measured wideband response in 

figure 5.13(b). The plot shows group delay on the primary axis with an 

orange colour trace. The S-parameters shown in the secondary y-axis. 

The measured return loss is better than 20dB, and the insertion loss is 

0.77dB, which is 0.27dB more than the desired specification of Table 5.1. 

This more insertion loss is attributed to the lack of perfect contact 

between the top and the bottom filter boxes and self-locking threaded 

screws for iris tuning.  

Table 5.4 Design parameters and their values for 7-pole Chebyshev coaxial 

resonator filter  

Design Parameters Value (mm) Design Parameters Value (mm) 

l1 4.103 wd_in 4.88 

l2 4.955 wd_12 4.06 

l3 5.083 wd_23 3.73 

l4 5.103 wd_34 3.66 

t 2 d1 and d2 3.5 and 7.1 
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(a) 

 

(b) 

    

(c) 

Figure 5.12 7-Pole Chebyshev TM012 mode coaxial resonator filter, (a) Top 

view, (b) Cut-sectional view, and (c) Fabricated filter. 
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(a) 

 
 

(b) 

Figure 5.13 Simulated and measured response of 7-Pole Chebyshev TM012 mode 

coaxial resonator filter (a) Simulated and measured narrowband response, (b) 

Measured wideband response: S-parameters and Group delay. 
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The specified value of relative group delay is 5 ns while the measured 

relative group delay over the band is 1.2 ns. The filter is designed to be 

used as a Pre-select filter and the minimum value of group delay and 

insertion loss provide extra margin to the system. 

5.4.3. 5-2-0 Filter 

The filter synthesized for the specifications given in Table 5.1. In 

synthesis, the order is 5 with two transmission zeros placed at ± 1.45i 

for near band rejection. The 26 dB return loss chosen for filter synthesis. 

The synthesized coupling matrix for 5-2-0 filter given in Table 5.5.  

Table 5.5 Synthesize coupling matrix for 5-2-0 filter 

 

The layout of the filter given in figure 5.14 where the resonators coupled 

to each other through irises and the cross-coupling realized with a non-

resonating post. The two resonator model separated by iris is used to 

generate the design chart for the coupling values. The generated design 

chart map these coupling values into the physical realizable dimensions. 
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Figure 5.15 shows the variation of iris height with the coupling 

bandwidth and the variation of the resonant frequency of spurious TE112 

mode. The increase in the height of iris will result in a decrease of 

spurious-free range. The variation of coupling bandwidth and TE112 

spurious mode variation due to variation of iris width shown in figure 

5.16.  

 
 
 
 
 
 
 
 
 
 
 

Figure 5.14 Layout of 5-2-0 filter. 

 

Figure 5.15 Variation of coupling bandwidth and TE112 (spurious) mode 

resonance frequency with variation in iris height. 
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Figure 5.16 Variation of coupling bandwidth and TE112 (spurious) mode 

resonance frequency with variation in iris width. 

 It concludes from figure that the spurious mode is largely affected by 

iris height variation rather than its width. Moreover, their coupling 

bandwidth first increase reaches to maximum, then decreases to a 

minimum, and start increase after that point. This trend is the same, as 

that observed in the case of TEM mode coaxial resonator. So, it is better 

to vary iris width to achieve coupling for a fixed iris height. The 

variation of cross-coupling bandwidth with variation in the length of the 

non-resonating post shown in figure 5.17.  

 

 

 

 

Figure 5.17 Variation of coupling bandwidth with variation in the length of 

non-resonating post. 
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The coupling first increases and start decreasing after the inflection 

point. This point distinguishes the nature of cross-coupling, which is 

positive before the inflection point and becomes negative beyond that 

point.  

Figure 5.18 gives the calculated reflection group delay values for the 

coupling values of Table 5.3 and is calculated by Either [131] or using 

circuit simulator The resonator and irises dimensions are varied to 

match these reflection group delay values. The resonator whose 

reflection group delay value calculated is activated, and rests are 

deactivated. This process repeats until all the reflection group delay 

values match the above-calculated values along with their respective 

reflection phase. The cross-coupling value has determined from 

transmission S-parameter response by activating resonators 1, 2 and 5 

and deactivating the rest of the resonators. The transmission S-

parameter S21 matched for the above-calculated value from the circuit 

simulator. The EM simulation is done using the dimension obtained 

from the reflection group delay values and optimized for the required 

 

(a)                                                          (b) 
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(c)      (d) 

 

(e) 

Figure 5.18 (a) Reflection group delay for input resonator, (b) Reflection group 

delay for input and 2nd resonator, (c) Reflection group delay for input, 2nd and 

3rd resonator, (d) Reflection group delay for input, 2nd, 3rd and 4th resonator, 

and (e) Cross-coupling estimation by transmission measurement. 

response using parametric optimization of the filter dimensions [132]. Figure 

5.19 (a )and (b) shows top view and sectional view, respectively along with the 

design parameters. Figure 5.19(c) shows the fabricated hardware of TM012 

mode 5-2-0 coaxial resonator filter. The value for design parameters of figure 

5.19 are listed in Table 5.6. The EM simulated response and the measured 

wideband response of the filter shown in figure 5.20. 
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(a) 

 

(b) 

       

 

 
 
 

 
 
 
 

 
(c) 

Figure 5.19 TM012 mode 5-2-0 coaxial resonator filters, (a) Top view, (b) 

Sectional view, and (c) Fabricated filter. 
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Table 5.6 Design parameters and their values for 5-2-0 coaxial resonator filter  

Design Parameters Value (mm) Design Parameters Value (mm) 

h1 4.1 d 4.72 

h2 5.105 wd12 3.9 

h3 5.175 wd23 3.915 

h4 5.06 wd34 3.655 

h5 4.495 wd45 4.015 

lb 2.28 wd14 3.65 

h14 3 wd_in 4.84 

wr28b 3.55 wd_out 4.875 

wr28a 7.1 d1 and d2 3 and 7 

cav_ht 9 t 2 

 

 
 

 

 

 

 

 

 

Figure 5.20 Simulated and measured response of 5-2-0 coaxial resonator filter. 
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5.5. Compact waveguide filter 

The rectangular waveguide dominant TE101 mode resonator has a high-quality 

factor, very wide spurious free range and predictable thermal performance 

preferred for the realization of low loss cross-coupled filters at millimeter wave 

band. Moreover, the waveguide filters have ease of fabrication and very good 

integration with other subsystems in the transponder chain. 

The cross-couplings are either positive or negative in nature and generated by 

destructive interference between the direct mainline path and the cross-coupled 

non-adjacent resonator path [133]. The various approaches shown till now in 

the folded waveguide filters to realize the cross-coupling [134]-[137]. The 

circular aperture is made in the H-plane of the folded waveguide resonator to 

generate the cross-coupling [134], but there is difficulty to tune the cross-

coupling, and it is sensitive to fabrication tolerance which matters a lot at the 

millimeter wave band. The other popular approach is to use an overmoded 

cavity to generate transmission zeros [135, 136]. The advantage of this approach 

is that the filter can handle very high power, but large size overmoded cavity 

increases the size of the filter and is suitable for narrowband cases.  The use of 

a combination of TM110 mode with non-resonating TE10 mode [136, 137] to 

realize cross-coupling which make filter compact, but at the expense of poor 

isolation in the lower stopband. This approach is good for realizing input filter 

but not suitable to realize Pre-select filters which require very high isolation at 

the transmit band. In ultra-compact cross-coupled waveguide filter, a metal 

strip is inserted in E-Plane of waveguide [138] to generate transmission zeros. 



Chapter 5                                                            High Q Coaxial Resonator Filter 

102 
 

This approach is sensitive to fabrication tolerance as the strip is thin and its 

dimensions fixed. Moreover, there is a large imbalance between the side lobes, 

which make response asymmetric. The other methods are to use a combination 

of inductive and capacitive irises [139, 140]. The capacitive irises increase the 

overall filter size and are better suited for very wideband filter due to the 

aperture of capacitive iris. In this report, the filter is designed using TE101 mode 

waveguide resonator, and the non-resonating post is used to realize cross-

coupling [130]. The length of the post governs the nature of coupling. This post 

is tunable, which relaxes fabrication tolerances and use of post doesn’t add any 

additional cavity to the filter and hence makes the filter compact. Moreover, this 

filter can handle moderate power due to the concentration of electric field in the 

gap between non-resonating post and iris. 

5.5.1. Filter Design 

The filter has designed for the specifications given in Table 5.1. The 

synthesized coupling matrix has shown in Table 5.5, where negative 

cross-coupling is between resonator 1 and 4. It found that the resonator 

Q-factor of 2800 is sufficient to meet all the specifications. The TE101 

mode WR-28 rectangular waveguide resonators used for the filter 

realization. The simulated Q of the resonator is 4800 considering silver 

boundary conditions. 

The inter-resonator coupling is realized using inductive irises and the 

variation in the coupling value due to variation in the coupling iris for 
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fixed iris depth of 3.5 mm shown in figure 5.21. The inter-resonator 

coupling increases as the iris width aperture between the cavities 

increases. 

 

Figure 5.21 Variation of coupling bandwidth with variation in iris width 

aperture. 

The non-resonant post depth variation for fixed iris width aperture of 4 

mm and iris depth of 3 mm shown in figure 5.22. The coupling increases 

as the penetration of post increases to a maximum value and then it 

starts decreases drastically after the point of inflexion, which 

distinguishes the nature of coupling as this post, can realize both 

positive and negative coupling. The inflexion point is at 2.16 mm, as 

shown in figure 5.22 and after inflexion point the post realizes negative 

coupling. The post is placed normal to the magnetic field plane for 

realizing cross-coupling. This behaviour of cross-coupling in TE101 

waveguide resonator is the same as that in TM012 mode coaxial 
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resonator because the orientation of the magnetic field is in the same 

plane for these resonators. The EM simulation has done for 5-2-0 

waveguide filter. The filter is fabricated with the Aluminium metal and 

is silver plated to minimize loss. The filter is tuned using M2 stainless 

steel screws with hexagonal locking nut. Figure 5.23 shows the 

fabricated filter. Its simulated and measured response shown in figure 

5.24. The simulated and measured response is in close agreement. The 

measured insertion loss is 0.45 dB, which is high for the Q more than 

2800. The unplated screw used for tuning contributed to this, and their 

penetration is more, which further increases insertion loss and affect 

bandpass flatness. The measured results tabulated in Table 5.1.  

 

Figure 5.22 Variation of coupling bandwidth with variation in iris width 

aperture. 

The measured wideband response of the filter shown figure 5.24(b) and 

there is no spurious observed in the far band rejection. (stopband) 
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contrary to the TM012 mode coaxial resonator filter where the signature 

of TE111 mode observed in the far stopband. It is due to the dominant 

TE101 mode of the rectangular waveguide resonator used in the design. 

However, the far band rejection on upper side of passband degrades due 

to presence of higher order modes of waveguide. 

 
 

(a)  

 

 
 

(b)  

 

 
 

(c)  
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(d) 

Figure 5.23 (a) Top view of 5-2-0 waveguide filter, (b) Sectional View of 5-2-

0 waveguide filter, (c) 3D EM CAD model of 5-2-0 waveguide filter, and (d) 

Fabricated 5-2-0 waveguide filter. 

Table 5.7 Design parameters and their values for 5-2-0 waveguide filter  

Design Parameters Value (mm) Design Parameters Value (mm) 

L 10.0 wd_input 4.27 

L1 5.095 wd12 3.095 

L2 5.89 wd23 2.975 

L3 6.04 wd34 2.978 

L4 5.952 wd45 3.31 

L5 5.136 wd14 2.65 

wr28a 7.1 wd_output 4.29 

wr28b and ht23 3.55 ht14 2.7 

d 1.6 l_bar 2.45 
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(a)  

 

 
 

(b) 

Figure 5.24 Simulated and measured response of 5-2-0 waveguide filter, (a) 

Narrowband, and (b) Wideband.              
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5.6. High Power Analysis 

The modern satellite uses high-transmitted power to boost their capabilities and 

meets the growing demands of the users. They employ high-performance 

microwave filters, which subjected to high RF power. These filters should have 

a smaller footprint and mass, which pose difficulty in design high power filters 

due to the confinement of high power in a small volume. The various high power 

phenomena must consider while designing a filter for high power operations. 

These phenomena are a multipaction breakdown, ionization breakdown, and 

passive intermodulation (PIM) interference. All of these phenomena severely 

degrade the RF performance of the component [119, 142]. 

1. Multipaction is a high power RF vacuum breakdown phenomenon where 

there is a resonant growth of free electron space charge due to secondary 

electron emission [141, 142]. It takes place under vacuum conditions 

when the mean free path of the electrons is larger than the gap between 

the walls guiding the flow of the RF power. The primary electrons 

accelerated by the RF fields impact a surface and release a larger number 

of secondary electrons, which again accelerated by the RF fields and 

impacts again, releasing even more electrons results in an avalanche. 

a) Vacuum condition 

b) Applied RF voltage 

c) Frequency of operation in conjunction with geometry of RF 

 components  (f x d product) 
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d) Surface conditions 

2. Ionization breakdown is a gas breakdown phenomenon, which occurs 

when high power RF flows under high pressure in the device. The low-

intensity electrons density increases in an avalanche-like manner result 

in gas ionization forming conducting plasma. The ground-based and some 

space-bound components are more prone to ionization breakdown as 

these are tested on the ground at full power at ambient and under 

vacuum condition. Both the multipaction and ionization breakdown are 

different types of high power RF failure mode. 

3. PIM is largely a workmanship-related issue, and it cannot be predicted 

accurately for high power microwave filters. The PIM can be improved by 

design and take care of materials types during fabrication. The ionization 

breakdown and PIM are beyond the scope of the work [119, 142]. 

5.6.1. Multipaction Analysis 

The high power handling capability of filters is established by the 

multipaction margin, which is usually 6 dB for the filters used in space 

applications.  The design analysis for multipaction involved [143]: 

1) Field Analysis: The analysis of the electric field within the whole 

filter is performed either by commercially available software or by 

using the custom-made code. 
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2) Secondary Emission Yield data (SEY): When an electron of 

sufficient energy impacts on the surface of a material (primary 

electron) it can produce the emission of more electrons; this physical 

process is called secondary electron emission (SEE). The secondary 

electron emission coefficient or yield (SEY) of a material surface, 

usually symbolized as σ, is the ratio of the number of emitted 

electrons to the number of incident electrons of defined incident 

energy and angle, in field-free conditions and under vacuum 

conditions. SEE is the material dependent property, which depends 

on the material type, surface finish, coating or treatment on the 

material which determine multipaction threshold. 

3) Critical regions identification: These regions are either stand-

alone or a combination of high voltage region, critical gaps, 

frequency and secondary emission properties of the material. 

5.6.2. Multipaction Margin 

The multipaction margin is calculated and validated by design or by the 

multipaction test set up [143]. The design margin provides good 

accuracy when there is a limitation of the test setup. The steps to 

calculate multipaction margin are: 

Step1: Critical region identification where the critical gaps in the design 

identified by field analysis. These are the locations where electric field 

intensity is maximum. These may or may not be the minimum gap. 
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Step2: Calculate the threshold voltage (𝑉𝑡ℎ) with available Voltage 

breakdown curves [144] - [146]. The threshold voltage for silver plated 

parallel plate geometry is given by [144, 147] 

    𝑉𝑡ℎ = 63 ∗ 𝑓 ∗ 𝑑      (5.3) 

where, 𝑓 is the frequency in GHz and 𝑑 is the critical gap in mm. 

Step3: Calculate normalized voltage (𝑉𝑛). Evaluate the line integral of 

electric field in the commercial EM solvers for 1W power and is scaled 

for operating power. The operating power corresponds to voltage (V). 

   𝑉𝑛 =  ∮ 𝐸. 𝑑𝑙         (5.4) 

where E is the electric field in V/m. 

Step4: The multipaction margin ‘M’ in dB is given by  

𝑀 = 20 ∗ log (𝑉
𝑉𝑡ℎ

⁄ )           (5.5) 

The other method is to use the commercially available tools like SPARK 

3D ®, PIC solver or custom made codes. 

The high power analysis is carried out with the SPARK 3D ® [147] for 

the 5-2-0 coaxial resonator and 5-2-0 waveguide filter and observed that 

the peak power handling capacity of the proposed coaxial resonator filter 

is 45.525 kW as compared to the waveguide filter which is 11.75 kW only 

shown in figure 5.25, and figure 5.26 respectively. 
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Figure 5.25 Multipaction analysis of the proposed 5-2-0 coaxial resonator filter. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

Figure 5.26 Multipaction analysis of the 5-2-0 waveguide filter. 

The critical gap between the coaxial resonator post and the top cover is 

close to the parallel plate geometry, and the multipaction margin has 

calculated for the same. The critical gap is 3.825 mm, and the calculated 

threshold voltage is 7289 V using (5.3). The normalized voltage 143.02 V, 
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which is 15000.8 V for 11.38 kW power. Hence, the calculated 

multipaction margin 6.26 dB corresponds to 45.525 kW threshold power, 

which validates the result of SPARK 3D ® with the design margin. The 

gap between the non-resonant post and iris between resonator-1 and 4 is 

minimum for both the filters. In the case of the proposed filter, critical 

gap is between the coaxial resonator post-2, 3 and its top cover. This gap 

is fifteen times more than the minimum.  However, in the case of the 

waveguide filter, the minimum and critical gap are the same. So, the 

proposed filter power handling capability is four times more than the 

waveguide filter. Moreover, the non-resonating post used for cross-

coupling realization limits the power handling capability of the 

waveguide filter. The waveguide filter realized by this approach can 

handle moderate power. The average power handling of the waveguide 

filter is 6 dB below the multipaction threshold. So, the proposed filter and 

the waveguide filter can handle 11.38 kW and 2.93 kW average power.  

5.7. Performance Comparison 

The 5-2-0 TE101 mode waveguide filter and 5-2-0 TM012 mode coaxial resonator 

filter tests over the temperature range of -200C to 650C with 2 hours 

stabilization at each extreme. The coaxial to WR-28 waveguide adapters used 

for thermal cycling and the cycling done in the thermal cycling chamber. The 

2.92 mm coaxial calibration is done at DUT end using electronic calibration kit, 

and the filter is connected to the VNA cables using coaxial to WR-28 waveguide 

adapters. The identical set up used for both the filters. Both the filters 
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fabricated with the Aluminium metal having 24 ppm/0C as the coefficient of 

thermal expansion. The frequency drift of the filter calculated by an 

approximate relation given by 

                                                                 δf = α×f0×δT      (5.6) 

where, δf is the frequency drift over the temperature, f0 is the center frequency, 

δT is the temperature gradient in 0C, and α is the coefficient of thermal 

expansion for the metal in ppm/0C. The calculated one side frequency drift is 

29.04 MHz for the filter operating in the temperature range of 250C to 650C. 

The measured wideband response of both the filter at ambient shown in figure 

5.27. It has found that the coaxial resonator filter has better far band rejection 

on the lower side of passband as compared to the identical configuration 

waveguide filter. 

 

Figure 5.27 Wideband performance of the proposed coaxial resonator filter 

and the waveguide filter. 
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Figure 5.28 Thermal performance of the proposed 5-2-0 coaxial resonator 

filter and 5-2-0 waveguide filter. 

These filters have a stable thermal performance, which meets all specification, 

but the frequency drift of the proposed filter is less than the waveguide filter. 

Hence, it offers better design margin than the waveguide filter. The measured 

response of both the filters over the temperature shown in the figure 5.28. The 

coaxial resonator based filter and waveguide filter shows the same trend during 

thermal cycling. The response shifts lower in hot (shown as small dotted line) 

and higher in cold (shown as large dotted line) compared to response at ambient 

(shown as a solid line), but shift the coaxial resonator based filter is less as 

compared to the waveguide filter. The performance comparison of both the 

filters has tabulated in Table 5.8.  The comparison of both the fabricated filters 

shown in figure 5.29. 
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Table 5.8 Performance comparison of proposed filter, waveguide filter and 

state of art (SuperQ) filter 

 

 

 

Figure 5.29 Size comparison of the proposed filter and the waveguide filter. 
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The super Q filter reported in [89] is the state of art for high Q high performance 

filters at Ka-band. This is a very narrowband filter of bandwidth 32 MHz at 

center frequency of 20 GHz.  The filter is fabricated from Invar has very low 

frequency drift of 2 ppm/0C.The Q is more than 20000 at 20 GHz and is suitable 

for design of narrowband channel filters due to its inferior spurious free window. 

The measured available reported specifications of this filter is tabulated in  

Table 5.8 along with the proposed high Q coaxial resonator filter and the 

waveguide filter developed at 30 GHz. 

5.8. Summary 

In this chapter, a novel concept of design a high-performance filter at millimeter 

wave band with high order mode of the coaxial resonator is discussed in detail. 

Each aspect of the filter is discussed starting from the synthesis, resonator 

parameters determination, generation of design charts, EM simulation and the 

measured results. The concept validated with the design of a 7-pole Chebyshev 

and cross-coupled filter. The analysis of the high power handling capability of 

the coaxial resonator and an identical configuration waveguide filter has done. 

The high power handling analysis is validated by SPARK 3D.  The high power 

measurement test does not perform on the filter due to the non-availability of 

the set-up. The TM012 mode coaxial resonator-based filter shows very good 

performance and is a potential candidate for deploying satellite filters.
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Chapter 6 

Temperature Compensated 

Filters 

6.1. Introduction 

The material used for the fabrication of the high-performance high-Q three-

dimensional filter is metals. The silver plating is done on metal to increases its 

quality factor. It results in improving the in-band performance parameters of 

the filter. The frequency drift of the filter depends on the coefficient of thermal 

expansion (CTE) of the material used to fabricate the filter. Hence, different 

metal has different CTE, and they have contributed differently to the frequency 

drift of the filter over the temperature [98, 99, 108].  

The other constraint on the payload filter is the mass of the filter. The different 

metal has different density results in different mass for a given filter topology. 

The thermal performance of the payload filters is a trade-off between CTE and 

the density of the metal. Moreover, the ease of fabrication, machining process 

and the availability of the metal are other factors considered while selecting 

material for filter fabrication. Aluminium and Invar are the two metal preferred 

for the fabrication of payload filters. Aluminium has a lightweight and good 
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thermal conductivity, while Invar has the best CTE among all the metals. The 

density of Invar is approximately three times the density of Aluminium. 

Aluminium mostly used in payload filters, but when the filter specification are 

stringent or the frequency drift is critical, then Invar is used for filter 

fabrication. 

An exhaustive sensitivity analysis of a single coaxial resonator has done. The 

single resonator closely models the complete filter, and its sensitivity analysis 

provides a very close estimate of frequency drift due to variation in the CTE of 

resonator metal and its dimensions. This analysis is an analytical tool used to 

compensate for the frequency drift of the filter. 

This chapter starts with the development of an analytical method of 

sensitivity analysis of a single resonator for temperature compensation. Then it 

is implemented on the 5-2-0 TM012 mode coaxial resonator filter discussed in the 

previous chapter. 

6.2. Sensitivity Analysis 

The sensitivity analysis of the resonator carried out using an eigenmode solver, 

where the single coaxial resonator has taken into account, which consists of a 

metallic post inside the cavity. The sensitive dimensions of the filter have taken 

as a parameter for sensitivity analysis. These parameters are coaxial 

resonators’ cavity height, cavity diameter, post height and diameter. These 

parameters varied in the small steps where the range took wider than the 
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variation in the length (Δl) over temperature. The steps so selected will have a 

minimal impact on convergence error.  

  

Figure 6.1 Variation of coaxial resonators resonant frequency vs cavity diameter 

for TM012 mode. 

 

Figure 6.2 Variation of coaxial resonators resonant frequency vs cavity height 

for TM012 mode. 
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The resonant frequency variation due to variations in resonator parameters 

plotted in figure 6.1, 6.2, 6.3 and 6.4. 

 

Figure 6.3 Variation of coaxial resonators resonant frequency vs post diameter 

for TM012 mode. 

 

Figure 6.4 Variation of coaxial resonators resonant frequency vs post height for 

TM012 mode. 
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The plots are almost linear for all the parameter, but the slope is different for 

different parameters. This slope is the sensitivity of the parameter, which plays 

a dominant role in the temperature compensation of the filter.  

The resonator dimensions taken for analysis are 7 mm, 9 mm, 3 mm and 5.17 

mm for cavity diameter, cavity height, post diameter and post height 

respectively. The change in the length (𝛥𝑙) due to temperature gradient (𝛥𝑡) is 

given by 

𝛥𝑙 = 𝛼 ∗ 𝑙 ∗ 𝛥𝑡    (6.1) 

where, α is the temperature coefficient of thermal expansion (CTE) in ppm/0C, 𝑙 

is the dimension in mm and 𝛥𝑡 is the temperature gradient in 0C. The 𝛥𝑡 is 400C 

for the operation from ambient (250C) to hot (650C).  

6.3. Temperature Compensation 

The frequency drift (𝛥𝑓) for each parameter is given by 

       𝛥𝑓 = 𝑆 ∗  𝛥𝑙     (6.2) 

where, 𝑆 is the sensitivity of parameter given by slope of the plot measured in 

GHz/mm. 

The PPM is given by 

     PPM=
∆𝑓𝑡𝑜𝑡𝑎𝑙

𝑓𝑐∗∆𝑡
     (6.3) 
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Table for the temperature compensation is deduced from the plot for the 5-2-0 

filter dimension developed at 30.25 GHz in the previous chapter. 

The frequency drift is calculated for each parameter considering that the 

complete filter fabricated from Aluminium metal with a CTE of 24 ppm/0C. The 

cavity diameter, post diameter and post height lower shift the filter response by 

16.4 MHz, 0.794 MHz and 14.26 MHz, respectively. The cavity height higher 

shifts the filter response by 1.11 MHz. The frequency drift of the filter is 30 

MHz, which is close to 27 MHz when the filter tested over the temperature.  

It has found from plots that the cavity diameter and post height contributed 

maximum towards the frequency drift of the filter. The only parameter, which 

shows reverse behaviour and can balance their effect, is the cavity height. 

However, its contribution is very small, which can be increased by reducing the 

cavity height and bring it close to zero. As a result, there will be a large 

degradation in the quality factor of the coaxial resonator, which will affect the 

filter in-band RF performance. Moreover, the smaller spurious-free window 

affects the wideband performance of the filter. It limits the reduction of cavity 

height for compensation. The increase in the height of the post will also have 

the same effect, and other dimensions need to be modified to achieve the same 

resonant frequency. Usually, for the temperature compensation, a composite 

coaxial post is used, which made of two metals having different CTE. The 

composition of the metal and their length so selected that it can compensate the 

filter response over temperature. The combination of Aluminium with CTE of 
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24 ppm/0C and Invar with CTE of 1.3 ppm/0C is used, which gives the advantage 

of superior filter performance without increasing its mass. 

The minimum frequency drift of 1.57 MHz achieved, for TM012 mode coaxial 

resonator, if the whole filter has fabricated from the Invar metal. However, it 

will increase the overall filter mass three times. The other approach is to use a 

composite coaxial post, which does not solve the purpose, as the sensitivity of 

post dimensions are negative and cavity height is positive.  

Table 6.1 calculates the frequency drift for the uncompensated filter completely 

fabricated from Aluminium. The optimum compensation achieved if the post 

made of Invar instead of Aluminium. The frequency drift for the post made of 

Invar and cavity made of Aluminium has calculated in Table 6.2. 

Table 6.1 Frequency drift calculation for resonator made from Aluminium 

 Cavity 

Diameter 

Cavity 

Height 

Post 

Diameter 

Post 

Height 

Nominal Value 

(mm) 

7 9 3 5.17 

Material Aluminium Aluminium Aluminium Aluminium 

CTE (ppm/0C) 24 24 24 24 

S (GHz/mm) -2.4514 

 

0.1287 

 

-0.2758 

 

-2.8848 

 

Δl (mm) 0.00672 

 

0.00864 

 

0.00288 

 

0.004944 

 

Δf (GHz) -0.016473 

 

0.001112 

 

-0.000794 

 

-0.01426 

 

Δftotal (GHz) -0.0304182 

 

PPM -25.2 
   

It has found that the frequency drift contributed due to post diameter and height 

is 43 kHz and 0.776 MHz, respectively, for the post made of Invar. The post 

height reduces drift by 14 MHz when post material changes from Aluminium to 
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Invar. Therefore, the total drift of the filter reduced to 16.18 MHz compared to 

30 MHz when the post made of Invar instead of Aluminium. It gives more 

margin in design with nearly the same mass as that of a filter fabricated with 

Aluminium. 

Table 6.2 Frequency drift calculation of resonator post made of Invar 

 Cavity 

Diameter 

Cavity 

Height 

Post 

Diameter 

Post 

Height 

Nominal 

Value (mm) 

7 9 3 5.17 

Material Aluminium Aluminium Invar Invar 

CTE (ppm/0C) 24 24 1.3 1.3 

S (GHz/mm) -2.4514 

 

0.1287 

 

-0.2758 

 

-2.8848 

 

Δl (mm) 0.00672 

 

0.00864 

 

0.000156 

 

0.000269 

 

Δf (GHz) -0.016473 

 

0.001112 

 

-4.3e-5 

 

-0.000776 

 

Δftotal (GHz) -0.01618 

PPM -13.4 
 

The filter housing made of Aluminium and post made of Invar may contribute 

to the practical problem of RF grounding due to unevenness between the surface 

of the cavity and the post. It may lead to the degradation of the RF response of 

the filter. So, the fabrication is quite challenging in the case of temperature 

compensated filter at very high frequency. Hence, a 100-micron grove made in 

each cavity where the post rest. 

6.4. Results and performance comparison 

Figure 6.5 shows the open view of the fabricated filter designed for the 

specification of Table 5.1, where two Invar post removed and shown separately. 

The Invar post rests inside each cavity and mounts with M2 stainless steel 
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socket head screws. The M1.6 gold plated socket head stainless steel screws 

used for tuning. The uncompensated filter made from Aluminium shown in 

figure 5.19. The filter is tuned at 30.24 GHz to care for the vacuum shift. The 

open view of the filter shown in figure 6.6.  

 

Figure 6.5 Open view of temperature compensated filter (post removed). 

 

Figure 6.6 Open view of temperature compensated filter (assembled view). 



Chapter 6                                                          Temperature Compensated Filter 

127 
 

The WR-28 waveguide calibration done on VNA and the filter connected to the 

waveguide adapter. The filter along, with the adapter, placed in the 

temperature-cycling chamber where the temperature varies from -150C to 650C. 

The two hours of temperature stabilization done at each hot and cold extreme. 

In hot, the filter response shifts lower, and in the cold, it shifts higher. The 

measured response of the temperature compensated TM012 mode coaxial 

resonator filter shown in figure 6.7.   

 

Figure 6.7 Measured response of temperature compensated filter over the 

temperature.
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Figure 6.8 Measured wideband response of temperature compensated filter over 

the temperature. 

 

Figure 6.9 Performance comparison of temperature compensated and 

uncompensated 5-2-0 filter. 
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The measured wideband response of the same filter over temperature shown in 

figure 6.8. The lower side of the passband shows the TE111 mode spurious is 

below 50 dB, and it does not affect the filter performance.  

Moreover, there is no variation and impact of spurious over the temperature. 

The rejection decreased far higher side of the passband due to the presence of 

other higher modes of the coaxial resonator. Figure 6.9 shows the performance 

comparison of compensated and uncompensated filter over the temperature 

under the same conditions.  

Table 6.3 Performance comparison of temperature compensated and 

uncompensated 5-2-0 filter 

Specification Values Uncompensated 

Filter 

Compensated 

Filter 

Centre Frequency 

(CF) 

30.25 GHz 30.25 GHz 30.25 GHz 

Bandwidth (BW) 500 MHz 500 MHz 500 MHz 

Insertion Loss < 0.5 dB 0.35 dB 0.33 dB 

Bandpass Flatness 

over BW 

< 0.3 dB 0.27 dB* 0.20 dB* 

Rejection at CF± 450 

MHz 

>20 dB 20.5 dB** 23 dB** 

Rejection at 20 GHz >90 dB >90 dB >90 dB 

Return Loss >20 dB >25 >25 dB 

Input and Output 

Interface 

WR-28 WR-28 WR-28 

Frequency drift  27 MHz (22.31 ppm/0C) 18 MHz  

(14.87 ppm/0C) 

Mass  34 grams 37.5 grams 

*worst case of flatness in hot 

**worst case of rejection in cold 

 

The compensated filter has a frequency drift of 18 MHz, while for the 

uncompensated filter, it is 27 MHz. The frequency drift in both the filters is 
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more in cold compared to hot. .The temperature-compensated TM012 mode 

coaxial resonator filter has 9 MHz less frequency drift than the uncompensated 

filter of identical configuration. The RF performance of temperature 

compensated filter is at par compared to uncompensated filter with an 

insignificant increase in the mass. 

6.5. Summary 

The analytical method of temperature compensation has developed using 

sensitivity analysis. The single resonator parameters are varied for analysis, 

and the contribution from each parameter has calculated.  The temperature-

compensated 5-2-0 TM012 mode coaxial resonator filter has developed using this 

analysis. It has the post made of Invar and the filter box made of Aluminium. 

The frequency drift of 5-2-0 temperature-compensated has reduced by 9 MHz 

compared to identical uncompensated filter. 
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Chapter 7 

Conclusions and Future Scope 

7.1. Conclusion 

The thesis presents two novel types of high Q high performance filters and 

their realization technologies for used in Ka-band high throughput satellite 

(HTS). These filters have very good in-band and out-of-band performance, and  

they require Q better than 2000 with wide spurious free range for their 

realization. The first is a modified non-radiative dielectric waveguide (MNRD) 

E-plane resonator bandpass filter where the basic structure of NRD is modified, 

and the resonators realized with metallic discontinuity introduced in the E-

plane of NRD.  The filter used the mechanical tuning where tuning screws used 

to tune the center frequency and bandwidth. The fabricated filter has an 

insertion loss of 2.3 dB at 29.2 GHz and tunable center frequency. This high loss 

attribute to the improper contact between dielectric slab, and unplated stainless 

steel grub screws and improper grounding between unplated parallel metal 

plates, and dielectric. 

The second is the higher-order mode coaxial resonator bandpass filter where 

higher-order TM012 mode of the coaxial resonator used for the first time for filter 

realization. It is the fourth mode of the coaxial resonator for the given geometry 

has ultra-wide spurious free range and very high Q require for the realization 
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of high-performance Ka-band HTS filter. The high Q attributed to the large 

volume to surface area ratio, which inherently provides the advantage of 

feasible size handling at Ka-band. The direct-coupled seven pole Chebyshev 

filter and cross-coupled filters 5-2-0, and 4-2-0 filters are designed and 

fabricated, which validates the concept of higher-order modes of the coaxial 

resonator for filter application, meeting all the specifications of a typical Ka-

band pre-select filter. To compare the performance of the coaxial filter with the 

existing waveguide technology, an identical configuration compact waveguide 

filter is designed and fabricated. The non-resonating post used for the 

realization of cross-coupling makes the waveguide filter compact, without being 

the addition of large-sized cavity for cross-coupling realization. The coaxial and 

waveguide 5-2-0 filters have tested over the temperature range of -150C to 650C, 

but the frequency drift of coaxial resonator filter is 2 MHz less than the 

waveguide filter, and it offers more design margin. The high power analysis of 

both these filters has done and found that the coaxial resonator filter can handle 

four times more power than its corresponding waveguide filter. The 

performance of both the filters has been compared and found that the 

performance of the coaxial resonator filter is superior having less frequency 

drift, high Q, better passband and stopband performance, and very high power 

handling capability. 

The frequency drift of conventional cavity resonator filters used in satellite 

communication depends on the CTE of material used for their fabrication. So, 

there is a trade-off between mass and RF performance of the filter where the 

low CTE Invar metal gives minimum frequency drift at the expense of mass. 
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But, in the case of the coaxial resonator filter, the temperature compensation 

can be modified by employing a combination of low and high CTE metal with a 

minimal increase in the filter mass. The analytical tool of sensitivity analysis 

used for temperature compensation where a single resonator very closely 

modelled the complete filter. The high Q temperature compensated coaxial 

resonator filter has demonstrated, whose frequency drift is 18 MHz for the 

temperature range of -150C to 650C, which is 9 MHz less than the 

uncompensated filter of identical configuration.  The RF performance of the 

compensated filter is superior compared to the uncompensated filter without 

any significant increase in the filter weight. It offers more design margin 

without increasing any design complexity. This approach maintains the Q and 

has same spurious free performance as that of uncompensated filter made from 

Aluminium. The drift calculated with sensitivity analysis is 16 MHz while the 

measured frequency drift is 2 MHz more, which is due to the different height of 

post in the different cavity and the significant contribution of the cavity 

diameter made of Aluminium. 

7.2. Future Scope 

This concept of higher order mode of coaxial resonator filter extended to Q-band 

(38 to 43 GHz) and V-band (60GHz). This concept offer advantage as at that 

band size handling pose limitation of mechanical tunable filter. Moreover, the 

cavity filters at these band offer fixed frequency drift which gives less flexibility 

in design margin. The other higher order modes like TM01N can be explore which 

further increase the Q-factor.  The other mechanism of temperature 
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compensation to be explored to minimize the frequency drift  near to zero, 

without  impacting the RF performance of the filter. Moreover, other higher 

order dual modes of coaxial resonators can use for filter application which can 

minimize the  filter footprint and save mass. 
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