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ABSTRACT 

 

RF and microwave filters can be implemented using ceramic coaxial resonators. This 

technology has been widely employed in nanosatellite communications systems recently, 

owing to its large quality factor (Q), permitting them to have low loss and narrow bandwidth. 

Features such as high selectivity, high power handling, excellent rejection, and low passband 

insertion loss are just a few of the key performance areas offered by ceramic coaxial 

resonators. This feature makes them suitable for use in bandpass filters.  

Applications with demanding specifications requiring low volume and mass make use of this 

technology. Fulfilling the required performance goals can be challenging, given the size and 

weight restriction. Difficulties such as finding the correct length of resonators and the 

coupling capacitors’ structure to meet the size restriction, limit the type of ceramic coaxial 

resonators to use. 

This thesis presents the design of a bandpass filter using ceramic coaxial resonators, which 

provides evidence of the concept for F’SATI’s future needs. This design will be used in an 

imminent space mission and the intention is to mount the bandpass filter in the receiver 

communications system. An intensive investigation was conducted into the use of filters for 

nanosatellite communication systems. The Chebyshev LC ladder low pass prototype was 

used to derive the conventional bandpass filter. Thereafter, the coupled resonator bandpass 

filter was derived using the conventional bandpass filter topology combined with the 

admittance inverter. Following this, using the ceramic coaxial resonators datasheet and 

information provided by the manufacturers, the coupled resonator bandpass filter was 

converted into a 3D model for further simulations, using CST Microwave Studio®. The 

ceramic coaxial resonator filter fabricated using Rogers’s material provided satisfactory 

results at its operating frequency between 2.2 GHz and 2.3 GHz. A radiation level test was 

performed on the filter to justify the use of the metallic enclosure. The test presented a low 

level of radiation measured at the filter operating frequency (2.25 GHz). The filter was also 

subjected to temperature cycling.  
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CHAPTER 1 

INTRODUCTION 

 

1.1 Application of microwave filters 

 

A CubeSat is a small satellite in the shape of a cube, weighing less than 1 kilogram. 

Launched into a low earth orbit (LEO), a CubeSat has a mission life expectancy less 

than 2 years compared with robust satellites. A CubeSat consists of different 

subsystems, each performing a specific task (Chin & Clark, 2012:1). The CubeSat 

has a telemetry and command system respectively in charge of sending and 

receiving data to and from the CubeSat. This telemetry system comprises the 

transceiver system, which then uses microwave filters to ensure that the information 

send and received is in the respective frequency band by separating the signals 

coming from various sources, to improve selectivity (Cebríán Herrera, 2014:14-16, 

35; Kalde, 2015:26-32).  The CubeSat communication subsystem is the most power 

consuming of all subsystems. This is due to the linearity requirement of the high 

power amplifier in the final stage of the transmitter of the communication subsystem. 

Figure 1.1 illustrates the receiver system used on board F’SATI ZACUBE 1 (F’SATI, 

2013:10).  

 

Figure 1.1: ZACUBE 1 transceiver block diagram (F’SATI, 2013:10) 

 

Satellite missions are diverse, but their primary mission is the ability to exchange 

information with the ground station. Such exchange of information relies on many 

subsystems to communicate with each other. The realization of a high Q filter at 

microwave frequencies when using lumped elements may become impractical 

because the wavelength becomes comparable, or smaller, to the physical dimensions 

of the circuit elements (Goyal et al., 2014:333). Each filter type (lowpass, highpass, 

bandpass and bandstop) has diverse responses (Chebyshev, Butterworth, Gaussian, 
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etc.). Cohn, 1968: 218-227, showed how a high Q dielectric resonators microwave 

bandpass filter is implemented using a dielectric disc as resonator. The disc 

resonator was implemented using filter and dielectric design theory. The analysis of 

the specification correlates well the measured and simulated results. Similarly Hano 

et al., 1986: 972-976, designed a directly-coupled quarter wavelength coaxial 

resonator bandpass filter for mobile application. The resonators were coupled to each 

other through apertures and were made from metalized high Q dielectric ceramic 

material. The filter was constructed by adjusting the resonant frequency and was 

beneficial for size-reduction due to coupling method used. Circuit complexity 

reduction can also be achieved by cascading two third-order parallel bandpass filters 

using common resonator sections as demonstrated by Chen et al., 2006: 1945-1952. 

Another way of implementing filters are by using waveguides, as demonstrated by 

Hunter et al., 2002: 794-803, who designed a waveguide and coaxial resonator filter 

with a Chebyshev response for military and satellite communication. Much work was 

done after this using others type of microwave filter implementation.   

 

With the advancement of technology, the development of communications systems 

requires the implementation of microwave filters of high-performance, lower 

manufacturing cost and high quality. Microwave filter design concentrates on some of 

the aspects mentioned above. These aspects are important limiting factors on the 

size and weight of the overall system. 

 

The goal of filter design and synthesis is to find a physical requirement that can 

satisfy the communication channel’s predefined specification. With the improvement 

of the communications system, meeting the specifications has become more 

challenging.  

 

 

Figure 1. 2: Down converter section in a receiver system 
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Figure 1.2 demonstrates the down converting path of a receiver communication 

system. In the system the received radio frequency ( RFf ) is mixed with the local 

oscillator frequency ( LOf ) to create an intermediate frequency ( IFf ). The 

intermediate frequency is the difference between the receive signal and the local 

oscillator signal. Frequencies such as the undesired image frequency and local 

Oscillator (LO) frequency should be rejected to an adequate degree to avoid 

performance degradation of the intermediate frequency signal.   

 

A common problem for bandpass filters are that the image frequency can be very 

close to the intermediate frequency, which could also pass through the bandbass 

filter, and therefore cause the reception of unwanted frequencies. The reception of 

unwanted frequencies will produce inter-symbol-interference which will result in the 

degradation of the signal of interest (Blake, 1997:156-165). The receiver system 

presented in Figure 1.1 requires a low passband insertion loss with high rejection at 

the passband edge, which prevents the degradation of the wanted signal.  

 

There are many ways of achieving good rejection, including the increase of the filter’s 

order and the use of transmission zeros. The increase of the filter’s order, leads to a 

degradation of the passband insertion loss as well as the addition of more 

components to the design, which thus results in an increase in the size, weight and 

cost of the generated system. The usage of transmission zeros is a more effective 

approach since it does not require additional components on the circuit and are 

generated by means of cross-coupling (Musonda et al., 2015: 8-10, Devlin,nd:1-12). 

 

Ceramic coaxial resonators (CCRs) are suitable for use on bandpass filters, as they 

can be easily arranged into the desired configuration because of their electrical 

properties. Aspects such as low cost, size reduction and good performance are some 

of the features achievable using CCR.  

 

1.2 Rationale 

 

The idea for this topic was initiated by the French–South African Institute of 

Technology (F’SATI).  The nanosatellite programme at the Cape Peninsula University 

of Technology is run at the research centre F’SATI. A study involving the design of a 

bandpass filter was required by F’SATI for their CubeSat transceiver system, based 

on CCR technology and operating at S-band. The realisation of the design using off-

the-shelf CCR is cost-effective as they are commercially available. Ceramic filters 

also offer small-size, low-loss, and reliable systems, owing to their high quality. The 
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process used to design the bandpass filter with CCR starts with the use of coupled 

resonator bandpass filter design techniques combined with some filter theory to 

implement the coupled resonators bandpass filter presented in Figure 1.3. To avoid 

the perturbation of the response, the structure of the coupling capacitor and the four 

CCRs are covered with a metallic enclosure. 

 

 

 

Figure 1.3: Ceramic coaxial resonator bandpass filter with capacitive coupling structure 

 

1.3 Objectives 

 

The ultimate aim of the project was to design a bandpass filter that would operate at 

commercial S-band used for downlink communication (2.2 GHz to 2.3 GHz), using 

CCR technology. The filter size should not be greater than 30 mm × 30 mm. A 

transmission zero should be designed between 1.9 GHz and 2.0 GHz to allow high 

attenuation at the defined rejection frequency. 

 

Certain outcomes were set to be achieved at the end of this study. The outcomes 

envisaged were: 

1. Design a lumped element bandpass filter circuit, at the desired frequency, with 

transmission zeros using ADS and CST Microwave Studio®. 

2. Transform the lumped element filter circuit to the capacitively coupled 

resonator circuit using couple resonator bandpass filter techniques. 

3. Convert it to a 3D field model in CST Microwave Studio® to optimise and 

evaluate the filter response and identify possible unwanted coupling. 

4. Manufacture the PCB and assemble the filter. 

5. Test the filter response and conduct environmental testing. 

6. Observe the radiation and coupling results with and without the filter 

enclosure. 

7. Redesign the filter if it does not meet the design specifications. 

 

Coupling Capacitor 

Structure 

Port 1 
Port 2 

Ceramic Coaxial Resonators 
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1.4 Investigative questions 

 

The investigation questions to guide the research were: 

1. How to assemble the ceramic resonators on the PCB without altering too 

much the inductance and capacitance between each ceramic resonator, 

which in turn will alter the filter response.  

2. How to minimise electromagnetic coupling at the end points of the resonator 

owing to the length of the resonator tab. 

3. How to implement an enclosure to prevent unwanted magnetic coupling from 

escaping into the surrounding environment. 

4. How to implement transmission zeros. 

5. How to implement the coupling capacitor structure. 

 

1.5 Overview of the thesis 

 

The purpose of the work presented in this thesis was to design a bandpass filter 

using COTS CCR technology. CST Microwave Studio® was used to perform 3D 

simulations of the bandpass filter circuital model, the capacitor coupling structure and 

the CCR structure. EM modelling simulation was done to visualise the effect of 

radiation around each CCR. Finally, the designed bandpass filter needed to meet not 

only the specification requirement, but also space environmental and physical 

requirements (size and weight). 

  

1.6 Organisation of the thesis 

 

The thesis is arranged in six chapters, with Chapter 1 providing the introduction.  

Chapter 2 provides background information on ceramic coaxial resonators and 

their electrical characteristics. Some background on microwave resonators as 

presented by their series and parallel equivalents is given. 

Chapter 3 presents an overview of the fundamental theory of RF and 

microwave filters. It first addresses the filter transfer function and the types of 

response. This is followed by the types of transformation design formulae and their 

implementation, using the Coupled resonator bandpass formulae. 

Chapter 4 presents the design. Here the detailed solution process to achieve 

the target is described. It first addresses the design formula to build the lumped 

element Coupled resonator bandpass filter. This chapter also discusses the 

bandpass filter implementation stage of the CCR 3D model construct using CST 
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Microwave Studio® and the electromagnetic simulation of the filter and the CCR 3D 

model. 

Chapter 5 presents the fabrication, testing, and discussion of results. Each 

building stage of the ceramic coaxial resonator bandpass filter is addressed here. The 

measurement procedure is also addressed in this chapter, and finally, a comparison 

between the simulated and measured results is presented.  

Chapter 6 provides conclusions and recommendations. It also provides 

recommendations for future work on the topic. 
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CHAPTER 2 

CERAMIC COAXIAL RESONATOR 

 

In this chapter, an overview of the basic properties of the ceramic coaxial resonator 

(CCR) is presented and the lumped element equivalent of the CCR is derived. In 

Section 2.1, microwave resonator RLC (resistor, inductor, and capacitor) lumped 

element basic properties are introduced. Section 2.2 describes the use of the 

transmission line as a resonator, and finally, Section 2.3 discusses the literature 

survey on ceramic coaxial resonators. 

 
2.1 Microwave resonators  

 
A resonator is a device that exhibit resonance at its resonant frequency. Applications 

such as filters, oscillators, tuned amplifiers and frequency meters make use of 

resonators which are key to their performance. At a frequency close to resonance, 

microwave resonators can be represented by either a series or a parallel RLC circuit. 

Circuits containing RLC elements have special characteristics useful in many 

applications (Pozar, 2005:266).   

At microwave frequencies, lumped element components, particularly capacitor and 

inductors, can no longer be treated as ideal. A real world capacitor and inductor is 

describes in Figure 2.1 (a) and (b) respectively.  

C

R
L

CLR

(a)

(b)
 

Figure 2.1: (a) Real word Capacitor, (b) Real world Inductor 
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As presented by figure 2.1 (a) a real world capacitor is made of a series resistance         

( R ) which represent the dielectric loss tangent as demonstrate by equation (2.1), and 

of series inductor ( L ) which is parasitic inductance introduced by the leads, which 

should be kept as short as possible.  

 

 tan

1

C
R   

(2.1) 

Similarly, a real word inductor in figure 2.1 (b) comprise of a parasitic resistance ( R ) 

in series with the inductor ( L ) which is the ohmic losses in the wire. This loss 

increase with frequency, due to skin effect, and due to the parasitic capacitance (C ) 

as electric fields are formed between the winding (Wentworth, 2007:506-515).  

 

(b)

(a)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.90.0 1.0

50

100

freq, GHz

0.0

M
ag

(Z
in

1
)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.90.0 1.0

freq, GHz

M
ag

(Z
in

1
)

50

100

 

Figure 2.2: (a) Real world inductor magnitude response, (b) Real world capacitor magnitude 
response (Adapter from Wentworth, 2007:506-515). 

 

Figure 2.2 (a) and (b) represents respectively the response of a real world inductor (a) 

and capacitor (b) (Verdelin, 2005:38-43).   
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2.1.1 Series resonant circuit 

 
A series resonant circuit is an electrical resonance accomplished with a resistor, an 

inductor and capacitor disposed in series so that the total impedance falls to a 

minimum at the resonant frequency. Figure 2.3 presents a lumped RLC connected in 

series across a voltage supply.  

V

R
L

C

 

Figure 2.3: RLC series resonant circuit (adapted from Pozar, 2008:267) 

 

The series RLC circuit has a property of resonating at a specific frequency called 

resonant frequency (𝑓
𝑟
).  

The RLC connected in series configuration has an input impedance ( inZ ) defined by 

equation (2.2) (Pozar, 2005:266-267; Collin, 2001:481-485),  

 1
inZ R j L j

C



    

(2.2) 

The complex power delivered to the resonator is 

 21 1

2
inP I R j L j

C




 
   

 
 

(2.3) 

and the power dissipated by the resistor ( R ) is 

  21

2
lossP I R  

(2.4) 

Energy is stored in two ways in the series RLC presented in Figure 2.3. 

a. As a magnetic field when the current ( I ) passes through an inductor ( L ) 

The total energy stored in the magnetic field ( mE ) is defined using equation (2.5) to 

(2.7). Equation (2.5) describes the total energy stored per unit time when current ( I ) 

flows down the wire. Taking the integral of this energy stored per unit time, with ( L ) 

as a constant it can be demonstrated in equation (2.6), that the energy stored in the 

magnetic field can be described by equation (2.7) (Griffiths, 2008:317). 

 

𝒁𝒊𝒏 
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mdE dI

WI LI
dt dt

    
(2.5) 

 
mdE dI

dt L I dt
dt dt

   
(2.6) 

 21

4
mE I L  

(2.7) 

 

b. As a static electric field when the capacitor (𝐶) is charged  

The total energy stored in the electric field ( eE ) is defined using equations (2.8) to 

(2.10). Equation 2.8 describes the rate of change of the energy stores in the electric 

field. 

 

 
e

q
dE dq

C

 
  
 

 
(2.8) 

Where: 

 q : is the charge  

Taking the integral of equation (2.8) to find the necessaries energy stored when q=0 

and q=Q lead to equation (2.9) 

 2

0

1

2

Q

e

q Q
E dq

C C

 
  

 
  

(2.9) 

Where: 

Q : is the total charge when current flow from the positive plate to negative 

plate. 

Then knowing that CVQ  , substituting in equation (2.9), equation (2.10) which is the 

total energy is derived (David, 2008:103-106). 

 2

2

1 1

4
eE I

C
  

(2.10) 

Resonance occurs in a series RLC circuit when the average stored magnetic and 

electric energy are equal.  
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At resonance: 

 The input impedance RZ in   which shows that the input impedance is 

purely real 

 The resonant frequency is derived using equation (2.11) 

 
0

1

LC
   

(2.11) 

At frequency close to resonance   0 , the input impedance of Equation (2.2) 

can be transformed as follows: 

 2inZ R j L     (2.12) 

Figure 2.4 represents a series RLC magnitude response which is the variation of 

impedance versus frequency.  

 

Figure 2.4: Series RLC response (adapted from Pozar, 2005:267) 

 

The response presented in figure 2.4 behaves both as a real world capacitor with 

magnitude response below resonance as well as a real world inductor above 

resonance as shown in Figure 2.2. Resonance occur at the frequency point 1 in 

Figure 2.4, therefore the inductive and capacitive reactance are equal in magnitude, 

but cancel each other because they are 180° apart in phase (Pozar, 2005:266-268; 

Behagi, 2015:4-7). 
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2.1.2 Parallel resonant circuit 

 

A parallel resonant circuit is an electrical resonance accomplished with a resistor ( R ), 

an inductor ( L ) and capacitor (C ) arranged in parallel so that the total impedance 

rises to a maximum at the resonant frequency. Figure 2.5 below is a lumped element 

RLC connected in parallel across a voltage supply.  

 

CV LR

 

Figure 2.5: Parallel RLC circuit (adapted from Pozar, 2005:269) 

 

The parallel RLC circuit is said to have a dual relationship with a series RLC circuit 

(Pozar, 2005:269-271). The RLC connected in parallel configuration has an input 

impedance defined by equations (2.13).  

 1

11










 Cj

LjR
Zin 


 

(2.13) 

The complex power delivered to the resonator is 

 








 Cj

L

j

R
VPin 



1

2

1 2
 

(2.14) 

and the power dissipated by the resistor (𝑅) is 

 2

1

2
loss

V
P

R
  

(2.15) 

Energy is stored in two ways in the parallel RLC presented in Figure 2.5. 

a. As a magnetic field when the current passes through an inductor 

 2

2

1 1

4
mE V

L
  

(2.16) 

 

 

 

𝒁𝒊𝒏 
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b. As a static electric field when the capacitor is charged 

 21

4
eE V C  

(2.17) 

Resonance occurs in a parallel RLC circuit when the average stored magnetic and 

electric energy are equal em EE    

  The input impedance RZ in   

 The resonant frequency is derived using Equation (2.18) 

 
0

1

LC
   

(2.18) 

At frequency close to resonance   0 , the input impedance of Equation 

(2.13) can be transformed as follows 

 

1 2
in

R
Z

j C


 
 

  

(2.19) 

This form of equation will be useful to derive the parameter of the distributed element 

resonator. Figure 2.6 represents a parallel RLC response which is the variation of 

impedance versus frequency (Pozar, 2005:269-271; Behagi, 2015:7-9). 

 

Figure 2.6: Parallel RLC circuit response (adapted from Pozar, 2005:269) 

 

The response presented in figure 2.6 behaves as both a real world inductor below 

resonance as well as a real world capacitor above resonance as demonstrated in 

Figure 2.2. Resonance occur at 1 as shown in Figure 2.6, therefore the inductive and 

capacitive reactance are equal in magnitude, but cancel each other because they are 



 14  

180° apart in phase. The parallel resonance circuit is resistive at resonance, inductive 

below resonance, and capacitive above resonance. 

 
2.1.3 Quality (Q) factor 

 

The Q factor of a resonant circuit is a measure of the selectivity of a resonant circuit. 

It is the ratio of the energy stored in the reactive element (inductor, capacitor) to the 

power dissipated ( lossP ) in the circuit resistance ( R ), multiplied by the angular 

frequency ( ). The resistor ( R ) in Figure 2.3 and 2.5 represents the loss in the 

resonator. It includes losses in the capacitor as well as in the inductor. 

a. Q factor in a series RLC resonant circuit 

 
The Q factor in a series resonant circuit is represented by Equation (2.20).  

 
m e

loss

E E
Q

P



  

(2.20) 

at resonance where 
m eE E  the Q factor transforms to equation (2.21). 

 

0

1
Q

RC
  

(2.21) 

The Q factor in a series RLC circuit increases as the resistor ( R ) value decreases 

(Pozar, 2005:268). However, the Q factor will decrease if the resistor value increases, 

causing losses in the circuit. 

 

b. Q factor in a parallel RLC resonant circuit 

 
The Q in a parallel resonant circuit is represented by Equation (2.22). 

 
m e

loss

E E
Q

P



  

(2.22) 

at resonance where 
m eE E  the Q factor transforms to equation (2.23) 

 
0Q RC  (2.23) 

 The Q factor in a parallel RLC circuit increases as the resistor ( R ) value increases. 
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The selectivity of a circuit is dependent upon the amount of resistance (losses) in the 

circuit. The lower the loss, the higher the Q and narrower the bandwidth. The higher 

the loss, the lower the Q, and wider the bandwidth (Pozar, 2005:270; Behagi, 2015:9; 

(Levy, 2002:784)). 

 

2.2 Transmission line resonators  

 

At microwave frequency, the conventional RLC lumped elements tends to be very 

difficult to achieve, as the small values of inductance and capacitance are physically 

unrealisable. Resonators can be implemented as short circuited half wavelength               

( 2 ) and quarter wavelength ( 4 ) lines or open circuited half wavelength ( 2 ) 

(Pozar, 2005:272).  

 

2.2.1 Short circuited half wavelength and quarter wavelength line 

 

Figure 2.7 represents a short-circuited line of length (  ) with a characteristic 

impedance ( 0Z ), propagation constant (𝛽) and attenuation constant (𝛼) (Pozar, 

2005:272-275). 

 

Figure 2.7: Short circuited transmission line (adapted from Pozar, 2005:273) 

 

a. Short circuited half wavelength (λ/2 ) line 

 

The input impedance (  ) of a line of   =  𝜆/2  where  at frequency 𝜔 =

𝜔0  
is defined by 

   jZZ in  tanh0  (2.24) 

 

 

inZ





2

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Using an identity of hyperbolic tangent equation (2.25) of the input impedance is 

derive 

 
0

tanh tan

1 tan tanh
in

j
Z Z

j

 

 





 

(2.25) 

At frequency near resonance, 
0    , assuming a transversal electrical 

magnetic line (TEM) with ωΔ  small the following is derived: 

 
0

p p pv v v

 



    

(2.26) 

Where: 

pv : phase velocity 

With the length 2 , for
0  , equation (2.26) transform to: 

 

0


 




   

(2.27) 

Substituting  in the input impedance in equation (2.25) the input impedance then 

transforms to  

 

0

0

inZ Z j





 
  

 
 

(2.28) 

 for ∆𝜔𝛼  /𝜔0 ≪ 1 the input impedance becomes 

 2inZ R jL     (2.29) 

Equation (2.29) shows that the short circuited half wavelength line and the series 

RLC circuit input impedances are similar. By equating Equation (2.12), (2.29) and 

(2.11), the resistance, inductance and capacitance equivalents are derived:  

 
0R Z   (2.30) 

 
0

02

Z
L




  

(2.31) 

 

0

1
C

L
  

(2.32) 
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b. Short circuited quarter wavelength (λ/4) line 

 

The input impedance  of a short circuited transmission line of 4  is defined by  

  0 tanhinZ Z j    (2.33) 

 









tanhtan1

tantanh
0

j

j
ZZ in




  

(2.34) 

Equation 2.35 is then obtained by multiplying the numerator and the denominator of 

equation (2.34) by cotj l then using the hyperbolic identity. 

 
0

1 tanh cot

tanh cot
in

j
Z Z

j

 

 





 

(2.35) 

for 4  at 
0  , and letting 

0    considering a TEM line the following 

are derived. 

 

02

 





   

(2.36) 

And taking the cotangent (cot), equation (2.36) becomes: 

 

022
cotcot
















  

(2.37) 

Which transform to: 

 

00 22
tancot














  

(2.38) 

Substituting equation (2.38) in equation (2.35) give the new input impedance defined 

by equation (2.39).  

 
0

02
in

Z
Z

j   


 
 

(2.39) 

For 02     the input impedance becomes  

 1

1 2
inZ

R j C


 
 

(2.40) 

 

inZ
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Equation (2.40) shows that the short circuited quarter wavelength line and the parallel 

RLC circuit input impedances are similar. By equating Equation (2.19), (2.40) and 

(2.18), the resistance, inductance and capacitance equivalents are derived: 

 
0Z

R


  
(2.41) 

  

0 04
C

Z




  

(2.42) 

  
2

0

1
L

C
  

(2.43) 

Figure 2.6 shows the parallel resonant circuit and its corresponding 4 short 

circuited. 

 

Figure 2.8: Short circuited quarter wavelength and a parallel RLC equivalence (adapted 
from Matthaei et al., 1980:216) 

 

2.2.2 Open circuited λ/2 line 

 
Figure 2.7 is a representation of an open circuited line which consists of an open 

circuited length of transmission line. This type of line is a practical resonator often 

used in microstrip circuits (Pozar, 2005:276-277). Such a resonator will behave as a 

parallel resonant circuit when the length is 2  or the multiple of 2 . 

 

Figure 2.9: Open circuit half wavelength line (adapted from Pozar, 2005:276) 
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The input impedance of an open circuit of length (ℓ) is given by 

  0 cothinZ Z j    (2.45) 

At frequency near resonance, 
0     the input impedance then transforms to  

 
0

0( )
in

Z
Z

j   


 
 

(2.46) 

 

Comparing the parallel RLC circuit input impedance with that of the open circuited 

half wavelength by equating equation (2.18),( 2.19) and (2.46), it shows 

 
0Z

R


  
(2.47) 

  

0 04
C

Z




  

(2.48) 

  
2

0

1
L

C
  

(2.49) 

 

2.3 Ceramic coaxial resonator 

 

Coaxial resonators have become common components in applications such as filters, 

oscillators, etc. A typical resonator consists of a shortened quarter wavelength line 

section, although an open circuit half wavelength may be used for some applications. 

It exists in two different types of coaxial resonators (forms); a quarter wavelength 

resonator with one end metallised to short circuit the centre conductor to the outer 

conductor, and a half wavelength resonator with both ends open (non-metallised). 

One form of a short circuit quarter wavelength transmission line is a coaxial cable as 

displayed in Figure 2.10 (Lierena Castro, 2014:8-9; Nalwa, 1999:524-530) and can be 

demonstrated by means of an outer and center conductor running along same 

longitudinal axis. The shielding prevents coupling to the adjacent line.  
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Figure 2.10: Coaxial cable schematic 

 

The characteristic impedance of a coaxial cable with a square outer conductor is 

defined by equation (2.50) as reported by Cohn, 1969:22. 

 

 
0

60 1.0787
ln

r

W
Z

d
  

(2.50) 

Where: 

r : is the material dielectric constant 

W : is the outer conductor width 

d : is the center conductor diameter 

Owing to their high dielectric constant (materials) value, coaxial resonators use the 

size-reducing effect to make the smallest possible components (filter, VCOs, etc.) at 

microwave frequency. Coaxial resonators with ceramic insert offer advantages such 

as high Q, size reduction, better shielding and temperature performance that are 

superior to those obtained from a conventional LC circuit or microstrip construction. 

Figure 2.11 below shows a typical structure of a commercially available ceramic 

coaxial resonator, with an approximately square-shaped cross-section outer 

conductor and a cylindrical inner conductor (Nalwa, 1999:495; Token, 2017:17-28; 

Trans-Tech, 2013a:1-12).  
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Figure 2.11: Ceramic coaxial resonator structure 

 

Figure 2.12 represents the equivalent circuit of a quarter wavelength ceramic coaxial 

resonator given by a common RLC circuit in parallel configuration. It shares similarity 

in term of shielding performance and characteristic impedance with a coaxial cable.  

This type of resonator also shows similarity in the computation of its lumped element 

components (RLC) to that of a ( 4 ) short circuited transmission line. The coaxial 

resonator lumped RLC presented by equation (2.55), (2.56) and (2.57) is similar to 

equation (2.41), (2.42) and (2.43). 

 

Figure 2.12: Parallel RLC with its equivalent coaxial resonator (Temex, 2015a:143) 

 

The characteristic impedance of a coaxial resonator is directly linked to the physical 

dimensions of the coaxial element which are width (W ), diameter ( d ) and length ( ), 

together with the dielectric constant of the ceramic material. The ceramic coaxial 

resonator frequency is a function of the resonator length ( ). This length is usually 

close to a half wavelength or a quarter wavelength of the required frequency.  

res
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The CCR length at its resonant frequency (
rf ) for a quarter-wavelength configuration 

is 

 4g  (2.51) 

where  is the wavelength of the guided TEM mode excited in the resonator defined 

by Equation (2.52) below 

 
g

res r

c

f



  

(2.52) 

where  is the speed of the light equal to 3 x 108 m/s. Substituting Equation (2.52) 

into Equation (2.51), the length of the quarter-wavelength CCR is defined by 

 

4
res

res r

c

f 
  

(2.53) 

The frequency of a quarter wavelength length CCR is then derived as 

 

4
res

res r

c
f


  

(2.54) 

The lumped elements of a quarter wavelength length CCR is then given by (TEMEX 

 2015a:142-146) 

 
C

ω
L

2

1
=

0

 
(2.55) 

  

004
=

Zω

π
C  (2.56) 

  

Cω

Q
R

0

=  
(2.57) 

 

BW

f
Q 0=  

(2.58) 

with  

 
0

60
.ln 1.079.

r

W
Z

d

 
  

 
 

(2.59) 

  

60
25.4

resw f
Q   

(2.60) 

g

c
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Where: 

W : width of the resonator profile 

d : inner conductor diameter 

r : material dielectric constant 

Equation (2.59) helps to determine the characteristic impedance of the  TEM coaxial 

component knowing the physical dimension of the profile (HP, LP, LS, SP, etc) and 

the dielectric constant ( r ) of the material (1000, 2000, 8800 and 9000) (trans-tech, 

2013:10). A CCR with high Q is suitable for filters; the higher the Q the lower the loss 

and the narrow the bandwidth as demonstrate by equation (2.57) and equation (2.58). 

Equation (2.53) shows that the resonator length decreases as the dielectric constant    

(11.5, 39.5 and 90) of each material increases.The higher the dielectric constant of 

each material, the higher the quality factor as per trans-tech datasheet provided in 

Appendix A. Figure 2.13 shows that from one material (D1000) to another (D2000) 

there is an increase in the quality factor value. The datasheet provided by the 

manufacturer shows limitation over the CCR length depending on each profile and 

operating frequency. This limitation in CCR length is to avoid the deterioration of the 

resonator performance in the operating frequency range. This deterioration in 

performance is caused by the removal of the silver coating of the CCR which then 

expose the ceramic material (Vendelin et al., 2005:306).  

 

2.3.1 Coaxial resonators mode propagation 

 

A wave propagates in a medium using various modes. Those modes are the 

transversal electric mode (TE), the transversal magnetic mode (TM) and the 

transversal electromagnetic mode (TEM). TE and TM are often find in a medium 

consisting of a single conductor such as waveguides and they are dispersive and 

frequency dependent (Stuart, 2007:377-396). A Transmission line, consisting out of 

two or more conductors such as a coaxial cable, can propagate a wave using the 

transversal electromagnetic wave mode (TEM). This mode is characterised by having 

the electric and magnetic fields perpendicular to each other and the direction of the 

conductor. In the TEM mode, the velocity of propagation is equal to the velocity of 

light in the dielectric material. Parameters such as voltage, characteristic impedance 

and current are exclusively defined in the TEM wave. The mode used in the CCR 

provided by trans-tech is the TEM mode. TEM mode in the CCR has no electric and 

magnetic field in the direction of propagation because they are shield with the silver 
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enclosure as presented by Figure 2.11(Stuart, 2007:306, 388, 394; Pozar 2015:106-

117; Collin, 2001:96).  

 

2.3.2 CCR size and materials 
 

Ceramic coaxial resonators are offered by numerous manufacturers, such as Trans-

Tech, Integrated Microwave Corp, Tusonix, Temex Ceramics, etc. Depending on 

each manufacturer, ceramic resonators are offered in different sizes and materials 

(dielectric constant). CCRs from each manufacturer are made for specific applications 

and can operate at microwave frequency ranges depending on their applications. 

Coaxial resonators offered by Trans-Tech are available in seven sizes and four 

materials (dielectric constant) value. These resonators are for applications that span 

from ultra-high frequency (UHF) to 6 GHz. Table 2.1 below shows the different sizes 

of ceramic resonators provided by Trans-Tech with their nominal length. 

Table 2.1: Ceramic coaxial resonator dimensions (adapted from Trans-Tech, 2013a:1-7) 

Sizes (Profile) Width (inches) Diameter (inches) 

HP 0.476 ± 0.005 0.131 ± 0.004 

EP 0.316 ± 0.005 0.101 ± 0.004 

SP 0.237 ± 0.004 0.095 ± 0.004 

LS 0.155 ± 0.004 0.062 ± 0.004 

LP 0.155 ± 0.004 0.038 ± 0.003 

MP 0.119 ± 0.004 0.032 ± 0.003 

SM 0.080 ± 0.003 0.032 ± 0.003 

 

Table 2.2 presents the different materials and their operating frequency ranges for a 

quarter wavelength resonator.  

Table 2.2: Frequency range for different materials and profiles (adapted from Trans-
Tech, 2013a:1-7) 

Profile HP EP SP LS LP MP SM 
1000 

Er=11.5±0.5 
1100-1720 1100-2390 1100-2960 1100-4400 1100-3920 1100-4860 1100-4860 

2000 
Er=21.5±1 

800-1200 800-1700 800-2200 800-3200 800-2900 800-3600 800-3600 

8800 
Er=39.5±1 

600-900 600-1200 600-1600 600-2300 600-2100 600-2600 600-2600 

9000 
Er=93±2 

400-600 400-800 400-1000 400-1500 400-1400 400-1700 400-1700 

 

Figure 2.13 overleaf shows the chart describing the resonator Q factor versus 

frequency for different materials and sizes. This is available on the manufacturer 

datasheet (Trans-Tech, 2013a:1-7). Appendix A contains the complete datasheet 

from Skyworks. 
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Figure 2.13: Q factor versus frequency for different resonators’ profiles (Trans-Tech, 
2013:2) 

 

The graph of Figure 2.13 indicates that each size (HP, EP, SP, LS, MP, SM) only 

operate in a specific range of frequency. Larges sizes (HP, EP and SP) have the 

highest Q in all the materials, while lowest sizes (LS, LP, MP and SM) have 

moderated Q factor and a larger operating frequency band. Figure 2.13 also presents 

deciding criteria, frequency of operation and quality factor, to consider when selecting 

the size and material to use. These criteria are important factors that would affect the 

weight and size of the overall design. In this design, the selected CCR size is based 

on these factors and the design specification. This criterion would play a big role at 

the design stage in Chapter 4. The designer would have to carefully choose the size 

of the resonator, having different sizes is not recommended as it can comprise the 

overall weight and size of your design. Also, to avoid degradation of the frequency 

response the designer should ensure that the selected size remains in the defined 

range.  

 
 
2.4 Summary 

 

This chapter discussed the theory of ceramic resonators. Initially, a review of 

microwave resonators and transmission line resonators was presented. Next, a 

presentation on ceramic resonators in terms of their applications and features was 

done. Transmission line resonators such as quarter wavelength short circuited and 

half wavelength open circuited resonators result in a parallel resonant circuit. Close to 

resonance, the series and parallel RLC network input impedances reduce to equation 

(2.12) and (2.19). Similarly, the Q factors of the series and parallel resonant circuit 

reduce to Equation (2.21) and (2.23), which show the variation of the Q factors in 

function of the resistance ( R ) which represents the loss. Therefore a high Q 

corresponds to a low loss and a lower Q corresponds to a higher loss as per equation 
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(2.57). It is usually desirable to achieved high Q factors in resonators, as they will 

lead to lower losses in filter applications.  

At higher RF frequencies, resonators are seldom realised with discrete lumped 

element RLC components. This is due primarily to their small values, which are 

physically unrealisable. To avoid the disadvantage of lumped elements RLC, 

microwave resonators can be realised as ceramic resonators which have a high-

quality factor, low loss, better shielding, are small in size, etc. Ceramic resonators are 

available in various types and materials. The quarter wavelength short circuited and 

the half wavelength open circuited resonators behave similarly to the parallel 

resonant circuit.  
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CHAPTER 3 

COUPLED RESONATOR 

 

This chapter provides a literature review on the concept and theory of microwave filter 

basics. The chapter also discuss transmission zeros and filter implementation for 

various types of filters. Finally, the rationale for a particular choice of filter in 

nanosatellites is presented.  

 

3.1 Filter transfer function 

 

The transfer function of a two-port network can be described in terms of a block 

diagram and equations as follows: 

 

Figure 3.1: Transfer function block diagram 

 

The filter transfer function is defined as 
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where  is the Chebyshev ripple constant,  nF  represents a filtering or 

characteristic function and  is a frequency variable of a low pass prototype filter. 

The transfer function of a linear time-invariant network can be defined as a rational 

function: 
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where and  are polynomials in a complex frequency variable   
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The insertion loss response of the filter is then given by: 
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and the return loss for a lossless passive two-port network is derived by: 

     dBjSLR
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211log10      (3.5) 

3.1.1 Poles and zeros on the complex plane 

Considering the complex plane  , in Figure 3.2, having  
 
 



D

N
S 21

 as 

transfer function. 
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Figure 3.2: Example of a complex plane 

 

The zeros of  or transmission zeros are the roots of the numerator  and 

the poles of  or natural modes are the roots of the denominator . Each 

zero or pole can be either a real or complex number. In the filter stopband, the 

transmission is required to be zero or small, and the filter transmission zeros are 

usually placed on the axis at the stopband frequencies. For the filter to be stable, 

all the poles must lie in the left half of the plane or on the imaginary axis (Hong & 

Lancaster, 2001:29-30). 
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3.1.2 Butterworth response 

 

The Butterworth response is the simplest approximation to an ideal low pass filter. 

The response is flat at DC and rolls off to 3 dB at 1   before flattening out again at 

infinity as shown in Figure 3.3. 

 

Figure 3.3: Frequency response of Butterworth low pass filter for varying N (adapted 
from Pozar, 2005:402) 

 

The transfer function describing this response is given by 
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and the insertion loss is 

    210log 1 N

AL dB    (3.7) 

where  is the degree or order of the network, which corresponds to the number of 

reactive elements required in the low pass prototype filter (Hong & Lancaster,  

2001: 31; Verdelin, 2005:274-275). 

 

3.1.3 Chebyshev response 

 

The Chebyshev response contains ripples in the pass-band region and is maximally 

flat in the stop-band region as shown in Figure 3.4.  
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The transfer function that describes this type of function is defined by 
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The insertion loss of this response is defined by 

     2 210log 1A NL T dB     (3.9) 

where the ripple constant 𝜀, controls the ripple in the passband and is defined as 

 
1010 1

AL

    

(3.10) 

where  is the 𝑁𝑡ℎ order Chebyshev polynomial and 𝜀 < 1  is a real constant ( Hong 

& Lancaster, 2001:32; Awang, 2014:244). 

 

Figure 3.4: Chebyshev low pass response (adapted from Pozar, 2005:402;  

Verdelin, 2005:276-278) 

 

3.1.4 Transmission Zeros 

 

Transmission zeros (TZ’s) are critical frequencies where signal transmission between 

the input and output of a linear two port network has zero transmission. Transmission 

zeros can occur at DC, finity and infinity. The transmission zero at DC produces a 

series capacitor or a shunt inductor. If the number of transmission zeros at DC is 

increased, it would result in the increase of the filters selectivity in the lower stopband. 
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The transmission zero at DC would add one degree to the filter transfer function and 

it is used in the highpass and bandpass filters.  

Transmission zeros at infinity on the other hand is needed in lowpass and bandpass 

filters. An increase in the number of infinity transmission zeros would result in an 

increase of filter selectivity in the upper stopband. This type of transmission zero also 

adds one degree to the filter transfer function. Finally, a transmission zero at a finite 

frequency add two degrees to the filter transfer function. They are realized either as a 

parallel resonator in series or series resonator to ground. The parallel resonator in 

series stops signal flow by being an open circuit at the resonant frequency while the 

series resonator to ground becomes a short circuit at the resonant frequency (R.W 

Rhea, 2014:1-3, 13). In Chapter 4 the finite transmission zero (1.98 GHz) is 

implemented at the 3D model design stage. This transmission zero will be created by 

cross-coupling between two CCRs (Tung, 2015:1-3).  

 

3.2 Filter implementations 

 
Filters can be designed using the image parameter method or the insertion loss 

method. The image parameter method does not offer a distinctive way to improve the 

response of the design compared to the insertion loss method. This conventional 

lumped element filter is available for a limited microwave frequency range, as it is 

awkward to implement at higher frequency. In addition, at microwave frequency, the 

electrical distance between filter components is not negligible. For this reason, 

distributed components are used as reactive elements (Pozar, 2005:405). 

 

3.2.1 Transmission line resonators 

 

A. Impedance and admittance inverters 
 

This technique is used in order to implement bandpass and bandstop LC series and 

parallel resonators into the transmission line. Series and parallel LC resonators are 

very difficult to implement using transmission line section. For this reason it is 

preferred to have either all shunt or all series elements. Kuroda’s identities are useful 

for transforming a capacitor or an inductor to either series or shunt transmission line 

stubs, but not useful for transforming a LC resonator. Impedance and admittance 

inverters are used to transform series and parallel resonators to transmission line 

stubs. These techniques are especially useful for bandpass and bandstop filter 

having narrow bandwidths. 
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An impedance inverter converts load impedance ( LZ ) to its inverse, while an 

admittance inverter converts load admittance ( LY ) to its inverse: 

 2

in

L

K
Z

Z
  

(3.11) 

 2

in

L

j
Y

Y
  

(3.12) 

They can be used to transform between series connected and shunt connected 

elements. A series LC resonator can be transformed to a parallel LC resonator or vice 

versa. 

Impedance inverters

Admittance inverters

 

Figure 3.5: Operation of impedance and admittance inverters 

 

Impedance and admittance inverters can be constructed using a quarter wave 

transformer as shown in Figure 3.6 (a), or as T network and pi network of capacitors 

as shows in Figure 3.6 (c) and finally as a transmission line with reactive elements as 

presented on Figure 3.6 (b). 
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Figure 3.6: Impedance and admittance inverters. (a) Implementation as quarter- wave          
transformers. (b) Implementation using transmission line and reactive elements. (d) 

Implementation using capacitor network (adapted from Pozar, 2005:411-412) 

 

B. Quarter-wave resonators filter 
 

Quarter-wave short circuit transmission line stubs look like a parallel resonant circuit. 

They can be used as the shunt parallel LC resonator for bandpass filter. Quarter 

wavelength connecting lines between the stubs will act as admittance inverter, 

effectively converting alternate shunt stubs to series resonators. The response of this 

type of filter using N stubs is essentially the same as that of the lumped element 

band-pass filter of order N for a narrow bandwidth passband. The circuit topology of 

such filter is convenient in that only shunt stubs are used, but a disadvantage in 

practice is that the required characteristic impedance of the stubs lines is often 

unrealistically low (Pozar, 2005:427). 

 

3.2.2 Coupled resonator filter 

 

Another way of implementing bandpass filters is by using the top C coupled parallel 

resonators as shown in Figure 3.7, where parallel LC resonators to ground are 

capacitively coupled internally and externally with series capacitors. One can decide 

to either equalise all inductors or all parallel capacitors. The parallel LC resonator 

shorted to ground can be made from a section of coaxial line using ceramic materials 
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having a very high dielectric constant and low loss, resulting in a very compact 

design. Such filters are often referred to as ceramic resonator filters, and they are 

currently the most common type of RF bandpass filter used in portable wireless 

systems (Sagawa et al., 1985:152-157). This design method is shown in Chapter 4, 

for an S-band bandpass filter. 

Rb=50Ω 
Ra=50Ω 

CCR1 CCR2 CCR3 

C2 C3C1

C34C01 C12 C23

Lres3Lres2Lres1

 

Figure 3.7: Third order coupled resonator bandpass filter (adapted from Rhea, 
1994:155) 

 

The transformation of a conventional bandpass filter into a coupled coaxial bandpass 

filter with capacitive coupling is possible using the J-inverter method (Matthaei et al., 

1980:429-433, 482-483). The method is used in circuit having a shunt type 

resonance. It should be noted that the K-inverter method is used in circuit having 

series type resonance but it is be discussed in this design (Verdelin, 2005:286-288). 

The method of implementing coupled resonator using J-inverter is as follows, 

1. Choose the values for the parallel capacitors , ,….. and . 

2. From the parallel capacitors calculate the resonator Inductance values. 

Let first determine the equation of the slope ( jb ) of the j  resonator. This equation is 

key in finding the resonator inductance ( resL ) values. The susceptance slope ( jb ) is 

define by (Levy, 2002:785): 
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j  
(3.13) 

Where: 

  jb : is the susceptance of the resonator for all values of j 

Equation 3.13 is then transformed to equation 3.14 for a shunt LC resonator, which 

shows the resonance condition presented in Chapter 2. 

1resC 2resC nresC
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LCb j

0

0

1


   

(3.14) 

 

Depending on the value chosen to be fixed or to varied Let make resL the subjects of 

the formula equation (3.15) is derive: 

 
ntojfor

C
L

jres

jres 1,
.

1
2

0




 
(3.15) 

Note that the inductance can be chosen and the node capacitances calculated if 

desired. 

3. Calculate the admittance inverters: 

 

'

110

10
01





gg

bG
J A  

(3.16) 

  

Substituting equation (3.14) in equation (3.16) equation (3.17) is derived with    
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The j admittance for the rest of j elements are found using the below equations: 
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Substituting equation (3.14) in equation (3.18) it leads to equation (3.19) 
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Similarly equation 3.20 is derived and transform to equation 3.21 
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4. Calculate the coupling capacitance using the admittance inverters. 

This is possible by first deriving the external Q factors at the input and output port. 

Equations below define the external Q. 

At input port 
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Let substitute equation (3.16) in equation (3.22) the external Q reduce to equation 
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At output port 
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Let substitute equation (3.20) in equation (3.24) the external Q reduce to equation 

(3.25) 
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The coupling coefficient are then derived by equation (3.26) 
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By substituting equation (3.18) into equation (3.26), the coupling coefficient is reduce 

to equation (3.27) 
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With the k-inverter values define by: 

   1-1
1

1,

1, ntojfo
LL

M
k

jj

jj

jj 




                     (3.28) 

Substituting equation (3.28) with equation (3.27) after manipulation, the coupling 

capacitances are defined by: 
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5. Calculate the net shunt capacitance using the coupling capacitance and the 

preselected nodal capacitance. 
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Summary 

 

A filter is a very important block in a transceiver system. Its role is to separate signals 

coming from various sources and to improve selectivity. Depending on its primary 

role, various types of passband exist. Different ways to design and implement RF and 

microwave filters exist. Filters can be implemented using lumped element methods 

such as the image parameter and insertion loss method, transmission line stub and 

transmission line resonator.   

The form of filter chosen for any given application will depend on many factors, such 

as: 

 Filter performance 

 Cost 

 Emplacement in the system 

 Operating frequency 

 Weight 

 Size 

 

It is evident that traditional lumped element and waveguide filters at microwave 

frequency are no longer suitable, adequate and efficient for today’s technology that 

requires small-sized, compact and low-cost solutions. Microwave filters for use in 

CubeSat systems use critical components, thus the need to be lightweight and small. 

Filters with good performance parameters and of small size are required to improve 

the overall performance of the system while reducing the cost of the manufacture. 

Transmission line resonator filters are extremely useful when designing bandpass 

and bandstop filters. Recent innovations in ceramic materials have made it possible 

to achieve good performance while reducing the size, space, and cost of the system. 
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CHAPTER 4 

S-BAND BANDPASS FILTER DESIGN  

 

This chapter deals with the design and implementation process using the design 

specifications in Table 4.1 defined by F’SATI. Sections of this chapter comprise the 

presentation of the CCR large profile (LS)  from Trans-Tech,  the lumped element and 

3D implementation of the bandpass filter,  the E-field distribution characterisation of 

the ceramic resonator and finally the design of the capacitor coupling structure.  

   

4.1 Skywork CCR equivalent circuit 

 

In Section 2.3 of Chapter 2, the equivalent circuitry of the CCR was introduced. 

Skyworks coaxial resonators are available in seven sizes (HP, EP, SP, LS, LP, MP, 

SM) and four dielectric constants (11.5, 21.5, 39.5, and 93) with application frequency 

ranging from 300 MHz to 6 GHz. Provided in Appendix A is a Skyworks datasheet 

with valuable information on the CCR.  There are two forms of CCR: the quarter 

wavelength and the half wavelength. The quarter wavelength has a silver coating 

applied to one end and the half wavelength has both ends open. Figure 4.1 presents 

the quarter wavelength CCR structure. The silver coating around the CCR makes for 

very low conductor losses. The losses of the dielectric material are very low due to 

their very low loss tangents (0.0005) (Trans-Tech. n.d: 2.34-2.40).   

 

 

Figure 4.1: Quarter wavelength ceramic coaxial resonator 
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4.2    Filter specification  

 

The specification presented in Table 4.1 was provided by F’SATI to meet the 

requirement of the forthcoming ZACUBE 2 communications system. A 4th order 

coupled resonator bandpass filter was designed using the equations defined in 

Chapter 3. 

Table 4.1: Specification 

 

 

 

 

 

 

 

 

 

 

 

4.3 Capacitively coupled resonator bandpass filter 

 

The basic bandpass filter made of alternating series and parallel resonators is used to 

derive the coupled resonator bandpass filter. A practical microwave network is difficult 

to achieve by using this alternating resonator due to the unrealistic values of 

reactance. One way to deal with narrow band bandpass filters, is to think of the filter 

in terms of coupled resonators of identical topology as shown in Figure 3.7, which are 

based on the design formula of the lumped element capacitively coupled resonator 

bandpass filter. The resonator in Figure 3.7 is connected with coupling capacitors 

(Matthaei et al., 1980:481). It is important to know that inductive coupling is possible; 

however, it is not addressed in the current study. 

 

  

Bandwidth  From 2.2 GHz to 2.3 GHz 

Centre frequency 2.25 GHz 

Insertion loss < 2 dB  

In-band Insertion loss flatness Δ Insertion loss must be ≤ 0.5 dB 

Return loss  ≤ -14 dB 

Transmission zero Between 1.9 GHz and 2 GHz 

Power handling 5 W – 10 W 

PCB dimensions Max height: 20 mm 

Thickness x width x length : 1.6 mm x 30 mmx 30 mm 
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4.3.1 Lumped element capacitively coupled resonator bandpass filter 

 

To demonstrate the design method, a coupled resonator bandpass filter with a 

passband covering 2.2 to 2.3 GHz is required. This is used in the CubeSat 

transceiver module where a trade-off between performance and size is extremely 

important. The circuit topology adopted for the filter is identical to the 5th order 

coupled LC bandpass filter shown in Figure 4.2.  

 

C01 C12

C5C4C2 C3C1

C56C45C34C23

Lres5Lres4Lres3Lres2Lres1

Rb=50Ω Ra=50Ω 

 

Figure 4.2: Fifth order capacitively coupled resonator bandpass filter 

 

Presented in Table 4.2 are the lumped element values of a 5th order coupled 

resonator bandpass filter with 0.01 dB ripple. The values in Table 4.2 are computed 

using equation (3.13) to (3.38). Table 4.2 shows a consistency in the capacitor and 

inductor values. These values are kept constant in an attempt to use only one profile 

during the 3D model simulation and the implementation stage. The values are kept 

constant so that all the calculated frequencies would belong to one profile (LS, SP, 

SM, etc.). Making use of the selected profile gives the designer control over the cost 

and size of the filter. Figure 4.3 shows the simulated response with a passband 

insertion loss less than –0.5 dB and a return loss smaller than –20 dB. 

Table 4.2: Fifth order bandpass filter parameter values 

 𝑪𝒓𝒆𝒔 𝒋 [𝒑𝑭] 𝑳𝒓𝒆𝒔 𝒋 [𝒏𝑯] 𝑱 𝒋,𝒋+𝟏  𝑪 𝒋,𝒋+𝟏 [𝒑𝑭] 𝑪 𝒋 [𝒑𝑭] 

0 - - 7.687 0.588 - 

1 3.56 1.405 2.252 0.159 2.9 

2 3.57 1.401 1.564 0.11 3.3 

3 3.58 1.397 1.568 0.111 3.36 

4 3.59 1.394 2.271 0.16 3.32 

5 3.6 1.389 7.73 0.593 2.936 

 

j
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Figure 4.3: Fifth order bandpass filter simulated response 

  

 

4.3.2 Coupled resonator bandpass filter symmetry characteristic 

  

Important manifestations of symmetry in an electrical filter are the physical and the 

response symmetry. The physical symmetry is the reflection of the element type and 

value with regard to the input and output, while the response symmetry shows 

identical selective above and below the passband. Physical symmetry has the 

advantage of reducing the number of elements to be modelled, tested and ordered, 

as well as the required simulation time to devote during electromagnetic simulation  

by only simulating part of the design due to the fact that all the component in the left 

are mirror in the right (Rhea, 2014:115). Displayed in Figure 4.4 is a 4th order coupled 

resonator bandpass filter with physical symmetry.  

Rb=50Ω Ra=50Ω 

CCR1 CCR2 CCR3 CCR4

C4
C2 C3C1

C45C34C01 C12 C23

Lres4
Lres3Lres2Lres1

 

Figure 4.4: Fourth order coupled resonator bandpass filter 
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The element types and values in Figure 4.4 are mirrored around the coupling 

capacitor . The physical symmetry is expressed by the following equivalences: 

 41 CCRCCR   

 32 CCRCCR   

 5,41,0 CC 
 

 4,32,1 CC 
 

Following the design and procedure described in Section 3.2.2, and considering the 

physical symmetry, the following are derived:  

 The values for  and  are selected to be  and  

respectively. These values are selected in such a way to have the inductor 

values as close as possible to each other. Owing to the physical symmetry 

around  only  and  are chosen. The two selected CCR 

Lumped element (LC) values are purposely designed not to be equal, which 

can cause the entire resonator to resonate at the same frequency. This will 

cause the filter to have a flat return loss. 

 The lumped elements values of the resonator inductance are found using 

Equation (3.15). The following values are obtained: 

 nHLL resres 401.141   

 nHLL resres 405.132   

 The admittance inverter values are computed using Equation (3.17), (3.19) 

and (3.21): 

 
3

10 10929.7 J , 

 
3

21 10419.2 J  

 
3

32 1077.1 J  

 The coupling capacitor values are computed using Equation (3.29), (3.30) and 

(3.31): 

 pFCC 61.05,41,0   

 pFCC 171.04,32,1   

 pFC 125.023   

 

23C

1resC 2resC pF57.3 pF56.3

23C
1resC 2resC
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 The net shunt capacitances are computed using Equation (3.32), (3.33) and 

(3.34): 

 pFC e 514.010   

 pFCC 86.241   

 pFCC 264.332   

Table 4.3 represents the admittance inverter calculated values. Figure 4.5 is the 

schematic of the 4th order coupled resonator bandpass filter. Similarly as in the 

demonstration example in Section 4.3.1, the capacitor and the inductor values are 

kept constant in order to have only one profile (LS, SP or SM).  

Table 4.3: Calculated values of the coupled resonator bandpass filter  

 𝑪𝒓𝒆𝒔 𝒋 [𝒑𝑭] 𝑳𝒓𝒆𝒔 𝒋 [𝒏𝑯] 𝑱 𝒋,𝒋+𝟏  𝑪 𝒋,𝒋+𝟏 [𝒑𝑭] 𝑪 𝒋 [𝒑𝑭] 

      
0 - - 7.929 × 10 3 0.61 - 

1 3.56 1.405 2.419 × 10 3 0.171 2.86 

2 3.57 1.401 1.77 × 10 3 0.125 3.264 
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Figure 4.5: Fourth order capacitvely coupled resonator  

bandpass filter 
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Figure 4.6: Simulated result of the fourth order coupled resonator 

 bandpass filter 

 

The response presented in figure 4.6 displayed two lobes instead of 4 lobes in the 

return loss response. Notice that the response is not even in the entire band because 

calculated values are used at this stage. The components will undergo tuning and 

optimisation for a more stable response in Section 4.3.3. It should be noted that when 

dealing with the 3D model simulation the transmission zero would result from the 

cross-coupling between two resonatos. 

 

4.3.3 Coupled resonator bandpass filter with finite transmission zero 

 

There are different ways of implementing a finite transmission zero on a filter 

response. A finite transmission zero is implemented into the design by either adding a 

parallel resonator in the series arm of the network or a series resonator to the ground 

as presented in Figure 4.7.  
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Figure 4.7: Finite transmission zero topology placement 
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Figure 4.8 below is the 4th order coupled resonator bandpass filter with one rejection. 

The rejection was implemented by adding a series resonator to ground in the 

network. The rejection notch is added to this design to avoid performance 

degradation or specification failure at the required frequency (1.98 GHz to 2 GHz).   

Cn

Lres1
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Ra

Ln

C23C12
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C3 Lres4

C4
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Figure 4.8: Fourth order Coupled resonator bandpass filter with TZ 

 

In addition to finding the correct values of the capacitor, tuning and optimisation of the 

design components are also required to maintain an adequate response. The 

simulation result after adding the rejection notch is presented in Figure 4.9. The 

simulation shows clearly that there is a slight change in the insertion loss and return 

loss values, but the rejection at 1.98 GHz has improved. The transmission zero 

implementation may be more effective during the design using the CCR 3D model in 

CST Microwave Studio®, as the coupling between CCR creates inductive and 

capacitive coupling. Thus at that stage, the lumped LC place to ground will be 

produced by the cross coupling between the resonators (Tung,2015:1-3).  
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Figure 4.9: Simulation result of a fourth order coupled resonator  

bandpass filter with 1 TZ 

 

4.4 Parallel LC element conversion to CCR 

 

The parallel LC shunt elements in Figure 4.5 are converted into CCR using Equations 

(2.18), (2.53) and (2.56). The resonant frequency of each CCR is computed using 

Equation (2.18), its length using Equation (2.53) and the characteristic impedances 

are computed using Equation (2.55) or Equation (2.56).  

Table 4.4 shows the calculated values for each resonator. Only resonator 1 and 2 are 

computed here because of the physical symmetry around  explained above. 

 

 Table 4.4: CCR lengths and frequency values 

 Length 
(mm) 

Frequency 
(GHz) 

Characteristic 
impedance (Ω) 

    
CCR1 8.796 2.514 17.382 

CCR2 9.411 2.350 16.295 

 

Based on the calculated values of each CCR, the resonators are selected using the 

available datasheet from the manufacturer. Skyworks LS profile with operating 

frequency from 1100 to 4400 MHz was selected. Although the selected profile 

characteristic impedance does not match that of the datasheet, the impedance value 

of the resonator at the practical stage can be increased by removing the silver coating 
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from the open side of the CCR, see Appendix B for more detail. At simulation stage 

using CCR 3D models, increasing the resonant frequency would cause a decrease in 

the resonator length, thus a physical reduction of the CCR length in the simulation 

software is required. Also the calculated resonant frequency of each CCR fall in the 

range of frequency allocate to the LS profile, therefore the component is ordered 

using the chart provided in the datasheet taking in consideration the calculated CCR 

frequency. Figure 4.10 is the representation of the physical dimensions of the LS 

CCR. This physical dimension is used in CST microwave studio to create the 3D 

models of the CCR (Trans-Tech, 2007a:1-2). The complete dimensions of all profiles 

may be found in Appendix A. 

 

Figure 4.10: LS profile dimension diagram (adapted from Trans-Tech, 2007a:1) 

 

4.5 Ceramic coaxial resonator bandpass filter design using CST Microwave Studio®  

 
Using CST Microwave Studio®, the 3D structure of the resonator is built using the 

physical dimensions presented in Figure 4.10 with a dielectric constant (𝜀𝑟) of 11.5. 

Figure 4.11 is the 3D representation of the ceramic coaxial resonator with lumped 

element coupling capacitors and lumped element ports.  
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Figure 4.11: Coupled bandpass filter equivalent 3D structure 

 

The simulated result is presented in Figure 4.12. This result clearly shows that the 

response is not sitting in the required band of frequency, causing a shifting of the 

frequency response to the left. This is due to the resonator tabs, which cause the 

increase in the resonator length and consequently the increase of inductance (L) of 

the equivalent circuit. Another parameter that contributes to this left shifting is the 

lumped coupling capacitor used in the design. This increase of inductance at circuit 

level causes a reduction of almost 70 MHz and 50 MHz in frequency at each node of 

the circuital model, thus the left shifting. The reduction of frequency at each node 

causes a 2% increase in resonator length. 

 

Figure 4.12: Simulated results of the equivalent 3D structure bandpass filter 
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Optimisation is performed on each CCR lengths and coupled capacitor to bring the 

response back to the initial position. Displayed in Table 4.5 are the values of each 

optimised parameter. Care should be taken during the optimisation of the CCR length 

to avoid having unrealistic value for the selected profile (LS) length. Obtaining the 

length of the CCR outside the set range by the manufacturer can lead to degradation 

of the response. The designer should always make sure to fall within the range of 

frequency set by the manufacturer for a specific profile (LS). Figure 4.13 is the 

optimised response of the ceramic coaxial resonator bandpass filter obtained by 

physically decreasing the four CCRs calculated lengths and by turning the coupling 

capacitors. At the construction stage, the CCR self-resonant frequency is increased 

by the removal of silver coating in the open side of the resonator which would affect 

the Q factor value as describes by equation (2.57). Decreasing the self-resonant 

frequency is also possible, this time by the removal of silver coating at the shortened 

end of the resonator. It should be noted that the removal of silver coating at the 

shorted side of the CCR would cause the degradation of the Q factor as describes by 

equation (2.57). Appendix B demonstrates the frequency turning of the coaxial 

resonators.    

Table 4.5: Optimised CCR length and frequency values 

 Length 1 

(mm) 

Length 2 

(mm) 

C01 (pF) C12 (pF) C23 (pF) 

Initial values 8.796 9.411 0.608 0.173 0.125 

Optimised values 8.471 7.891 0.545 0.141 0.099 
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Figure 4.13: Optimised equivalent 3D structure bandpass filter response 

 

4.6 Coupling effects of CCR 

 

The equivalent RLC circuit of the CCR presented in Figure 2.12 and described in 

Section 2.3 illustrated that the resistor characterises the CCR losses. Practical filter 

has a component of finite resistance that causes degradation in performance of the 

signal response. The selected CCR provided by Skyworks is made of a dielectric 

material with high r  as presented in the datasheet (Appendix A). The effect of the 

resistor in a parallel RLC circuit can be directly related to the Q as described by 

Equation (2.57). The higher the Q, the lower the energy dissipated through the CCR 

open sides and the lower the loss tangents (less than 0.0005), meaning the Q is a 

figure of merit of losses in the circuit (Trans-tech, 2013c:1-3; Temex, 2004: 1-2).  

 

The CCR loss tangent is proportional to the Q factor and is defined by: 
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The coupling and ohmic loss of the CCR can be neglected as their loss tangent is 

very small (0.0005). One can assume that the resistor value in the RLC circuit 

presented in Figure 2.12 tends to infinity, thus an infinite parallel resistor would 

behave just like an open circuit. The resistor here is practically non-existent. 

 

4.6.1 Electromagnetic study on a single CCR 

 

An electromagnetic simulation is performed on a single ceramic resonator 3D 

structure construct using CST Microwave Studio®. The resonator structure is a large 

profile (LS) of the 1000 series from Skyworks. The structure is made of a ceramic 

material of dielectric constant of 11.5, and a single excitation waveguide port is 

connected at the open side of the resonator as presented in Figure 4.15.  

The following setup is performed in CST Microwave Studio® in order to start the CCR 

simulation. 

1. The background material is set to be normal for all walls 

2. Boundary conditions are PEC for all walls 

3. The excitation ports are the waveguide (CCR without tab) and lumped (CCR 

with solder tab) port respectively 

 

 

Figure 4.14: Simulation setup on a tabless CCR 3D structure 
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all directions

Single Waveguide 
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Figure 4.15: Simulation setup on a CCR structure with tab 

 

The structure presented in Figure 4.16 is a single CCR with a tab and a lumped port 

on the open side of the CCR. This structure is made of ceramic material of dielectric 

constant 11.5. Figure 4.16 and Figure 4.17 show the response of the simulation 

performed on the tab and tabless CCR 3D structures. The purpose of this simulation 

is to check whether the CCR resonant frequency computed at circuital level is close 

to the simulated frequency. The response is a single S-parameter ( 11S ) result, which 

7shows the resonant frequency of a resonator with tab on the one hand, and on the 

other hand of the resonator without tab. This result shows the effect of the tab on the 

resonators. The tab causes the resonant frequency of the resonator to decrease. The 

solder tab also causes an increase of inductance of the CCR equivalent circuit. These 

changes around those parameters caused by the solder tab should be watched 

carefully when performing EMC simulation of all four CCRs. Table 4.6 shows the 

difference between the simulated and the calculated CCR frequency. Apart from the 

parasitic inductance introduced in the circuit by the tab, the lumped element port 

placed on the tab has created extra capacitance and inductance. The lumped port 

also plays a role in degrading the response thus causing the calculated frequency 

and the simulated frequency not to agree. 

Table 4.6: Differences in frequencies 

 Calculated Simulated 

CCR with tab 2.5142 2.4688 

CCR without solder tab 2.5142 2.5019 

 

Lumped port 
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Figure 4.16: Single S-parameter response of a tabless CCR 

 

Figure 4.17: Single S-parameter response of CCR with tab 

 

4.7 Coupling capacitor structure design 

 

A capacitor is a lumped element that stores energy. Figure 2.1 (a) illustrates the 

representation of the real world capacitor. The series inductance in the circuit 

represents parasitic inductance due to infinite length of the component leads. The 

series resistance in the schematic represents a dielectric loss consequently, the 

resistance would increase with an increase of frequency (Verdelin, 2005:38-43). 

Capacitors used in a coupling circuit, operating at microwave frequency, require a 

dielectric with extremely low loss at the designed frequency. They can be arranged in 

several different configurations, one of these being the gap capacitor as presented by 

its equivalent circuit in Figure 4.18.  
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Each coupling capacitor of the lumped filter is converted into a gap capacitor. Figure 

4.18 shows the equivalent circuit representation of a gap capacitor made of series 

capacitances ( 1C ) and some negative shunt capacitances (- 1Cp and - 2Cp ) 

(Matthaei et al., 1980:442). Substituting the equivalent gap capacitor in the circuit 

would bring into play the creation of the parallel plate capacitor, which consists of two 

plates arranged in parallel and separated with a dielectric medium. 

 

-Cp1

C1

-Cp2

 

Figure 4.18: Gap capacitor equivalent circuit (adapted from Mathhaei et al., 1980:442) 

 

Figure 4.12 presented a left shifting of the response, due to extra component 

introduced by ideal world capacitor as well as the coupling created by two resonators 

placed close to each other. This extra component was not taken into consideration 

during circuit model design as presented in Figure 4.5. Figure 4.19 shows the 

coupling between the centre pins of two ceramic resonators. The two resonators are 

arranged in a way to have their surfaces touch. This improves coupling, hence 

leading to the narrowing of the filter bandwidth as shown in Figure 4.20. Also note a 

transmission zero can be introduced when the ceramic resonators are spaced apart 

from each other, this will be covered later in the chapter. 

 

Figure 4.19: Configuration for electric coupling (adapted from Hano et al., 1986:973) 
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From the model presented in Figure 4.11, each resonator is separated by a coupling 

capacitor. Because of the coupling between two resonators and extra capacitor is 

introduced in the circuit represented by Figure 4.21 as '

12C . This extra capacitor is 

then placed in parallel with the negative capacitor generated by the gap capacitor 

equivalent circuit described in Figure 4.20.  

C12

C 12Cres1Lres1 Lres2Cres2C 12-C12 -C12

Coupling area
 

Figure 4.20: Equivalent circuit of the coupling between two CCRs with a coupling 
capacitor (adapted from Hano et al., 1986:973) 

 

The equivalent circuit of Figure 4.20 unveils the negative capacitance from the gap 

capacitor equivalent in parallel with the capacitor created due to the coupling between 

two resonators. The dotted area is the coupling region between the resonators. 

Displayed in Figure 4.22 is the equivalent circuit of external coupling between the 

impedances respectively at the input and output, and the resonators ( Lres Cres ). 

The source is represented by 1R  and 0C  which is the resistance and the 

capacitance. Similarly, the load can be represented using the same concept. Figure 

4.21 (a) is converted to Figure 4.21 (b) where 01C  represent the coupling capacitor, 

eR  and 
eC  are the equivalent resistive and capacitive elements of either the load or 

the source with the resonator elements (𝐿𝑟𝑒𝑠 and 𝐶𝑟𝑒𝑠). The equivalent capacitance 

eC  result from cascading 0C  and 01C . 
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R1 C0

C01

Cres1 Lres1

 

(a)  

 

 

eR eC LresCres

 

(b)  

Figure 4.21: Equivalent circuit of a coupling between a CCR and an input or output 
resistance (adapted from Hano et al., 1986:974) 

 

Figure 4.22 shows the equivalent circuit of the Bandpass filter with the resulting 

coupling between all the resonators, as well as with the external circuit. Figure 4.23 

shows the derived equivalent circuit of the coupling capacitor’s structure. It is 

noticeable that the structure formed by the gap capacitor and the parallel plate 

capacitor presented in Figure 4.24 is derived using the equivalent circuit of the 

coupling between two resonators presented in Figure 4.22 and the equivalent circuit 

of Figure 4.23 (Hano et al., 1986:972-976), 
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C34C23C12
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C01
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C45

CCR1 CCR2 CCR3 CCR4  

Figure 4.22: Equivalent circuit of the coupling between all 4 resonators and the external 
circuit (adapted from Hano et al., 1986:974) 
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Figure 4.23: Coupling capacitor structure equivalent circuit (adapted from Lierena 
Castro, 2014:66) 

 

where: 

 1g
 to 7g  are the gap capacitors 

 1p represent the coupling capacitor 01C   

 32 pandp  represent coupling capacitor 12C
 

 
54 pandp  represent coupling capacitor 23C  

76 pandp represent coupling capacitor 34C  

8p  represent coupling capacitor  45C  

From the coupling capacitor structure presented in figure 4.24 a physical symmetry is 

observe around coupling capacitor 23C  the plate on the right matches the plate on the 

left. Therefore the following are observe: 

 

 814501 porpCC    

 76323412 pporppCC    

 5423 ppC    
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Figure 4.24 is the geometry of the parallel plates capacitor with some dielectric.  

Area (A)

0εεr

d

 

Figure 4.24: Geometry of the parallel Plate Capacitor (Adapted from Stuart, 2007:3) 

 

The parallel plate capacitance values are found using the following equations 

(Maloratsky, 2004:56-57). 

 
 

(4.3) 

where:  

r :  Dielectric constant of the substrate material. 

:  . 

:  Parallel plate overlapped area. 

 Thickness of the dielectric substrate. 

Figure 4.25 presents the parallel plate capacitor overlapping area. The focus would 

be on the first three plates (P1, P2, and P3) due to physical symmetry addressed in 

the circuit stage design. The overlapping area is defined by equation (4.4) to (4.6). 

The gap capacitor values were estimated base on the fact that the parallel plate 

capacitor contributes more to the structure performance. This was then justified 

during the E-field distribution study. The fields are denser below the plate than around 

the gap capacitor as illustrated in Figure 4.26. Also during simulation it was observed 

that changes made to the parallel plate capacitors value would affect the response of 

the filter compare to that of the gap capacitors. 
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Figure 4.25: Parallel Plate capacitors overlapping area adapted from (Lierena Castro, 
2014:66 and Fei et al., 2009:43-46)  

 

Following the general formula of the parallel plate capacitor, each plate configuration 

is derived as follows: 

 
 

(4.4) 

 
 

(4.5) 

 
 

(4.6) 

   

The area of each plate is defined as follows: 

  (4.7) 

  (4.8) 

  (4.9) 

   

The coupling capacitor from the circuital model is related to parallel plate capacitors 

as follows: 

  (4.10) 
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The length parameters of the overlapping area can then be computed using Equation 

(4.13) to (4.15). The following is then obtained, with the value of 𝐶𝑄 be chosen: 

 
 

(4.13) 

 
 

(4.14) 

 
 

(4.15) 

 
 

 

These calculated length values will help start the design simulation. Therefore, as the 

simulation goes on, optimisation of those values will be done so that the design 

response is placed at desired frequencies. The reason why these calculated values 

will change is due to the fact that the actual value of each gap capacitor is not 

considered because the parallel plate capacitors are more dominant than the gap 

capacitors and also because of not considering in Equation (4.3) the fringe effect of 

capacitance. The observation of the E-field and H-field distribution  around the overall 

structure of the ceramic bandpass filter presented in Figure 4.26 shows that the field 

is denser in the parallel plate capacitor region, thus the reason for not considering the 

contribution of  the gap capacitor at beginning (Liang et al., 2009:43-46 and Lierena 

Castro, 2014:66, 68). The calculated value of each plate will decrease progressively 

as we perform optimisation. 
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Figure 4.26: E-field distribution around the coupling capacitors 
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Table 4.7 shows the calculated values of each parameter needed for the coupling 

structure. The structure is constructed using Rogers 3210 material, that has a  

thickness of 0.64 mm and realative permitivity of 10. The board tchickness and 

dielectric constant of the substrate plays a roll in the overlapping capacitors 

presented in equation (4.13), (4.14) and (4.15).  

 

Table 4.7: Coupling structure values 

 0.614  0.18  0.135 

 10.44  3.1  2.8 

 2.61  1.533  1.4 

 

Figure 4.27, 4.28 and 4.29 respectively are the populated board with four 3D model 

CCRs cover with a metallic enclosure, the simulated results and optimised results. 

Figure 4.27 is the final design made of 4 CCRs, the coupling capacitor structure, and 

the 50 ohm lines where the SMA connectors are soldered on. The 4 CCRs have 

minimal space in between them which are not physically visible. The first two 

resonators are spaced 0.3 mm apart from each other, while the last two resonator are 

spaced of 0.1 mm apart. This resonator distance were calculated to creates a finite 

transmission zero at 1.98 GHz.  

 

It was observe through-out the simulation that by altering the gap between 

resonators, the transmission zero would either go up or down. The insertion loss 

appears to be flat in the transmission band. This is due to the 0.01 Chebyshev ripple 

value used. Another important factor to take into account is the quality and the 

amount of solder used in order to realise the transmission zero, because any extra 

solder in between the resonators would cause the transmision zero and the response 

of the filter to shift. The amount of solder placed on the resonator tab is also 

problematic at certain point during the construction. 

 

Figure 4.28 shows the simulated result with a finite TZ at 1.99 GHz and a good return 

loss and insertion loss can be observed. After some changes were made to the 

spacing between the first two resonators and the two inside parallel plate capacitors, 

an improvement on the TZ return loss and insertion loss could be seen as shown in 

Figure 4.29. 

 

 pFC 10  pFC 21  pFC 32

)( 2

1 mmAP  2

2 mmAP
 2

3 mmAP

 pFCZ 01
 pFCZ12  pFCZ 23



 63  

SMA 

Connector 

(port 1)

Ceramic Coaxial 

Resonator

Parallel Plate 

Capacitor

Metallic 

Enclosure

SMA 

Connector 

(port 2)

 

Figure 4.27: Ceramic coaxial resonator bandpass filter with 4 CCR in 3D form and the 
coupling capacitor structure 

 

 

Figure 4.28: Ceramic coaxial resonator bandpass filter simulated result 

 



 64  

 

Figure 4.29: Ceramic coaxial resonator bandpass filter optimised result 

 

4.8 E-field and H-field distribution around the overall system 

 

The bandpass filter presented in Figure 4.27, is simulated using CST Microwave 

Studio® to visualise the distribution of electrical and magnetic fields. The study of E-

field and H-field simulation will help characterise the use of the enclosure during the 

testing stage as well as presenting the effect of a transmission zero. Figure 4.30 is 

the colour map which represents the degree of coupling around CCR. The blue colour 

shows the lowest degree of coupling and the red colour the highest degree of 

coupling. 

 

Figure 4.30: Colour map 
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4.8.1 E-field and H-field distribution with no enclosure 

  

An E-field simulation is performed on the overall system at 0º, 30º and 60º phases, as 

well at 1.98 GHz, 2.2 GHz, 2.25 GHz and 2.3 GHz frequencies.  

 

Figure 4.31 represent the E-field distribution at 1.98 GHz with 30º and 60º phases. 

The distribution of E-field at these phases shows that the transmission has indeed 

stopped. The analysis of the field also shows that only the first resonator and parallel 

plate capacitor 1P  is significant. After the first resonator, the transmission stopped. It 

should be noted that at phase zero, there was no transmission at all at 1.98 GHz.  

 

E-field distribution at 1.98 GHz

Phase 30 degree Phase 60 degree

 

Figure 4.31: E-field distribution at 1.98 GHz (30º and 60º phases) 

 

The study of the E-field at 2.2 GHz, 2.3 GHz and 2.25 GHz, and at all chosen phases, 

are presented in Figures 4.32, 4.33 and 4.34. There is a strong coupling at the open 

side of the resonator while at the short circuited side there is no coupling; this 

confirms the shielding properties of the resonator. As well below the parallel plate 

capacitor there is a dense coupling compared to in between the gap capacitor. The 

resultant E-field also presented the contribution of the coupling capacitor structure in 

the design.  
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E-field distribution at 2.2 GHz

Phase 30 degree Phase 60 degree

 

Figure 4.32: E-field distribution at 2.2 GHz 

 

E-field distribution at 2.25 GHz

Phase 30 degree Phase 60 degree

 

Figure 4.33: E-field Distribution at 2.25 GHz 

 

E-field distribution at 2.3 GHz

Phase 30 degree Phase 60 degree

 

Figure 4.34: E-field Distribution at 2.3 GHz 
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On the other hand, the magnetic field study performed at 1.98 GHz, 2.2 GHz, 2.25 

GHz and 2.3 GHz, with 0º, 30º and 60º phases, shows the following: 

 At 1.98 GHz, with all phases, there is transmission only on the first resonator 

and the first parallel plate capacitor. 

 At 2.2 GHz, with all phases, all 4 resonators coupled to each other’s.  The 

same observations are made at 2.25 GHz and 2.3 GHz. 

 

H-Field 2.2 GHzH-Field 2.25 GHz

H-Field 2.3 GHz H-Field 1.98 GHz
 

Figure 4.35: H-Field Distribution at different frequencies. 

 

Figure 4.36 represent the surface current flow at all phases. The current flows from 

port 1 to port 2. This analysis shows the effect of the ground plane in the overall 

design. This ground plane also added capacitance into the circuit which was crucial 

for the TZ calculation. To conclude this analysis, there are strong coupling between 

the parallel plate capacitors. Please note that the 50 ohm lines at the bottom of 

parallel plate capacitor 1P and 2P , also add extra capacitance in the circuit, all of 

which were not considered during the circuit design stage.  
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Surface Current at 2.25 GHz

Phase 0, 60,30 degree

 

Figure 4.36: Surface Current flow 

 

4.9 Summary  

 

This chapter dealt with the implementation of the 4th order ceramic coaxial resonator 

bandpass filter using specifications displayed in Table 4.1. The large profile (LS) 

resonator from Trans-Tech was selected as component to construct the filter. The 

capacitive-coupled resonator method introduced in Chapter 3 and the filter symmetry 

was used to implement the lumped element filter presented in Figure 4.4. A finite 

transmission zero at 1.98 GHz was introduced into the circuit by placing a lumped LC 

series resonator to ground. This was done to increase the attenuation at that point 

which contributed to some performance degradation of the system. The 3D model of 

the overall filter was created using CST Microwave Studio® as shown in Figure 4.11, 

and the simulated result presented in Figure 4.12 showed a shift in the result due to 

the presence of the tab. This leads to the increase of the resonant frequency in each 

CCR. The coupling capacitor structure was then designed as demonstrated in 

Section 4.7. From the electromagnetic simulation done on the circuit, it showed that 

the contribution of the gap capacitor in the structure compared with that of the parallel 

capacitor was minimal. The E-field and the H-field distribution were performed on 

each CCR to observe the amount of coupling around the CCR open side. The effects 

of the simulation from the system with no enclosure as presented in Figures 4.31, 

4.32, 4.33 and 4.35. The ground plane and the 50 ohm transmission lines, beneath 

the parallel plate capacitors, have added extra capacitance to the model. 
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CHAPTER 5 

FABRICATION, TESTING AND DISCUSSION OF RESULTS 
 

In this chapter, the fabrication of the bandpass filter presented in Figure 1.2 is 

discussed, followed by the testing stage and the comparison of results.  

 

5.1 Bandpass filter manufacturing 

 

Figure 5.1 is the PCB layout designed using Altium Designer and the actual Rogers 

4003C PCB. The bandpass filter consists out of four CCRs presented in Figure 1.2 is 

constructed using Rogers material. The filter has a port at each end of the board 

connected to a 50 ohm line. The coupling structure board is also made using Rogers 

material of varying thicknesses and dielectric constants. Figure 5.2 represents the 

coupling structure board cutting using Rogers 3210.  

 

 

Figure 5.1: PCB layout and printed board 

 

 

Figure 5.2: Top and bottom plate capacitor structure 

 

PCB Layout Rogers 4003 PCB

Vias

50 ohm line 

50 Ω lines 

Bottom 

Plate 

Top 

Plate 
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Microwave filters can be manufactured using various machining techniques. The 

techniques used to manufacture the PCB prototype presented in Figure 5.1 and 5.2 

are computer numerical controller (CNC) milling. This cost-effective technique uses a 

rotating bit to remove material. The process is as follows: 

 Bottom PCB(Rogers 4003C) drilled and filled with solder paste 

 Bottom PCB (Rogers 4003C) place in oven. The solder paste melts and 

makes a ground connection between the top and bottom side of the PCB 

 Finalising the milling of the Bottom PCB (Rogers 4003C) 

 Milling of the coupling structure PCB (Rogers 3210) 

All the above-mentioned steps are done using the machinery presented in Figure 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: CNC milling machine and oven 

 

    5.2 Filter dimension 

 

From the specification drawn by the engineering team of F’SATI, the prescribed 

dimension was to have a PCB of 1.6 mm thickness, 30 mm width and 30 mm length. 

The populated board had to have a total height of 20 mm. Figures 5.4 and 5.5 

respectively show the coupling capacitor structure dimension and the populated 

microwave dielectric filter dimension. The conclusion drawn from this is that the 

designed filter dimension has met the described specification. Figure 5.6 and 5.7 

respectively show the metallic enclosure with the 50 Ω lines for the I/O port’s 

connection. 

 

CNC milling machine Oven 
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Figure 5.4: Coupling capacitor structure dimension 

 

 

Figure 5.5: Populated board dimension 

  

I/O SMA

Metallic enclosure

50 Ohm line

I/O SMA

  

Figure 5.6: Metallic enclosure 
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5.3 Testing 

 

The designed bandpass filter presented in Figure 5.7 was tested to validate the 

design procedure. This filter had a 1.22 mm x 18.24 mm x 17 mm dimension.  

 

 

Figure 5.7: Ceramic coaxial resonator bandpass filter: back and front view 

 

5.3.1 VNA preparation 

 

The actual goal of this work was to develop a bandpass filter using ceramic coaxial 

resonator technology which can be used in the receiver system of a CubeSat. The 

Agilent 8753ES S-parameter network analyser was used to test the filter. Figured 5.8 

refers the test setup. An electronic calibration kit was used to perform the two port 

calibration of the vector network analyser. The start and stop frequency were set from 

1.7 GHz to 2.7 GHz. 

 

Figure 5.8: Test setup 

Front View Back View

Filter
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5.3.2 Ceramic bandpass filter testing 

 

The SMA connector at each port of the bandpass filter presented in Figure 5.7 was 

connected to the VNA ports as demonstrated in Figure 5.8. Data collected from the 

VNA representing the insertion loss and the return loss values were used to plot the 

magnitude response of the bandpass filter. Figure 5.9 is the logarithmic response of 

the bandpass plotted using MATLAB. The magnitude response showed that the filter 

has two lobes because of the physical symmetry addressed in Section 4.3.2. This 

physical symmetry showed that CCR1 would resonate at the same frequency as 

CCR4 and CCR2 would resonate at the same frequency as CCR3.  
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Figure 5.9: Measured result 

 

 

5.3.3 Temperature cycling 

  

Temperature cycling is a process of exposing a manufactured product to thermal 

cycling in order to observe defects on the manufactured product as well as to observe 

possible failure. The designed bandpass filter as part of the communications systems 

needs to survive the CubeSat launch and the harsh temperatures in the LEO. 

The designed filter with passband frequency between 2.2 GHz to 2.3 GHz with a 

transmission zero between 1.98 GHz to 2 GHz, built on Rogers material, is suggested 

for thermal cycling from −21 °C to 61 °C for the Acceptance Hot and Cold procedure. 

The diagram presented in Figure 5.10 represents the test procedure. The filter 

connected to the input and output port of the VNA is placed in a thermal chamber, a 

simulation at -21 oC, room temperature, and 61 oC are performed. The ceramic 
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coaxial resonator can still operate between −40 oC to 90 oC (Trans-Tech, 2007b:1-3), 

but future work will test for temperature levels in LEO (−170 oC to 123 oC) and the 

Qualification Hot and Cold procedure will be conducted. Figure 5.11 below shows the 

result of simulation at −21 oC, room temperature, and 61 oC. The following 

observations are made based on the simulation results. 

 The response has shifted a bit to the left with the temperature at lower level 

(−21 oC) 

 The insertion loss of the filter has improved at lower level, comparable to that 

of the higher level (61 oC) 

 The minimal shifting of the response has not affected the target specification 

as much. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.10: Temperature cycling test setup 
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Figure 5.11: Temperature cycling at different temperature levels 

 

5.4 Discussion of results 
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Figure 5.12: Comparison of results 
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The filter built on Rogers material has the dimensions of 4.73 mm x 18.24 mm x 17 

mm which represent the thickness, width and length respectively. This compact filter 

exceeded the set dimension specifications. The allocated space on board the 

CubeSat communications system has always been a challenge.  

The simulated filter has a return loss (S11) between -20 dB and -27 dB over the 

specified bandpass band. The manufactured bandpass filter has a return loss 

between -24.456 dB and -25.571 dB over the specified bandpass band. The insertion 

loss (S21) of the simulated bandpass filter is between -0.278 dB and -0.365 dB, while 

the tested bandpass filter has an insertion loss between -1.323 dB and -1.3438 dB. 

The delta in-band insertion loss flatness was less than -0.5 dB. More tests such as 

radiation level and temperature measurements were performed on the filter. These 

tests were performed to analyse the level of radiation of the populated board and to 

analyse the changes observed on the filter when operating at temperatures different 

from the room temperature. These tests were satisfactory, as they showed minimal 

changes in the performance of the filter response. The manufacturing process of the 

PCB at Cape Peninsula University of Technology (CPUT), the removal of the silver 

coating around each CCR for SRF increment, and the in-house soldering were 

factors that contributed to the difference in attenuation between the simulated and the 

measured results. Another factor that contributed to the increase of insertion loss was 

the inadequate soldering of the shielded housing. Table 5.1 presents a comparison of 

the results. 

Table 5.1: Comparison table 

 

5.5 Summary 

 

In summation, the bandpass filter presented in Figure 1.3 (printed circuit board 

layout) was designed using Altium Designer and printed at the CPUT on the Rogers 

4003C and Rogers 3210 material. The measurement of this filter shows that the filter 

meets the desired specifications and has a quite stable bandwidth. The filter of Figure 

5.4 has a height of 4.73 mm. It was found that the measured performance of the 

fabricated filter was satisfactory. 

Parameters Designed Simulated Measured 

Frequency Band  2.2 GHz to 2.3 GHz 2.2 GHz to 2.3 GHz 2.2 GHz to 2.3 GHz 

Resonant Frequency 2.25 GHz 2.25 GHz 2.25 GHz 

Insertion Loss < 2 dB -0.365 dB -1.3438dB 

Return Loss ≤ -15 dB -20 dB to -27 dB -24.456 dB to -25.571 dB 

Transmission Zero  
(1.9 GHz–2 GHz) ≤ -30 dB -55,418 dB -52,456 dB  
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CHAPTER 6 

CONCLUSION, RECOMMENDATION & FUTURE WORK  
 

6.1 Final conclusion 

 

The primary goal of this thesis was to describe the design of a microwave bandpass 

filter using a ceramic coaxial resonator for nanosatellite applications. The 

performance of this bandpass filter made of ceramic coaxial resonators operating 

over the portion of S-band frequencies used for satellite up- and downlink 

communication makes the filter designed and built in this research an excellent option 

for future nanosatellites as well as for the ground station transceiver. 

Chapter 2 discussed the electrical characteristics and features of the CCR. In 

the intensive research done on microwave resonators, its parallel configuration 

looked similar to the equivalent representation of the CCR, and to the short circuited 

quarter wavelength transmission line resonator as presented in Figure 2.7. 

In Chapter 3, intensive background research into satellite communications 

systems and general design issues with various filter technologies were conducted. 

Bandpass filters are necessary for communications systems, owing to the inter-

symbol interferences between the transmitters and receivers, and the high-power 

harmonics. These problems in the communications block are harmful and need to be 

rectified. The concept of the ceramic coaxial resonator was found to be useful since 

compact filter design was practicable. Design formulae from the low pass prototype to 

the transformation to the bandpass prototype were demonstrated. The 

implementation method of the capacitively coupled resonator bandpass was 

presented by equations described in Section 3.2.2. 

Chapter 4 discussed the design of the conventional bandpass filter and its 

representation in a 3D model. A 4th order coupled resonator bandpass filter was 

designed using the techniques explained in Section 3.2.2 and the physical symmetry 

of the filter discussed in Section 4.3.2. The lumped element result of the coupled 

resonator bandpass presented in Figure 4.5 was satisfactory. The shunt LC 

presented in Figure 4.5 was then converted into CCR using the equations presented 

in Section 2.3. Using CST Microwave Studio®, the 3D model of each CCR was 

constructed. An electromagnetic simulation of the 4 CCR coupled internally and 

externally to each order with lumped capacitor was simulated and the result 

presented a left shifting.   Finally, an intensive electromagnetic study was performed 

on a single CCR 3D structure and on the bandpass filter 3D structure as represented 

in Figure 4.14, 4.15 and 4.31 to 4.36 respectively. This electromagnetic study was 
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performed firstly to determine the degree of accuracy of a single CCR and second to 

deduce the exact length of the CCR, secondly the value of the capacitance necessary 

for the structure to resonate at the desired frequency and finally to motivate the use of 

the metallic enclosure. The structure of the coupling capacitor made of parallel plate 

capacitors and gap capacitors in the form of array was built using the method 

described in Section 4.7. The structure of the coupling capacitor was then placed and 

connected with the ground board as shown in Figure 4.27. At first, the simulation 

result was acceptable, but after much turning and optimisation performed on the 

structure of the coupling capacitor and the CCR length, the result of simulation 

presented in Figure 4.30 was obtained.  

Chapter 5 dealt with the fabrication, testing and discussion of results. The 

ceramic coaxial resonator bandpass filter presented in Figure 5.7 was manufactured 

at the Cape Peninsula University of Technology using the CNC machinery presented 

in Figure 5.3. A compact bandpass filter was designed and the overall dimensions are 

presented in Section 5.2. The VNA provided by CPUT was used to measure the filter, 

and from the measured result, a satisfactory conclusion between the measured and 

simulated results is drawn as presented in Table 5.1. Finally, the designed filter has 

met the defined specification presented in Table 4.1. 

 

6.1.1 Addressing the investigative question 

  

 CCR placement on PCB 

This study was centred on designing an S-band bandpass filter using ceramic coaxial 

resonators technology. The large profile (LS) resonator from Trans-tech was selected 

for the implementation of the filter. The resonators were assembled on the PCB in 

such a way to created transmission zero as well as to minimise the amount of 

capacitance and inductance created between them. These resonators were soldered 

onto a ground board and to each other. Extreme care was taken with the soldering of 

CCRs onto the board as they can be damaged if proper soldering techniques are not 

observed (Trans-Tech, 2013c:10). 

 Electromagnetic radiation 

An electromagnetic test was performed first on a single CCR to analyse the effect of 

the solder tab on the resonators (Figure 4.14 and 4.15). It was found that the solder 

tab and the parasitic lumped element (LC) created by the lumped capacitor caused 

the reduction of the resonant frequency of the resonator. This decrease of the 

resonant frequency is the cause of the left shifting of the simulated result as 
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presented in Figure 4.12. Most of the radiation occurs at the resonator’s open side; 

this is due to the metallic shielding around each resonator, which played a big role. 

The whole filter was then subjected to EM simulation, which then showed the role the 

metallic enclosure played in reducing considerably the amount of radiation as 

demonstrated in Section 4.8. 

 Enclosure implementation 

From the EM simulation performed on the filter without an enclosure, it showed that 

for a total suppression of radiation, the filter must be covered with an enclosure. This 

is due to the solder tab acting coupling between each other.  

 Transmission zeros 

The question of how to implement the transmission zero was solved during the 

lumped element implementation. But practically the transmission zero was inserted 

due to cross-coupling between resonators which then created the required lumped 

LC element required. 

 Coupling structure 

Diverse ways of implementing the coupling capacitor structure were assessed. The 

coupling capacitor structure was implemented using parallel plate capacitor 

techniques. 

 

6.1.2 Simulation and modelling results 

  

In the process of this research, simulation was conducted on the lumped element 

bandpass filter using ADS, which is the first stage of the design. Because of the 

inconvenience presented by lumped element filters at microwave frequency, the 

shunt LC of the circuit was converted to CCR and their 3D models were constructed 

using CST Microwave Studio®. The simulation was also conducted on the 3D model 

bandpass filter made of 4 CCR and the coupling to study the EM.  The radiation of 

the filter was also studied to determine the effect of the enclosure on the filter. 

6.1.3 Experimental results 

  

The aim was to verify that the simulated and measured results agreed. The filter was 

constructed on the Rogers material at CPUT. The constructed filter dimension was 

18.24mm x 17mm with a height of 4.73mm. The constructed filter was tested using 

the VNA present at F’SATI and Stellenbosch University; the measured result was 

satisfactory as the set specifications were met. Measurement of the radiation level 

was assessed to evaluate the changes it caused to the filter (Figure 5.11). When a 
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metallic enclosure was placed over the filter, a diminution of the radiation level was 

observable (Figure 5.12). Temperature cycling measurements were then performed 

to characterise the filter related to the level of temperature. From this measurement, 

minimal changes to the filter performance were apparent (Figure 5.14).  

 

6.2 Recommendations  

 

The bandpass filter designed and built in this thesis requires a metallic enclosure in 

order to contain as much as possible the radiation produced by the design. This 

metallic enclosure would help minimising the degradation of unwanted signal coupling 

to other blocks of the communications system. Having a metallic enclosure covering 

the entire filter is recommended. The overall size of this filter can be minimised 

further, thus minimising the size, weight and cost of the designed filter.  

 

6.3 Future work 

 

The restricted space and designated weight of the CubeSat impose the use of small 

circuit components, thus the need exists to reduce the size of any filter used on board 

a nanosatellite. The work presented in this thesis has proposed and developed a 

compact bandpass filter for CubeSat application, employing a ceramic coaxial 

resonator. Future work could include the implementation of this filter using other 

ceramic material from a different manufacturer. Analysis of the thermal effect on the 

filter related to space environment, and power handling capabilities.  
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APPENDIX A 

 

Coaxial Resonators and Inductors  
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APPENDIX B 
 

CCR FREQUENCY TUNING 

 

 

 

 

 

 


