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1 Introduction

1.1 Motivation and Background
Microwave (MW) or Radio Frequency (RF) filters play a sterling role in space and 
ground-based wireless communication systems. They are used to separate the desired 
frequency from a broad spectrum of frequencies. The production of numerous MW/RF 
filter designs, including as waveguide filters, co-axial filters, microstrip-line filters, 
dielectric resonator filters, varactor-based filters, etc., was prompted by the substantial 
rise in the demand for communications systems. In Wireless Base Station (WBS)/Radio
Base Station (RBS) systems installations, the most prevalent is the cavity bandpass filter. 
Additionally, every filter's enclosure has several interlinked resonators that are usually 
fixed to filter’s base. Band selectivity (sharp band transitions) of the filters can be 
augmented by increasing the number of resonators. However, increasing the quantity of 
resonators also leads to higher insertion losses and increased size of the filter. A few of 
the industry-standard cavity filter variants are depicted in Fig. 1.1.

Figure 1.1. Samples of cavity filters used in the industry (Modelled in SolidWorks)

Higher-order filters with cross-coupled topology are commonplace in real-world 
applications as they satisfy the present-day sharp frequency requirements. This cross-
coupling facilitates the creation of Transmission Zero (TZ) [1]. In addition to satisfying 
strict requirements for frequency selectivity, these TZs also help with design flexibility, 
achieving Chebyshev response, optimising in-band response, and reducing filter size. 
Thus, having TZs ensure reduced losses, swifter manufacturing, and decreased overall 
costs. The complex TZs synthesise to equalise the Group Delay (GD) and the real TZs 
eliminate the undesired interfering signals. In [2], the algorithm for determining the 
maximum realisable TZs for a given topology was introduced. The effectiveness of 
Frequency-Variant Couplings (FVCs) in fulfilling the stringent frequency constraints has 
been discussed in  [3]. 

Due to reasons such as – inaccurate manufacturing tolerances, design mistakes, 
variations in properties of material, etc., the filters mar the anticipated frequency 
response. To compensate this, tuning the filter becomes inescapable [4]. A variety of 
approaches, from mechanical to electronic and magnetic systems, have been utilised for 
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tuning the filters. Various characteristics, such as tuning range, tuning quality, tuning 
speed, tuning complexity, power handling capacity, etc., are typically used to evaluate 
tuning methods. There are benefits and drawbacks to each technique, and none 
is unambiguously better than the others. The exact application and its constraints are the 
sole considerations that determine the tuning strategies and methods to use.  

For post-fabrication filter tuning, elements such as varactors and screws are typically 
provided on the filter structure. The most prevalent type of tuning is mechanical 
tuning, in which tuning screws are affixed to the filter’s surface. The “insertion depth” of 
tuning elements is the primary factor that determines variations in resonance 
frequencies, inter-resonator coupling between the cavities, and the filter’s overall 
frequency response. The objective of tuning is to locate the tuning elements in the most 
optimal possible positions to meet the desired tuning criteria. It is safe to state that filter 
tuning is an optimisation problem by nature.  

Filters can be classified according to: 

a) type of components used – passive or active
b) filter response – low pass, high pass, band pass, band reject
c) frequency band – L-band, X-band, Xu-band, etc.
d) filter technology – coaxial, planar, dielectric filter, interdigital filters, waveguides,

Substrate Integrated Waveguide (SIW) filters, Stepped Impedance Resonator
(SIR) filter

e) ripple types – Butterworth, Elliptical, Chebyshev, Bessel, Gaussian, etc.

Given the wide range of filters available on the market, the tuning process cannot be 
generalised; that is, no one technique can be used to tune every kind of filter. A study 
conducted on combline filters showed that the overall response of those filters is 
impacted by the tuning structure [5] and the walls [6]. When tuning complex filters, that 
is, filters with higher-order and/or cross-coupled topologies, the amount of time required 
and the difficulty level increase exponentially (i.e., repeated adjustments are 
demanded). This is due to a highly non-linear relationship that exists between the tuning 
elements and the frequency response of the filter [7].  

Because the tuning process is deterministic, skilled technicians are required. These 
human operators decide which tuning screw needs to be adjusted in which direction and 
to what extent by looking at the Scattering parameters (S-parameters) response of the 
filter, which are shown on a Vector Network Analyser (VNA). While there are some 
suggestions available [8] to support these technicians, extensive training is still 
mandated to achieve the requisite skill set. It’s important to keep in mind that even if a 
technician is proficient at tuning one kind of filter, there’s no guarantee that he or she 
will be able to do the same for other types or topologies of filters. Considering everything 
described above, filter tuning is now regarded as an “art” which requires experience, 
knowledge, and patience. Since it is difficult to locate new tuning technicians, 
the industry is also concerned about the sustainability of qualified and experienced 
tuning technicians. Additionally, because tuning involves heavy wrist motions, 
technicians frequently suffer wrist injuries, and the industries are responsible for paying 
for their medical bills. Therefore, the researchers in the sector are fighting to remove the 
manufacturing bottleneck by seeking automated ways to tune the assembled filters. 
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1.2 Research questions and objectives 
This thesis aims to provide a complete automation solution to the filter tuning process 
that is apt for educational as well as industrial use. The suggested approach reduces 
human involvement to mounting the assembled filter in the holding fixture and initiating 
the tuning algorithm. This means there will be no need to train the technicians for the 
filter tuning process. The main objectives of this thesis can be summarized as: 
1) To develop a simulating environment for reinforcement learning-based filter tuning

algorithm(s) for testing the feasibility of proceeding in this direction and to decide
the future strategy to solve the problem in hand.

2) To design and fabricate a universal test filter on which different automated filter
tuning algorithms can be tested.

3) Building a customized experimental setup which can tune different kinds of filter
using the automated filter tuning algorithm(s) by making only minor modifications.

4) To develop a vision-based system for distinguishing the tuning screws from the
mounting screws and localising the tuning screws so that the positional coordinates
can be used to send the tuning manipulator towards the tuning screws.

5) To develop and introduce a new fusion method(s) for tuning the MW filters which
uses the theoretical knowledge of filtering theory, and combination of theoretical
knowledge and Artificial Intelligence (AI) for tuning the filter. The sub-goals are:
a) To generate dataset(s) which can be used by the Machine Learning (ML)-based

algorithms while tuning the filter.
b) Incorporating the speed-variation logic as per the difference between the

current tuning state and the tuning target.
c) To add feedback in the system for tracking the tuning error in real-time using

ML-based methods to avoid the tuning errors.
6) To develop a real-time plotting module to kill the dependency on the VNA’s

commercial software which offers limited possibilities to make customized changes.
It is to be noted that optimising the tuning time has not been considered as an 

objective in this research work currently. Even if speed variation logic has been added 
into the system to reduce the overall tuning time, its optimisation has been suggested as 
the future scope. The design analysis of the designed experimental structure (i.e., stress 
analysis, strain analysis and vibration analysis etc.) has also been kept beyond the scope 
of this thesis due to enormous work. Also, the cost analysis has not been made yet as 
having a cost-effective automated tuning setup has not been the main objective of this 
research. 

1.3 Novelties 
This work has made the following contributions to meet the abovementioned objectives: 

• Simulating the filter tuning process using reinforcement learning-based
algorithms for deciding the tuning strategy. It is ensured that the key
information is not lost when the pre-processing step is included for
dimensionality reduction.

• Designing and fabricating a new test filter which allows the evaluation of
automated tuning algorithms.

• Developing an automated setup based on a relative positioning system
equipped with a customized tool-in-tool mechanism for complete tuning and
locking of the filter’s tuning screws. The experimental setup has been
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designed in a way that it is suitable to tune different types of filters produced 
by the industry just by making minor modifications in the designed 
manipulator. 

• Implementing vision-based approaches to differentiate the tuning screws
from the mounting screws.

• Testing and comparing the novel fusion algorithms which use the theoretical
knowledge and its combination with AI for automating the tuning process of
cavity filters.

• Tracking the tuning error using Particle Filters (PF) so that the robotic
manipulator is not following the instructions given to it blindly and the
potential error can be recognized in its beginning phase.

• Removing the dependence on VNA’s commercial software to get the
information about the current tuning state of the filter by developing a
customizable plotting module.

The novel filter tuning solution proposed in this thesis can be used as a standalone 
universal system for fully automated tuning of iris-coupled all-pole cavity filters equipped 
with quarter wavelength resonators. The proposed algorithms are evaluated on a test 
filter designed in this work. The proposed solution can also deal with similar systems by 
making slight modifications to software and/or hardware, but currently, they are kept 
beyond the scope of this thesis due to enormous work.   
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2 Literature Review on Filter Tuning 

2.1 Chapter overview 
Numerous researchers have put forth unique and distinctive approaches to decipher the 
problem of filter tuning. This chapter aims to comprehensively assess and consolidate 
the significant discoveries in filter tuning algorithms, while also acknowledging their 
constraints. In pursuit of automation objectives, the research community has introduced 
a range of appropriate mechanisms and diverse automated filter tuning solutions. This 
chapter discusses these contributions as well. 

2.2 Scope of the literature review 
The extensive literature review compiled in this chapter focuses exclusively on 
mechanical filter tuning (i.e., tuning with the help of screws) only. This thesis work is 
solely dedicated to passive filters, particularly cavity filters as they offer higher power 
handling capacity, stable operation in wide range of temperatures, and high-Q (quality 
factor).  

The following have been kept beyond the scope of the literature review: 
• Filters such as – active filters, microstrip filters, varactor-based filters, ferroelectric

filters, superconducting filters.
• Theses – Master studies and doctorate studies
• Patents

2.3 Review of filter tuning techniques 
The filter tuning methods proposed by the researchers can be categorized into seven 
major groups: 

1) Filter Tuning in Time Domain
2) Sequential Filter Tuning Methods
3) Filter Tuning on the basis of Filter Diagnosis
4) Space Mapping based Filter Tuning
5) Sensitivity Analysis based Filter Tuning
6) Data-Driven Approaches for Tuning the Filters
7) Hybrid Methods

Fig. 2.1 illustrates the range of filter tuning techniques introduced by the research 
community in the past in which the groups as well as the sub-groups of the filter tuning 
techniques are presented.  

2.4 Detailed comparison of tuning methods in literature 
In [VIII], the author of the current investigation presented and discussed a detailed 
analysis of the available research related to filter tuning methods. The review which is 
solely dedicated to data-driven approaches is discussed in [VI]. This section aims to 
synthesize the key limitations of each type of technique. Table 2.1 presents the key 
limitations of the techniques proposed by the research community and the related 
publications published under each category.  
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Figure 2.1. Various tuning techniques proposed in literature 
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Table 2.1. The key limitations of all the filter tuning techniques in literature 

Techniques and Publications Limitations 

Filter Tuning in Time Domain 
(TD)  
[9], [10], [11], [12], [13] 

The TD methodology for filter tuning has limitations affecting its practicality. Challenges include difficulty in accurately 
determining coupling and resonant frequency values, reliance on an equivalent circuit model prone to inaccuracies, and 
the necessity of a reference “golden” filter for ideal responses, limiting adaptability. Additionally, fine-tuning adjustments 
are often required, requiring operator intervention and increasing complexity, the method is incapable of dealing with 
filters having asymmetrical frequency response (like multiplexers for satellite communications). Moreover, achieving the 
objective of adjusting each tuning screw only once is not possible. Multiple rotations to the screws are avoided as they can 
lead to Passive Inter-Modulation (PIM) effects and filter damage. 

Sequential Filter Tuning 
[14], [15], [16], [17], [18], [19], 
[20], [21], [22], [23],  [9], [10], 
[11], [12], [24] 

Sequential tuning techniques can help by splitting the filter tuning process into smaller sub-problems; however, the 
cumulative error propagation issue prevents the commercial application of this approach. Furthermore, segregating the 
resonators from the filter structure is challenging (particularly for dielectric resonator filters); shorting the resonators or 
removing the screws entirely from the filter surface is yet another problem while automating the filter tuning process. 
The authors of [21], [22] and [23]  suggested strategies to solve the error propagation issue, but the final tuning state of 
the filter after implementing the aforementioned technique is not what is intended. This means that a laborious fine-tuning 
step becomes essential. 
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1 

Location of Poles 
and Zeros of Input 
Reflection 
Coefficient 
[25], [26], [27], 
[28], [29] 

Filter tuning methods that use the location of poles and zeros is a very iterative process. The accuracy 
of the locations identified for poles and zeros directly affects the correctness of the parameters 
extracted using this method. Errors are also introduced by adding more resonators, implying that 
higher-order filters cannot be tuned using this method. Additionally, the calibration processes used 
to define the reference plane for phase measurement are the primary determinant of the system’s 
accuracy. 

The primary 
drawbacks of all 
filter modeling-
based techniques 
are that the 
mathematical 
models are 
typically simply 
approximations 
and not very 
accurate. It is 
either difficult or 

2 
Y-Parameters 
[30], [31], [32],
[33], [34], [35] 

The phase loading effects must likewise be eliminated from Y-Parameters in order to retrieve the 
poles and residues, just like in the filter diagnosis based on widely utilised S-Parameters. Eliminating 
phase loading is a crucial step because, although phase loading is always present in a physical filter 
unit, it is not incorporated into the filter models based on Coupling Matrix (CM). Furthermore, the 
necessity for cautious manipulations makes this methodology unsuitable for use with an automated 
tuning solution. 
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3 Vector Fitting (VF) 
[36], [37] 

Using the VF technique, further transformations such as the one suggested in [96] are required to 
extract an accurate CM. Alternatively, additional optimisation of the extracted CM is required. 
Furthermore, the VF approach is inappropriate for use with an automated tuning system since it only 
requires frequency samples defined in the positive direction. 

occasionally 
impossible to find 
an accurate 
network model 
where all tuning 
elements are 
correctly 
represented. The 
fact that varying 
the location of a 
single tuning 
element typically 
impacts the 
performance of 
neighbouring 
elements as well 
is not considered 
by these 
approximations. 
In addition, the 
model-based 
methods cannot 
be generalised to 
other filter 
topologies.  
The fact that 
traditional CM 
ignores 
performance 
degradation 
brought on by 
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S-Parameters 
based Cauchy
Method
[38], [39], [40], 
[41], [42], [43], 
[44], [45], [46], 
[47], [48], [34], 
[49]

The last step in any research study that employs the Cauchy method is to 
synthesise the CM using conventional methods detailed in references [97], [98], 
and [99]. The main problem with the Cauchy method (for diagnosing and tuning 
filters) is that it cannot handle higher-order systems because the Vandermonde 
matrix it uses becomes ill-conditioned and loses accuracy when the number of 
unknowns increases [100]. Although  [101]  discusses several helpful strategies to 
handle this issue, the accuracy of this approach is still insufficient to support the 
usage of this method to provide an automatic filter tuning solution.  
Another variation on the Cauchy method that may handle higher-order systems 
was introduced in  [102], where the authors suggested preconditioning the 
system’s main matrix using a suitable scaling technique. Matrix equilibration has 
been proposed in  [103] and [104] as a key factor in increasing numerical 
computations. Thus, the approach suggested in  [102]  is time-consuming, 
computationally demanding, and underperforming at high detuning levels. 
Furthermore, the existence of second order effects generally results in a 
reduction of the accuracy of the Cauchy method.  

4b 

Y-Parameters 
based Cauchy
Method
[35]

5 

Optimisation-
based Filter Tuning 
[50], [51], [52], 
[53], [54], [55], 
[56], [21], [22], 
[17], [26] 

All optimisation-based filter tuning techniques have the following general problems: they cannot 
handle highly detuned filters; they cannot accurately detect spurious and unwanted couplings 
between neighbouring elements; the process of locating the global minima is complex; and achieving 
the global minima primarily depends on the number and initial guess of the optimisation variables as 
well as the defined initial values. The method described in [105] is one way to overcome some of 
these issues.  A technique for determining the parametric model was proposed in [105]. It combined 
the Differential Evolution Particle Swarm Optimisation (DESPO) algorithm with a Multiple Hidden 
Layered Extreme Learning Machine (MELM). The relationship between a change in screw length and 
an equivalent change in CM parameters could be demonstrated by this model. 
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Alternatively, a tuning model based on improved Back-Propagation Neural Network (BPNN) and 
Gauss Kernel Clustering presented in [106] can also be used where the use of the Shuffled Frog-
Leaping algorithm can optimise the weights of the BPNN architecture. While these models may not 
be able completely resolve the issue, they can help with filter tuning to some extent. 

practical 
uncertainty and 
material 
characteristic 
variations is 
another 
drawback of 
employing this 
methodology. 

Space Mapping (SM) based 
Filter Tuning 
[57], [58], [59], [60] 

When employing SM as a filter tuning solution, the fine model’s information is crucial to the accuracy of the solution, or it 
requires a large number of pre-assigned parameters, which can lead to poor convergence or even algorithmic failure. 
Additionally, the quality of the mapping is greatly impacted by the chosen Parameter Extraction (PE) process. Briefly, PE is 
the process of matching and optimising the parameters of the coarse/surrogate model to the measurement result. 
Inaccurate results are the product of an erroneous PE process. Since the precise PE extraction procedure has not yet been 
disclosed, this technology cannot be applied commercially. 

Sensitivity Analysis based 
Filter Tuning  
[61], [25], [62], [51], [52], [53], 
[54], [33], [59] 

Sensitivity analysis requires repeated measurements of sensitivity in order to be used for filter tuning. To obtain reliable 
results, sensitivity analysis is followed by an optimisation technique. The research discussed in this category did not take 
into account the practical aspects of tuning, such as the fact that a screw’s turning affects the frequency and coupling of 
nearby screws. Instead, they were based solely on simulations. Moreover, the researchers’ models were linear, which 
meant that they could only cover a certain range. In reality, though, the connection between the filter’s input and output 
is non-linear. As a result, this process is time-consuming, limited to the “fine-tuning” stage, and unsuitable for tuning highly 
detuned filters. 
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1 
Machine Learning 
(ML) 
[63] 

An enormous volume of precise training data is typically required for an ML system to operate well 
and consistently. Such data collection is costly in terms of money, computing power, and time. An 
additional significant issue with this method is the data's bias towards a specific kind of instrument 
(filter topology). 

Every data-driven 
technique 
covered, including 
ANNs, SVMs, FL, 
ML, and heuristic 
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2 
Heuristic Methods 
(Derivative-free) 
[64] 

Since the optimisation algorithms are lengthy and largely dependent on starting values, using the 
results of direct search optimisation routines is not the best method for filter tuning. Additionally, 
using heuristic approaches requires turning the screws multiple times. Automated tuning systems 
should avoid repetitive screw turnings as this might cause PIM issues within the filter. 

approaches, 
learns its models 
from pre-
recorded data. 
The quantity of 
accurate data that 
is accessible 
directly correlates 
with the accuracy 
of the data-driven 
models. The 
primary problems 
that negatively 
impact the 
effectiveness of 
data-driven 
strategies are 
incomplete, 
missing, 
dispersed, and 
lack of data, 
among other 
problems. 
Furthermore, the 
model's 
performance is 
impacted by the 
strong reliance on 
the techniques 
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Fuzzy Logic 
without using 
human 
experience 
[65], [66], [67] 

Fuzzy-based methods for filter tuning have the following drawbacks: they are 
limited to in-line and lossless filters; they depend on the initial values of the 
Q-factor and CM elements; they are unable to provide information about the
extent of deviation of the tuning element or the amount of adjustment required
to bring the tuning screws to the desired tuning state; and they require a large
number of linguistic rules to be defined in order to produce reliable results.
Defining an excessive number of linguistic rules results in more complicated
calculations and thus more delay. Furthermore, it is challenging to obtain a
complex accurate model between the tuning screws and the CM elements.

3b 

Fuzzy Logic with 
human 
experience 
[68], [69], [70] 
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Supervised 
Learning 
[71], [72], [73], 
[24], [74], [75], 
[76] 

ANN was used to tune MW devices and is still the most dependable multi-
dimensional approximator. Nevertheless, the main problems with this approach 
are 1) it is unable to generalise; 2) a huge amount of training data is required. 
ANN models are data-driven and unaffected by filter structure, but they can only 
be used with filters of the same type once trained. Filters with different 
topologies will require a separate trained model; 3) if the current data fall outside 
the parameters of the data used to train the model, the optimal solution cannot 
be obtained; 4) real-time tuning model updates are not feasible; 5) the resulting 
training model may contain over-fitted data due to the conventional Back-
Propagation method and the choice of the initial weights, and 6)  using too many 
layers during the reinforcement learning process can result in an exponential rise 
in delay. Additionally, when using ANNs, it is also necessary to have a lengthy 
training period. There is now significant research being done to find an ANN-
based fully automated filter tuning solution. 

4b 

Reinforcement 
Learning 
[77], [II], [78], 
[79], [III], [80] 
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5 Neuro- 
Fuzzy System  [81] 

When using Adaptive Neuro-Fuzzy Inference System (ANFIS), the data must be pre-processed, and 
the parameter convergence is poor. ANFIS models are also difficult to interpret. 

employed, which 
frequently 
prevents 
generalisation to 
alternative 
topologies. 
Additionally, 
when a lot of 
training data is 
provided, the 
processing and 
calculation times 
grow 
substantially. 

6 
Support Vectors 
[7], [82], [83], [84], 
[85] 

The Support Vector models are not direct when it comes to filter tuning related research; that is, 
S-parameters are represented by a CM rather than in their original form taken from a VNA.
The approximation of screw placements using the results of optimisation problem solutions is the
other factor that contributed to inaccuracies. Furthermore, when human intelligence is not included
in the modelling process and only filter structure is, the suggested approaches’ generalisation 
capabilities suffer.

7 Linear Matrix 
Operator  [86] 

The quantity and quality of the data that is gathered greatly influences how well this methodology 
performs, even if it is not required to employ the training step when this methodology is implemented. 

8 

Linear 
Decomposition of 
Reflection 
Characteristics  
[87], [88] 

The methodology avoided the requirement for a training phase by basing the system’s response on 
the linear decomposition of the S-parameters. However, this process requires an optimisation step, 
which causes a delay in providing the final value. 
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1 VF + ASM  [89] Getting the optimal tuning for the MW filters was the primary goal of employing hybrid filter tuning techniques. Even 
if there are advantages of utilising multiple techniques at once, this approach brings-in disadvantages of both approaches 
as well. The majority of combined techniques rely on imprecise filter modelling or PE processes. 2 

Cauchy + SM-
based  [90], [91], 
[92] 

3 GA + VF  [93] 

4 Cauchy + NN + ISM 
[94] 

5 VF + FNN + ISM 
[95]
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2.5 Review of various automated filter tuning hardware 

2.5.1 Single actuator 
The equipment having a single actuator for tuning the screws sequentially tune the filters 
by rotating the screws one after the other. These types of systems are usually mounted 
on a Cartesian or SCARA (Selective Compliance Articulated Robot Arm). 

Fig. 2.2 shows an automated setup introduced by COM DEV International Limited in 
2003 [107]. This design has a single actuator which can rotate the screw as well as deal 
with the locking nut. This setup was used to tune the filters, diplexers as well as other 
multiplexers. It is mounted over a Cartesian bench. Fig. 2.3 shows ‘Robby’ robotic arm 
tuning a filter [108]. This robot uses Space Mapping optimisation technique for tuning 
the filter. 

Figure 2.2. The cartesian robot by COM DEV tuning a cavity filter [107] 

Figure 2.3. The ‘Robby’ robot tuning a cavity filter using ASM technique [108] 

2.5.2 Multiple actuators 
A multiple actuator setup allows many screws to be tuned simultaneously and hence can 
assist in parallel tuning. Such a setup can help in quick tuning. Fig. 2.4 shows a parallel 
tuning setup where flexible leads are used to transfer the stepper motor’s motion to 
tuning screws of a waveguide filter using Fuzzy Logic (FL) technique [70] and scalar 
transmission technique [109]. 
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(a)   (b) 

(c) 

(d) 

Figure 2.4. A multi-actuator robot – (a) and (b) block diagram of the tuning environment and tuning 
a waveguide filter using Fuzzy Logic [70]; (c) and (d) block diagram and tuning environment and 
tuning a rectangular filter using scalar measurements-based algorithm [109] 

Fig. 2.5 presents a setup where 03 stepper motors are used for 03 stub matching of a 
WR-430 waveguide. 
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Figure 2.5. A parallel system of the 3-stub waveguide matching network [110] 

(a)           (b) 

Figure 2.6. IAFTT robot tuning the waveguide using DS + SA Algorithms – (a) block diagram; (b) 
filter tuning robot [64] 

(a) (b) 

Figure 2.7. A parallel filter tuning system with multiple actuators – (a) Block diagram of tuning 
environment [71]; (b) Filter tuning robot [111], [112] 

2.6 Analysis of the literature review 

2.6.1 Analysis related to tuning techniques 
The decade-wise segregation of research publications in the field of filter tuning 
application has been compiled in Fig. 2.8. Scale of 1:1 on the y-axis of the Fig. 2.8 means 
that each coloured represents one publication of that category. The reader can even get 

PC – computer 
SMC – stepper 
motor controller 
SM – stepper motor 
HEAD – screw head 
Filter – MW filter 
VNA – vector 
network analyser 
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the information of the number of publications in each category (or each decade) by 
counting the number of blocks.  

The main conclusions that can be drawn from the intensive literature review 
summarized in Fig. 2.8 are:  

• Trends depicted in Fig. 2.8 show a downward trend in the research interest in
tuning the filter based on – Time Domain (TD), Sensitivity Analysis, and
Sequential Tuning techniques. One major reason contributing to this decline is
that the filter tuning based on TD need special VNAs offering inverse Fourier
transformations, and this method cannot be used to tune cross-coupled filters.
Methods based on Sensitivity Analysis rely on equivalent filter models, demand
for numerous measurements, and require various optimisation iterations, thus,
making this technique suitable for the ‘fine tuning’ stage only. The Sequential
Tuning methods proposed in the past suffer from cumulative error propagation
issues.

• The techniques based on Space Mapping (SM) and Hybrid Methods have
gathered the attention of researchers in recent times. The SM-based solutions
are highly reliant on the accuracy of the fine model, and the Parameter
Extraction (PE) process. However, an accurate PE process is not available yet.

• The rise in the data-driven approaches for tuning the MW filters in the last two
decades can be witnessed in Fig. 2.8. This growth can be attributed to the fact
that nowadays we have high computation capabilities provided by powerful
CPUs and GPUs, as well as the availability of efficient algorithms. Thus, there is
a potential to solve the overwhelming problems like the tuning of MW filters
with the help of data-driven techniques.

2.6.2 Analysis related to filter tuning equipment 
• The filter tuning equipment available in literature can be divided on the basis of

number of actuator systems. Multiple-actuator systems allow a quick method
of tuning the filters, but they need careful design of the tuning hardware. Such
systems are designed according to a particular filter topology only i.e., they do
not offer flexibility to deal with tuning of different kinds of filters available in the 
market.

• Single actuator-based tuning solutions are characterized by their larger tuning
time, minimal need for intricate computations, and the ability to carry out
parallel tuning operations. However, single actuator systems exhibit flexibility
in handling different kinds of filters.

• Every filter tuning equipment developed by the research community operates
in a strictly directive manner, meaning they do not rely on secondary feedback
sources. The algorithm exclusively controls the stopping or restarting of the
tuning process, a decision made only when the algorithm fails to achieve the
desired tuning within the defined number of iterations.

• There is currently no filter tuning system capable of adjusting all types of cavity
filters with minimal hardware and software changes, and possessing feedback
source to detect the tuning error in the initial stages is yet not available.
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2.7 Chapter summary 
This chapter provided an extensive review related to various filter tuning techniques and 
various types of tuning equipment proposed in the literature. In light of the conclusions 
derived in section 2.5.1, the author of this thesis strongly advocates continued 
exploration of data-driven methods for post-production tuning of cavity filters.  

The forthcoming chapter is specifically devoted to identifying the correct tuning 
algorithm using simulations. The suggested methods leverage reinforcement learning 
algorithms for meeting the desired frequency requirements. 

Figure 2.8. Decade-wise distribution of filter tuning techniques 
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3 Filter Tuning by Reinforcement Learning Simulations 

3.1 Chapter overview 
In Chapter 2 of the research, it was observed that none of the algorithms were able to 
fully grasp the intricate relationship between the position of the tuning screw and its 
corresponding S-parameters. One of the main challenges arises from the fact that there 
can be multiple combinations of screw positions that lead to the same S-parameter 
response. This lack of uniqueness complicates the tuning process and makes it highly 
dependent on the individual strategies of different technicians. Furthermore, it is 
important to note that the market offers a wide range of filters, each with its unique 
design parameters, so, generalisation of any kind is not possible. However, with the 
enhanced computational capabilities of modern computers and the introduction of 
several algorithms in recent years, it is feasible to explore intelligent methods to address 
the filter tuning problem. 

Simulations are a good way to understand the present and potential problems 
occurring in the complex real-world tasks. Hence, the efforts presented in this chapter 
are dedicated to exploring reinforcement learning-based algorithms for tuning the filters. 
The basis of choosing reinforcement learning algorithms is the fact that they are inspired 
by learning process of living beings.   

3.2 Overview of reinforcement learning and related algorithms 

3.2.1 Reinforcement learning
Reinforcement learning is a class of ML that doesn’t need any supervision rather it learns
the patterns from the environment in which they are implemented. Reinforcement
learning-based algorithms offer the solution to stochastic sequential decision-making
problems where accurate mathematical modelling is not possible [113].

Reinforcement learning is based on Markovinan property i.e., the current position of
an entity is independent of the steps taken in all previous timestamps. Markov Decision
Process (MDP) provides a framework for mathematical modelling when outcomes are
partly under the decision maker’s control and partly random. Selecting the optimal action
by the ‘agent’ from its current ‘state’ and aiming the maximum future ‘reward’ signal
over time in the ‘environment’ is the goal of reinforcement learning. The notations in this 
context are:

s  ∈ S   – State of the considered system
a ∈ A   – Action taken by the agent
r            – Reward Function
π           – Policy Function
γ            – Discount rate ∈ (0,1] where a smaller value means we are emphasising

more on the short-term rewards

In MDP terminology, the policy π is defined as a function which specifies the action to 
be taken corresponding to each state i.e. π : S → A. At any instance the agent is in the 
state s∈ S when action a ∈ A is taken to take it to the next state. This has been explained 
pictorially in Fig. 3.1 below. 
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Figure 3.1. General sequence in reinforcement learning (also published in [II]) 

3.2.2 Q-Learning 
Q-learning, a model-free reinforcement learning algorithm, is an off-policy method
where an ‘Agent’ learns to take a good ‘Action’ while exploring the ‘States’. In Q-learning,
the quality i.e., Q-function (using Bellman’s Equation) is given by Equation 3.1 below
[114].

𝑄𝑄(𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛) = 𝑟𝑟now�
Immediate 

reward

+ 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚
𝑎𝑎future

  𝑄𝑄(𝑠𝑠future, 𝑎𝑎future)
�����������������

Discounted/Future Reward

(3.1) 

The update rule is defined by equations 3.2 and 3.3 [114]. 

𝑄𝑄est(𝑠𝑠now, 𝑎𝑎now) �⎯� 𝑄𝑄est(𝑠𝑠now, 𝑎𝑎now)  + 

  𝛼𝛼 �𝑟𝑟now + 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚
𝑎𝑎future

𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒(𝑠𝑠future, 𝑎𝑎future) − 𝑄𝑄est(𝑠𝑠now, 𝑎𝑎now)� 

(3.2) 

       𝑠𝑠now �⎯� 𝑠𝑠future (Until termination) (3.3) 

where: α = learning rate or step size (0,1]. 

3.2.3 Deep Q-Learning (DQN) and its application to filter tuning 
Deep Q-Learning (DQN) algorithms came into existence by combining Q-learning with 
Neural Networks (NNs) as a result of advancements in Deep Learning [115]. Feed-forward 
NNs are used in this architecture for predicting the best possible Q-Values. Since DQN 
doesn’t have initial data, the ‘Agent’ keeps past episodes – experiences pertaining to the 
state-action-reward-new state sequence – in a local memory. This local memory is called 
a data repository or experience replay. This information is then utilised as input to train 
the designed network architecture later on. 

In reinforcement learning-based filter tuning, the filter is a “black box” and some 
requirements regarding the desired filter response are set for the filter to be considered 
as tuned. Rotating a screw correspondingly brings some change in the tuning state 
(the S-parameters would change). DQN was first applied to filter tuning process by Weng 
et al. in [77] however, the main limitations in that work were: a) the solution was often 
falling into local minima; and b) a Feed Forward (FF) structure was chosen. To solve the 
above-mentioned problems, the author of this thesis proposed an optimal Q-learning 
based algorithm as discussed in the next subchapter. 
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3.3 Optimal DQN algorithm applied to filter tuning 

3.3.1 The novelty aspect 
Considering the benefits of Reinforcement Learning; and the need of simulations to decide 
the future strategy in filter tuning process, the author implemented an optimal DQN 
algorithm. To overcome the limitations by Weng et. al in [77], the following changes were 
made by the author: 

a) For increasing the accuracy, a CNN architecture was used.
b) A greedy policy was chosen for taking the ‘actions’ to explore the ‘environment’.
c) Lagrangian Optimiser was used to find the global minima.

The results obtained in this work were published in [II]. The obtained results were 
better as compared to the ones obtained in [77]. The results are discussed in sub-section 
3.3.3.  

3.3.2 DQN algorithm and implementation 
The reinforcement learning terminology mapped to filter tuning process can be 
described as:  

• “Agent” (i.e., the learner) is the proposed algorithm.
• “Environment” (i.e., the Agent’s world) is the simulated world.

• “States” (i.e., Agent’s position) are various points considered on the S-parameter
curve. Each state was represented by 501x1 vector, and the raw data was given to
PCA algorithm to extract the features. Then, after PCA, the data was given to a 1-D
CNN architecture.

• “Actions” (i.e., Agent’s Input steps in Environment) are clockwise and
counterclockwise turning angles of the screws.

• “Reward” (i.e., the Environment’s feedback) is a numeric score.
• “Gamma” defined by the symbol “γ” (i.e., the discounted rate of reward) has been

set as 0.95 in this work.
• “Policy” is the Agent’s behaviour function (map from state to action).

The Q-Learning gradient is computed by Equation 3.4 [114]: 
𝜕𝜕ℒ(𝑤𝑤)

𝜕𝜕𝑤𝑤
 = 𝔼𝔼 ��𝑟𝑟now + 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚

𝑎𝑎future
𝑄𝑄est(𝑠𝑠future, 𝑎𝑎future,  𝑤𝑤)

− 𝑄𝑄est(𝑠𝑠now, 𝑎𝑎now, 𝑤𝑤)�
𝜕𝜕𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒(𝑠𝑠𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑎𝑎𝑛𝑛𝑛𝑛𝑛𝑛 , 𝑤𝑤)

𝜕𝜕𝑤𝑤
� 

(3.4) 

The proposed DQN algorithm implemented in this research work is presented in  
Fig. 3.2. To deal with non-exploration i.e., to update α (see Equation 3.2 for clarity), we 
used random exploration. At the stated probability of 1

𝑁𝑁
 where N = number of trials i.e.,

number of times we have used “(s, a)-pairs”, the programme took random action instead 
of optimal one and later, the probability of α was lowered automatically. 
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Figure 3.2. Proposed Q-learning Algorithm 

3.3.3 Results obtained and conclusion 
The results of the proposed algorithm are presented in Fig. 3.3. The condition for 
successful tuning is to have all the poles below the target return loss value. It was found 
that after training the network, the proposed algorithm could successfully drive the 
return loss curve below the –16 dB target value in 43 steps. Reaching the global minima 
was ensured using Lagrangian multiplier.  

Figure 3.3. Results of implementing Optimal Q-Learning (also published in [II]) 

As compared to the algorithm presented by Weng et. al in [77] which took 48 steps, 
the algorithm proposed by the author could successfully tune the filter in 43 steps. Also, 
our algorithm ensured that it finds the global minima which was not the case with the 
technique presented in [77].  

Even if the results of this proposed algorithm were better (i.e., lesser number of steps 
taken to reach the target value) as compared to the ones in [77], the major limitation of 
our research included the presence of “max” operator used in equation 3.2. The “max” 
component causes the algorithm to suffer the overestimation of Q-values for specific 
actions, resulting in biasness in the Agent learning. The action taken by the algorithm is 
beneficial for the near-term, but it ultimately results in a policy of lower quality 

Algorithm parameters: step size  α∈(0, 1),  ε > 0 
Initialize Q (ss, aa), for all  ss∈S,  aa∈A(s), randomly except that Q (terminal, ·) = 0 
Loop for each episode: 

Initialize ss 
Loop for each step of episode: 

Choose A from S using policy derived from Q (ε -greedy or 
  random exploration) 

Take action aa, observe rr, ss ,

 𝑄𝑄(𝑠𝑠𝑠𝑠, 𝑎𝑎𝑎𝑎) ← 𝑄𝑄(𝑠𝑠𝑠𝑠, 𝑎𝑎𝑎𝑎) + 𝛼𝛼[𝑟𝑟𝑟𝑟 + 𝛾𝛾𝑚𝑚𝑎𝑎𝑚𝑚𝑎𝑎𝑎𝑎𝑄𝑄(𝑠𝑠𝑠𝑠 ,, 𝑎𝑎𝑎𝑎) − 𝑄𝑄(𝑠𝑠𝑠𝑠, 𝑎𝑎𝑎𝑎)] 
   ss ← ss' 
until ss is terminal 

Optimise the loss function L using Lagrangian Optimiser 

Equate     
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = 0   for finding the global optimum value using the constraint 
Loss Function > Threshold Value 
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(i.e., smaller rewards later). Hasselt et. al in 2010 provided a solution to this “max” issue 
by introducing Double Q-Learning [116]. In 2016, the said author along with his  
co-authors demonstrated the overestimation bias in experiments conducted across 
multiple Atari Games Environments in [117] where DDQN was proposed. The core task 
of Double Q-Learning is to reduce the over-estimations in Q-value by decomposing the 
“max” operator into ‘action selection’ and ‘action evaluation’. Hence, one network 
selects the action for the next state and another network provides the Q-value for that 
action. The ‘selector’ is “Q-Network”, and the ‘evaluator’ is “Target-Network”.  

To overcome the limitations mentioned in the previous paragraph, the author of this 
thesis proposed and implemented a Double Deep Q-Learning (DDQN) algorithm to solve 
the problem in hand as discussed in the next sub-section. 

3.4 Double Deep Q-Learning (DDQN) applied to filter tuning 

3.4.1 The novelty aspect 
As compared to our solution presented in [II] where DQN algorithm was proposed and 
implemented, the following changes were made by the author: 

a) We have used DDQN with a CNN structure.
b) A dataset comprising of 998 states from a commercial filter to define the input

“States”. Each state had 501x1 vector (obtained from VNA’s curve. The length
could be varied by changing the sampling frequency if needed).

c) While performing dimension reduction, the Locally Linear Embedding (LLE)
Technique [118] was used. LLE is better than PCA as the method ensures that we 
are not losing the feature information.

The results obtained in this research work were published by the author of this thesis 
in [III] which were better (i.e., lesser steps in tuning a higher filter order) as compared to 
the ones obtained in all the related publications. The results are discussed in details in 
sub-section 3.4.3 of this thesis.  

3.4.2 DDQN algorithm and implementation 
The Pseudo Code for the proposed solution used in this research is presented in Fig. 3.4. 

Figure 3.4. Double Deep Q-learning Algorithm 

Initialize main Q -network Qθ , Target-network  Qθ ,  Memory buffer D, τ <<1 
for each iteration do 

for each environment step do 
Observe ss and select aa ∼ π (aa, ss) 
Execute aa and observe ss' and reward rr = R(ss, aa) 
Store (ss, aa, rr, ss' ) in memory D 

for each update step do 
sample ei = (ss, aa, rr, ss' ) ∼ D 
Compute target Q-value: 

𝑄𝑄∗(𝑠𝑠𝑠𝑠, 𝑎𝑎𝑎𝑎) ≈ 𝑟𝑟𝑟𝑟 + 𝛾𝛾𝑄𝑄θ �𝑠𝑠𝑠𝑠 ,, argmaxaa, , 𝑄𝑄θ (𝑠𝑠𝑠𝑠 ,, 𝑎𝑎𝑎𝑎,)� 
Perform gradient descent step on (Q* (ss, aa) – Qθ ( ss, aa))2 
Update Target-network parameters: 
θ ' ←  τθ + (1–τ )θ ' 
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DDQN algorithm used in this work aims to minimise the mean-square error between 
Q and Q* but Q’ is slowly copying the parameters of Q using Polyak Averaging as 
mentioned in equation 3.5 [119]. 

      𝜃𝜃 ʹ ← 𝜏𝜏𝜃𝜃 + (1 − 𝜏𝜏)𝜃𝜃 ʹ (3.5) 
where:    𝜃𝜃: Primary Network Parameter 

𝜃𝜃 ʹ: Target Network Parameter 
t : Rate of Averaging 

In equation 3.5, following each run of the experience replay, the online network 
weights are reflected in the target network weights. In this work, t = 0.05 was used. 
Thus, the methodology used 95% of the old weights and updated 5% of the new weights. 

Table 3.1. Attempted t-value analysis 

S.No. t-value Result 

1. t < 5% Slower convergence 

2. t = 5% Optimal results 

3. t > 5% Bigger errors 

For reducing the dimensions yet keeping the features information intact, LLE 
technique [118] was implemented in this work. The analysis made regarding the choice 
of k-value i.e., the number of nearest neighbours for Dimensionality Reduction has been 
presented in Table 3.2 below. 

Table 3.2. Attempted k-value analysis [III] 

S.No. k-value Result 

1. k < 5 Disjointed curves, lost global properties 

2. k = 5 Optimal Result (and hence used in this work) 

3. k > 5 Smoothing of curve 

4. k > 8 Behaviour like traditional PCA approach 

3.4.3 Results obtained 
Fig 3.5 provides the results of our algorithm. The filter is considered to be tuned when 
the dips in the return loss are below the defined target line. After the network was 
trained, it emerged that the network could drive the curve below the –26 dB return loss 
target in just 23 steps.  

The obtained results were compared with other publications in [77] and [II]. Table 3.3 
is the presents the comparison. The effectiveness of the suggested DDQN algorithm is 
demonstrated by the fact that it is essentially more efficient in terms of the number of 
tuning steps and has the ability to learn superior strategies for tuning more complex 
filters than the ones that were previously employed. 



 

34 

 
Figure 3.5. Results of implementing the DDQN algorithm (also published in [III]) 

The results of the simulated experiment found clear support for the proposed 
algorithm viz. DDQN algorithm as mentioned in Table 3.3. Overall, as compared to other 
methods, the proposed DDQN method was the one that obtained quite robust results 
(i.e., fewer tuning steps were needed to tune a higher ordered filter).  

Table 3.3. Comparison with related research works 

Reference Number 
Dimension Reduction 

Algorithm 
Tuning 

Algorithm 
Filter 
Order 

No. of 
Tuning Steps 

[77] 
(Weng et al. results) 

PCA DQN 4 48 

[II]  
(author’s results) 

PCA 
Optimal 

DQN 
4 43 

[III] 
(author’s results) 

LLE DDQN 9 23 

3.5 Limitations 

3.5.1 Limitations of the proposed methods 
While working on implementation of reinforcement learning-based algorithms,  
the following conclusions were drawn: 

a) Within the scope of this research work, simulating reinforcement learning-based 
algorithms in filter tuning was limited only to the reflection parameters (S11) of 
bandpass filters.  

b) The number of screws were also limited to a small number as only resonator 
screws were tuned.  

c) Both the reinforcement learning-based algorithms proposed and implemented in 
this work stopped when the required specifications were met.  

d) We limited the training of Q-networks to 150 epochs with maximum tuning steps 
being 1500. The hyperparameter tuning could be considered as a future work.  

e) Q-learning-based methods tend to become ill-defined when we have continuous 
action space. In any on-policy method like Deep Deterministic Policy Gradient 
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(DDPG), the existing policy is improved. The next action is then taken from the 
improved policy i.e., it is not random. But this part was left for future research. 

3.5.2 General limitations of reinforcement learning-based algorithms 
a) High computation power is a prerequisite for implementing any reinforcement

learning-based algorithm because the reinforcement learning ‘agents’ need an
enormous amount (almost going towards infinity) of ‘states’ to accurately learn
the correct strategies.

b) In all the reinforcement learning-based algorithms, some biasness is always
induced when an ‘agent’ fails to fully explore the ‘environment’.

c) The choice of reward function plays a big role in the final result. Since no set
instructions are available to decide the rewards, this brings inaccuracies as well.

3.6 Chapter summary 
In this chapter, the author introduced and implemented two reinforcement learning-
based filter tuning algorithms within a simulated environment. The outcomes 
demonstrated that the algorithms devised in this study outperformed other comparable 
techniques in terms of efficiently tuning more intricate filters in fewer steps. However, 
in light of various constraints outlined in section 3.5, the author made the strategic choice 
to cease further exploration of reinforcement learning-based solutions for resolving the 
filter tuning problem. Instead, the decision was made to embark on investigating filter 
tuning algorithms that use theoretical knowledge and integration of both theoretical and 
AI-based approaches and apply them to physical filter units. 

Since the commercial filters are designed according to a particular application, their 
design is unique which offer no or small variation in the tuning state. Therefore, it was 
decided that a new universal test filter will be designed which will allow us to investigate 
different tuning algorithms. The design of such a test filter design is presented in next 
chapter. 
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4 Development of New Test Filter 

4.1 Chapter overview 
Currently available commercial filters in the market are typically tailored for a specific 
application. They often come equipped with tuning screws, which serve the purpose of 
tuning the filter’s frequency band and/or bandwidth, albeit within predefined limits. 
Achieving the desired frequency response involves altering the resonant frequency and 
inter-resonator coupling using these tuning screws. However, certain filter versions 
are deliberately designed without tuning screws, as their inherent design restricts 
their functionality to a specific frequency band. Consequently, a significant portion of 
commercial filters either does not facilitate the testing of new tuning algorithms or 
provides limited flexibility in parameter adjustments. Given this backdrop,  
the development of a new universal test filter, which can be used to evaluate and refine 
automated filter tuning algorithms, assumes paramount importance. 

To test any new tuning methodology, a simpler filter topology with only the resonance 
adjusting screws is a good starting point. The inter-resonator coupling can be adjusted 
during the design phase where iris (horizontal or vertical or both) may be used. The size 
of iris opening determines the reactance magnitude of the filter. Designing an iris-coupled 
filter reduces the total number of screws over the filter’s top plate. Also, a cavity filter 
with designed with solid resonators might serve various purposes like: a) preventing the 
screws from falling into the cavity; b) shorting the resonator if needed; c) helps in 
preventing the losses (increasing the screw penetration degrades the Q-value); and, 
d) helps in reducing the number of cases to be learnt by AI-based algorithms since
there is a bottom limit for the screw penetrating inside the cavity. In case of a hollow
resonator, the possible combinations of screw positions can grow exponentially high.
The case of complete withdrawal of the screw from the filter’s top plate can be controlled 
either by adding a special module in the computer programme or by using mechanical
stoppers.

Considering all the factors mentioned in the previous paragraph, an all-pole L-band 
Chebyshev bandpass test filter having quarter-wavelength resonators was chosen to be 
designed. The test filter has been designed with solid resonators which ensures that the 
tuning screw will not fall into the cavity structure. The case of screw completely coming 
out of the filter plate was decided to be handled through the software part and has been 
discussed in Chapter 7. In this chapter, the author presents a newly designed universal 
filter, detailing its development process and performance assessment. This filter is 
intended to serve as a testing platform for evaluating the automated filter tuning 
algorithms.  

4.2 Basic cavity filter 
A cavity filter is a combination of various resonators coupled to each other. The property 
of resonator circuits which can be manipulated is capacitance. Tuning screws are usually 
mounted over the top surface of the cavity filters to change the capacitance externally. 
Some tuning screws are directly mounted over the cavities and are responsible for 
changing the resonance frequencies. Other screws include coupling and cross-coupling 
screws to alter the inter-resonator couplings.  
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Increasing the filter order (i.e., number of resonators) helps in achieving sharper band 
selectivity (which is a key characteristic of cavity filters) but it also increases the filter’s 
Insertion Loss (IL) and filter’s size. Optimisations are required for obtaining good filter 
performance while keeping the size of the filter small.  

4.3 Filter design procedure 
For designing a combline filter, the following steps are generally performed: 

1. We start from choosing the correct filter type (Butterworth, Elliptic,
Chebyshev etc.) according to the type of response expected from the filter.

2. The center frequency, BW, filter order, requirements for insertion loss and
return loss are defined.

3. The structure of the filter is decided as per the constraints provided by the
customers (if any).

4. The material and the geometry of the cavity, resonators, tuning screws are
then decided. For simplicity, it is usually preferred to have the resonators
of the same cross-section.

Historically, the engineers used various design tables and empirical formulas for 
designing the filters as presented in textbooks like [120]. With the advancement in 
computer technology these days, the designers are liberated to use filter designing 
software like ADS, CST, HFSS etc. However, to avoid the iterative ‘hit-and-trial’ in 
software-based filter designing, a combination of approaches is also sometimes used. 

Within in allowed passband, the value of return loss must be minimized (it is expected 
to be <= -20 dB usually) whereas the insertion loss value should be maximized (expected 
to be close to 0 dB).  

4.4 Design of 5-pole inline coaxial cavity test filter 

4.4.1 Novelty aspect 
The filter designed in this work is a universal test filter to test various algorithms as the 
commercial filters present either no or very limited possibilities to implement different 
algorithms. The choice of the filter order is determined based on introduced design 
requirements presented in section 4.3.2.  

In this research work, the author designed a 5th order all-pole inline coaxial cavity 
filter. The hollow cavity structure was machined within the aluminium enclosure.  
The extruded quarter-wavelength solid cylindrical posts within the conducting cavity 
walls act as resonators. The advantages of having solid resonators in the structure are 
already discussed in Section 4.1. To achieve the desired frequency response, tuning 
screws which are fixed within the cover plate and placed vertically above the individual 
resonators are provided. The cavity structure has not been plated from inside by any 
conducting material as commonly seen, however, the M4 sized tuning screws are plated 
with 3 μm layer of silver which assists in increasing the filter’s overall performance. 
The inter-resonator coupling has been adjusted with the help of vertical iris as opposed 
to the commonly used coupling screws. The position, shape, orientation, and dimension 
of iris has been designed to achieve the desired frequency response. Adjusting the 
coupling between the resonators with the help of iris reduced the number of screws 
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mounted over the filter’s top plate. Direct probe-touching method was used to achieve 
the desired I/O coupling and its distance (height) from the base is determined using the 
eigenmode solver of the considered design simulator.  

4.4.2 Introduced design parameters 
The basic design specifications from a filter to be realized are as under: 

• Centre Frequency: 1,59 GHz (L-band) 

• Bandwidth: 50 MHz 

• Insertion loss: 0,5 – 0,9 dB  

• Return loss: > 18 dB 

• Number of resonators: 4 to 5 

• Resonator length: Quarter wavelength 

• Inter-resonator coupling adjustment mechanism: Iris  

• Filter type: Cavity filter 

• Filter topology: Coaxial 

• Tuning Screws: Yes 

4.4.3 Comparison with other similar designs 
Two similar cavity filter designs are discussed in [121] and [122]. The approach for 
designing a MW cavity filter by researchers in [121] is different than the one presented 
in [122]. In [121], the filter is designed on the filter designing software, but the filter 
dimensions were mainly calculated using analytical formulas and g-value tables in [120]. 
The resonator length was calculated using λ/8 criteria. After deciding the cavity 
dimensions, the other dimensions like screw diameter, hole diameter, depth etc. are 
calculated using theoretical formulas. The approach in [122] used just a few analytical 
formulas but mainly relied on simulation solvers to obtain the filter dimensions. The final 
dimensions are found by Space Mapping (SM) optimisation technique using a 
combination of ADS software and HFSS software. ABCD parameters are also involved 
while optimisation. The author didn’t fabricate the filter and didn’t use tuning screws in 
their filter design. 

The filter designed in this thesis work is a mix of [121] and [122] but also exhibits its 
uniqueness in some of the design aspects. The comparison of the designed test filter with 
other main filter design methodologies available in [121] and [122] is presented in Table 
4.1. The main difference as compared to [122] is that the test filter designed in this 
research work is equipped with tuning screws as it was the case in [121]. The presence 
of tuning screws allows to achieve the desired frequency response. 

It can be seen in Table 4.1 that the design of filter in this research work is a mix of 
design methodology presented in [121] and [122] in most of the criterion mentioned but 
possesses uniqueness in terms of the criteria for length determination. The input-output 
coupling method, resonator technology, and cavity material are common for all the 
designs discussed. 
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Table 4.1. The test filter design compared with other similar designs 

Criteria Design in [121] Design in [122] In this work 

Frequency Band S-band L-band L-band 

Cavity Material Aluminium Aluminium Aluminium 

No. of Resonators 5 4 5 

Resonator Material Copper Aluminium Aluminium 

Resonator Length Determination 
Criteria λ/8 Eigen mode 

solver ~ λ/4 

Resonator Size Variation No Yes No 

Resonator Shape Hollow Cylinder Solid Cylinder Solid Cylinder 

Resonator Technology Coaxial Coaxial Coaxial 

Resonator Mounting Screws Drilled at 
the Bottom 

Cut within the 
Cavity 

Cut within 
the Cavity 

Tuning Screws Yes No Yes 

Inter-resonator Coupling 
Adjustment Method Screws Iris Iris 

Filter Structure Cylindrical Square Cylindrical 

Input-Output coupling Direct Pin Contact Direct Pin 
Contact 

Direct Pin 
Contact 

Designing Software CST ADS + HFSS CST 

Design Optimisation No Yes 
(Space Mapping) No 

I/O Connectors N-type SMA SMA 

Filter Fabrication Yes No Yes 

Silver Plating of Cavity Walls Yes No No 

Note: The design similarities between different designs are depicted by the bold text 

4.4.4 Choice of EM design software 
In this work, CST Microwave Studio EM simulator by Dassault Systems (interchangeably 
used as CST software in this thesis) was used. CST software is based on Finite Integration 
Technique (FIT) which utilises integral form of the Maxwell’s equations. For solving the 
EM-based problems, CST software has many kinds of solvers available which includes 
Time Domain Solver; Transient Solver, Eigenmode Solver, Frequency Domain Solver. 

While designing the test filter, the Eigen-mode values of the design were checked in 
CST software. The design parameters were altered until the desired center frequency 
and Unloaded-Q of the resonators were obtained. This design was optimised i.e., the 
loop of changing the dimensions was repeated until the desired specifications were 
achieved. 
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4.4.5 Design of filter structure 

A. Cavity Design

Key considerations: The shape and size of the cavity. 
• For a cubical cavity – length, width, and height
• For a cylindrical cavity – the diameter and height

In this work, the author designed a cubical cavity which is connected to the test 
equipment and outer world with the help of SMA Connectors. 

(a) (b) 

Figure 4.1. Cubical cavity dimensions – (a) Length and Width; (b) Height 

B. Resonator Design

Key considerations: The shape and size of the resonator. The resonator is usually kept at 
the center of the cavity structure but can be arranged in a zig-zag pattern or in straight line. 

• For a hollow resonator – outer diameter, inner diameter, and height
• For a solid resonator – diameter and height

In this work, the author designed solid resonators with their length approximately 
equal to quarter-wavelength of the center frequency. So, for 1,59 GHz center frequency, 
λ = 188,55 mm (λ = c/f, where c = Speed of light). Correspondingly, the quarter-
wavelength resonators i.e., λ/4 is 188,55/4 = 47,14 mm. Using Eigen-mode solver 
calculations in CST software and considering all the design and tuning requirements, the 
optimised resonator’s length for the resonance frequency to be exactly as per the 
required center frequency of 1.59 GHz was found to be 40,35 mm for the designed 5th 
order filter. The main factor contributing to difference between these theoretical and 
optimised lengths is the capacitive load on the top end (open side) of the resonator. 

(a) (b) 

Figure 4.2. Solid resonators – (a) isometric view; (b) top view 
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C. Tuning screws and their positions

Key considerations: The shape, size, positioning, material, and plating of the screws 
• For screws without any tail-end disc – diameter of the screw, and the tail end

towards the resonator)
• For screws with a tail-end disc attached – screw diameter, disc diameter,

thickness of the disc, shape of the disc head (the end towards the resonator)
In this work, M4 screws plated with 3 μm silver plating without the disc have been 

used owing to being readily available. The screws used in this work are made of steel 
alloy and have Torx6 head on which screwdriver would be attached to tune the filter. 
The screws penetrate through the holes drilled in the filter’s top plate and are placed 
exactly above the resonator posts.  

(a) 

(b) 
Figure 4.3. Tuning screws – (a) diameters; (b) tuning screws positions (shown over the top plate) 

D. Inter-resonator coupling design

Key considerations: Shape, dimension, and the position in the cavity 
• Horizontal iris – length, width, and height
• Vertical iris – width and height

For combline filters, capacitive coupling is achieved via probe (or wire) and the 
Inductive coupling is attained via iris. Not only probe/iris dimension but its position is 
also very important. Changing the iris gap brings change in both electric field distribution 
and magnetic field distribution within the cavity. This in turn changes the inter-resonator 
coupling strength. Generally, this gap is kept adjustable with the help of tuning elements. 
Iris can be horizontal or vertical. It has been observed that the horizontal iris is not 
suitable for the filters with large BW as they can’t provide the required high values of 
coupling. 
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In this work, the iris gap is kept fixed by finalizing the iris dimensions while designing 
the test filter. This implies that the coupling value remains almost constant within the 
tuning range. In our case, we have vertical iris which are simpler in their design as 
compared to the horizontal ones. 

 
Figure 4.4. Vertical iris 

E. I/O coupling design 

Key considerations: Type of coupling, dimension, and its vertical positioning on the filter’s 
wall 

The Input/Output (I/O) ports can be connected by three possible ways: 
a) Parallel coupling 
b) Disc type coupling 
c) Directly touching the connector pin to the I/O resonators 

It was observed that the distance between feed line and resonator directly affects the 
electrical coupling. The smaller distance between them leads to stronger electrical 
coupling which correspondingly means lower external-Q value of the resonator.  

In the designed test filter, the author used the direct touching method to achieve the 
desired frequency response. The position of the probe (its height from the base) is 
determined using the Eigen mode solver in CST Software. 

  
(a) (b) 

Figure 4.5. Probe/pin – (a) Probe length (inside cavity) and diameter; (b) Probe position w.r.t to 
ground/base 
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The final dimensions of the various parts of the designed filter sent for manufacturing 
are given in Table 4.2. It should be noted that the gap between the cavity wall and the 
I/O resonators (also commonly known as ‘end gap’) cannot be determined empirically. 
In this design, we assumed it to be 6,5 mm. Only after having the value of end gap, 
we can find the overall length of the filter structure. 

Table 4.2. Various dimensions of the designed test filter 

4.5 Designed filter in CST software 
The overall 3D filter structure designed in CST Software was simulated with Frequency 
Domain Solver feature. For dealing with the meshing used in the simulations, adaptive 
tetrahedral mesh was used. The complete structure of the designed filter is presented in 
Fig. 4.6. The S-parameter parameters were observed to check the accuracy of the design 
and are shown in Fig. 4.8 in Section 4.7. The design parameters and penetration depth of 
tuning screws are iteratively varied in the simulations until the desired frequency 
response was met.  

a) With top cover (toplet) b) Without toplet

Figure 4.6. Simulated 5-pole filter 

Entity Parameter Dimension 
(in mm) 

Cubical Cavity 

Length 126 

Width 32 

Height 50,35 

Solid Resonator 
Height 40,35 

Diameter 9 

Tuning Screw Diameter 4 

Iris 

Iris 12 and Iris 45 

Distance from outer wall 7,90 

Length 16,20 

Height 45,35 

Iris 23 and Iris 34 

Distance from outer wall 9,40 

Length 13,20 

Height 45,35 

Probe 

Length (inside the cavity) 7 

Diameter 1,50 

Height (from the base) 9 
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4.6 Fabricated 5-pole filter 
After finalizing the filter dimensions in CST Software, it was fabricated on a VMC (CNC) 
machine. Since the filter’s cavity block has been manufactured as a single piece of 
aluminium with the resonator cylinders extruded from the base, the cutting speed of the 
tool was carefully chosen. The filter’s top plate made from 3 mm thick aluminium sheet 
was cut separately. This top plate is firmly mounted over the cavity block to avoid the 
MW energy leakage. The commercially available M3-sized plate mounting screws made 
of normal alloy-steel don’t bear any role other than holding the top plate. However,  
the M4 screws used for tuning are plated with 3 μm silver layer. The tuning screws are 
surrounded by nuts which ensure that the filter structure is airtight. Also, these nuts are 
locked tightly when the filters are tuned so that the tuning state of the filter won’t change 
during its delivery phase.  

Owing to their low cost and high frequency applications, SMA connectors were 
connected to the fabricated filter for sending and receiving the signals where the center 
pin touched the I/O resonators. Fig. 4.7 shows the assembled filter. 

Figure 4.7.  Fabricated 5-pole filter 

Although the frequency of designed filter is centred around 1,60 GHz offering BW of 
50 MHz, these values can be modified a bit with the help of tuning screws to make it 
suitable for a particular application requirement. 

4.7 Comparing performance characteristics of simulated and fabricated 
filter 
The following options are available for measuring the performance of MW Filters: 

a) Vector Network Analyser (VNA)
1) Scattering Parameters (S-parameters)
2) Voltage Standing Wave Ratio (VSWR)
3) Smith Chart
4) Polar Plot
5) Phase Plot

b) Spectrum Analyser
c) Special Waveguide Test Bench

In this work, we used the most common device among the ones mentioned above i.e., 
a VNA. To check the accuracy of the designed test filter, the S-parameters were chosen 
as an observation criterion. KEYSIGHT N9914A VNA [123] was used for testing the 
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performance of the filter. The fabricated filter was connected to a VNA, and its 
S-parameters were measured as shown in Fig. 4.8. Also, the simulated S-parameters
captured from CST software while designing the filter are also shown in the same image.
A good match between the S-parameters of a fabricated and simulated filter confirms
the accuracy in the design. After tuning, the fabricated filter working as per the stated
requirements. Fig. 4.8 shows that with-in the passband, the insertion loss of the filter is
0,7 dB and the value of return loss is found to be under -18 dB. The BW of the fabricated
filter is also under the requirements set while designing the filter.

Figure 4.8. The difference between response of simulated and fabricated filters 

4.8 Chapter summary 
A new 5th order tuneable test filter having cubical cavity and quarter-wavelength long 
solid cylindrical resonators was designed to test the filter tuning algorithm(s). Varying 
the height of the tuning screws allowed us to vary the center frequency and BW. The I/O 
coupling has been realized using a touching pin and the inter-resonator coupling is 
adjusted with designed vertical iris as opposed to commonly used coupling adjustment 
screws. The choice was based on the fact that the designed iris reduced the total number 
of screws installed on the filter’s top plate. The tuning screws were surrounded by nuts. 
These nuts serve two purposes: a) avoiding the RF energy leakage; and b) ensuring that 
the tuning state won’t change when the tuned product is delivered to the customers. 
The designed test filter was then fabricated using an aluminium block. A good match was 
found between the response obtained from the simulated filter and the fabricated filter. 

In order to assess the effectiveness of a novel algorithm designed for automating the 
filter tuning process, the development of an experimental setup is a requisite. To overcome 
the limitations of other filter tuning equipment available in the literature (presented in 
Chapter 2), coming up with a new experimental setup becomes inevitable. The ensuing 
chapter delineates the inception of this precise and versatile setup, distinguished by its 
precision and flexibility to fine-tune wide array of filters with minor modifications. 
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5 The Experimental Setup for Filter Tuning 

5.1 Chapter overview 
The tuning components in MW filters facilitate adjustments to achieve the specific 
frequency band required for a given application. Among these, tuning screws are the 
predominant choice for cavity filters. By altering the penetration depth of these screws, 
one can modify the resonance frequency and inter-resonator coupling values. To automate 
the filter tuning process, a robotic setup is needed. As discussed in Chapter 2, all the 
automatic filter tuning setups available in the literature exhibit certain limitations in 
terms of hardware and/or software which excludes the possibilities of incorporating 
them within the filter production lines. To have a generalised solution, a new 
experimental setup is needed which would allow its industrial usage and is apt for testing 
and comparing different filter tuning algorithms while being precise and resistant to 
environmental interference. 

The new experimental setup should be designed so that it can tune not only the test 
filter designed in Chapter 4 but also should tune the other existing and upcoming 
commercial filters by making minor modifications. Having a flexible automated filter 
tuning system is also vital for increasing the volume of filter production in the industry. 
The main considerations while coming up with the new setup are full penetration and 
full withdrawal of tuning screws; simultaneously driving the screwdriver and outer nut; 
wider working range etc.  

Taking all factors into account, this chapter introduces the design of a novel 
experimental configuration in which relative-positioning system has been used. This 
setup, as detailed within the chapter, offers adaptability for handling filters of various 
shapes, sizes, and topologies, requiring only minor modifications to accommodate them. 

5.2 Principle block scheme of the new setup 

 
Figure 5.1. Principal block scheme 

The main scheme of the new experimental setup is presented in Fig. 5.1. Once the 
required device drivers are installed, VNA is connected to that configured computer via 
LAN cable. The configured VNA is then connected to the test filter. The desired filter 
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characteristics are fetched into the computer. The connected computer sends G-codes 
via USB port to the microcontroller board (ATMEGA 328P) controlling the motors. 
Broadly, the whole setup can be seen as a combination of four different modules as 
following and are discussed in detail in the forthcoming sub-sections: 

1. Mechanical module 
2. Electronics module 
3. Software module 
4. Vision module 

5.2.1 Mechanical module 

5.2.1.1 Basic structure and configuration 
The mechanical aspect of the experimental setup has been designed so that it can tune 
various types of commercial filters just by making small modifications. Most of the 
commercial filters have tuning screws and locking nuts around each of them to avoid – 
a) RF energy leakage, and b) detuning of the filter while transporting it to the customer. 
In case when the filter version is equipped with self-locking tuning screws, the nut driving 
motor can be easily disabled. Also, the design allows easy replacement of tuning screw 
head with the desired shape to tune different filter topologies. 

After considering the design limits, the dimensions of the experimental setup were 
decided. The tuning screws were to be rotated using the torque provided by stepper 
motors. Due to presence of numerous screws (tuneable screws and plate mounting 
screws), there were spacing-related constraints. Considering space limitations and to 
avoid complex parallel computations, a single tuning actuator-based system was 
designed. The actuator approaches the tuning screws sequentially (one screw after the 
another). The sequential-tuning approach is slower, but it ensures high tuning accuracy as 
compared to parallel tuning approach in which many screws can be tuned simultaneously. 

The author chose the cartesian configuration while designing the setup owing to its 
advantages such as – precision, wider working envelope (wide range of rectangular 
movement in X-, Y- and Z-direction) so that the higher ordered filters could also be tuned 
when needed, easy programming, high payload bearing capacity, and overhead grid 
offering bigger floor space. For the precise movement of the setup in X-, Y- and  
Z- direction, ball screw with small pitch size has been connected to stepper motors using 
the shaft couplers. The ‘home’ position of the machine is set using the limit switches.  
The relative-positioning system as used in [107][112] has been used in this work.  

5.2.1.2 Tool-in-tool actuator 
The tuning actuator designed in this work has a tool-in-tool arrangement where the inner 
tool is a screwdriver which is responsible for rotating the tuning screws and the outer 
tool deals with locking and unlocking the outer nut. This outer nut restricts the 
undesirable detuning of the filter while the other screws of the filter are being tuned or 
when the fully tuned filter is delivered to the customer. For tuning the filters without  
the locking nuts, the motor responsible for locking the nut can simply be disabled.  
The tool-in-tool manipulator is shown in Fig. 5.2. 
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Figure 5.2. Basic structure of tool-in-tool actuator 

The designed tool-in-tool actuator assembly allows the tuning of filters mounted with 
different kinds of screw heads just by replacing the screwdriver head, thus making the 
setup flexible. While tuning, the continuous contact between screwdriver and screw 
head is maintained with a spring-assisted sliding mechanism. This sliding mechanism 
allows the vertical movement of actuator as well as simultaneous movement of the 
tuning screw along its axis. The proposed actuating mechanism allows simultaneous and 
independent control of servomotor-based screwdriver as well as the lock-nut mechanism. 
Once the desired tuning state is achieved, the screwdriver is kept stable with the help of 
corresponding motor’s holding torque while the other motor tightens the outer nut. This 
ensures that the current tuning state is retained, and repetitive rotations of tuning 
screws is avoided. The detailing of designed tool-in-tool is shown in Fig. 5.3. 

Figure 5.3. Designed tool-in-tool 

Inner tool 

Outer tool 
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The description of the various parts of the tool-in-tool mechanism has been explained 
in Table 5.1. 

Table 5.1. Details of the parts of the tool-in-tool 

Part 
Number 

Description Part 
Number 

Description 

1 Magnetic Screwdriver Head 12 Shaft Coupler 
2 Magnetic Lock-nut Adapter 13 Motor Shaft 
3 Adapter Coupling 14 Bush 
4 Extension Shank Spring 15 Nema 23 Motor 
5 Adapter Coupling Spring 16 Toothed Belt 
6 Bush 17 Bush 
7 Pulley Bearing 18 Drive Shaft (Pulley A) 
8 Bearing Mounting Shaft 19 Shaft Coupler 
9 Sleeve-type Bush 20 Motor Shaft 

10 Auxiliary Coloured Disc 21 Bush 
11 Drive Shaft (Screw Head) 22 Nema 23 Motor 

To avoid a dense bunch of motors and wiring near the tool-in-tool structure, the 
servomotor responsible for driving the locking nut is placed at a distance from the axis 
of screwdriver motor. For transmitting the power from the unaligned stepper-motor to 
nut-driver, a belt-pulley system has been used. The use of timing belt over a spur gear 
minimizes the belt slippage when high torque is applied to lock/unlock the nut.  

5.2.1.3 Auxiliary disc 
The auxiliary disc shown as part number 10 in Fig. 5.3 is attached to the shaft which is 
rotating the screwdriver carrying out the actual tuning of the filter i.e., this disc rotates 
with the rotation motion provided by the stepper motor. A coloured strip has been 
pasted on this disc. The coloured strip is designed with a continuous pattern of  
Red-Green-BIue (R-G-B) coloured strips. This disc estimates the rotation angle as well as 
it determines the direction of screwdriver’s rotation. The diameter of the disc on which 
the strip is pasted is chosen in a way that it meets the requirement of minimum angle 
resolution needed. The exact use of this auxiliary disc has been presented later in 
sections 7.6.3 and 7.6.4. For determining the direction of rotation, if the ‘Green’ colour 
strip is followed by a ‘Blue’ colour strip, it means the screwdriver is moving in 
counterclockwise (CCW) direction. However, if ‘Green’ colour strip is followed by a ‘Red’ 
coloured strip, the direction of rotation is clockwise (CW).  

The outer diameter, D of this auxiliary disc is 38 mm and the thickness, T of the 
auxiliary disc is kept being 12,5 mm. The calculations related to this disc are given by 
equations 5.1 to 5.4:   

Circumference of the auxiliary disc, C is given by:    

𝐶𝐶 = 2𝜋𝜋𝜋𝜋 (5.1) 

Substituting radius of the auxiliary disc, R = 19 mm gives: 

𝐶𝐶 = 119,32 𝑚𝑚𝑚𝑚 (5.2) 

In order to have an angle resolution of 5°, the total coloured RGB strips (S) needed were: 

   𝑆𝑆 = 360°
5°

= 72     (5.3) 
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The width of each strip (W) could be calculated using: 

𝑊𝑊 = 119,32
72

= 1,65 mm (5.4) 

The auxiliary disc is shown in Fig. 5.4. 

Figure 5.4. Auxiliary disc with continuous RGB pattern 

5.2.2 Electronics module 
By considering the flexibility related requirements in terms of torque and resolution  
(to allow the setup to tune wide variety of filters), NEMA 23 stepper-motors were 
selected. These motors offer high precision, provide the torque necessary to drive the 
setup, and offer sufficiently high holding torque. In our tuning setup design, 06 stepper 
motors have been used. Table 5.2 gives a small description of their use. 

Table 5.2. Details of the usage of the motors in the experimental setup 

S. No Nomenclature Used Position in the setup 
1 M1 Controlling the X-axis (left side of setup) 
2 M2 Controlling the X-axis (right side of setup) 
3 M3 Controlling the Y-axis 
4 M4 Controlling the Z-axis 
5 M5 Controlling the Movement of Nut Fastener/Loosener 
6 M6 Controlling the Tuning Screwdriver 

Note: Motors M1 and M2 are wired together for smooth and precise motion of the setup in 
X-direction.

The motors are driven by a TB6600 stepper motor driver which gets control signals
from the microcontroller. 

5.2.3 Software module 
From bird-eye view, Python programming language has been chosen to control the 
experimental setup as well as to test the new filter tuning algorithms on the designed 
experimental setup. With the increase in computation power, introduction of various 
AI-related libraries, it is possible to involve learning algorithms to the processes where 
an accurate mathematical model is not available (i.e., when the system can be 
considered as a ‘blackbox’). The process of filter tuning falls under the same umbrella 
and hence there was a potential of finding a novel tuning solution. 

After calibration, the VNA is connected to device under test (DUT) i.e., filter. The IP 
address of VNA allows real-time data transfer from VNA to computer through LAN cable. 
This data contains the information of current tuning state of the filter. The developed 
tuning algorithm compares the current state with the desired one and sends G-codes to 
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the microcontroller (Arduino). With the help of ‘grbl’ firmware, the microcontroller 
drives the specific stepper motor. The controller discussed in [124] has been used to 
control the speed of system as discussed later in detail in section 7.6.2.  

The ‘home’ position has been defined to be one corner of the filter holding fixture 
which is made of wood. The presence of 06 limit switches assists in homing the machine. 
While tuning the filter with solid resonators, the tuning screw can’t fall into the cavity. 
However, a special scenario where the screw may completely come out of the top plate 
is handled by measuring the pitch of the screw thread and monitoring the number of 
screw rotations through the developed program. 

5.2.4 Vision module 
A vision module has been added to the experimental setup to track the rotation angle as 
well as direction of rotation of screwdriver. A generic web-camera looks at the 
customized auxiliary disc as shown in Fig. 5.5.  

Figure 5.5. Camera looking at the auxiliary disc with coloured strip 

5.3 The FAT robot 
The experimental setup i.e., the FAT robot has been shown in Fig. 5.6. 

(a) (b) 

Figure 5.6. Overall experimental setup – (a) SolidWorks Assembly; (b) Realized FAT Robot  
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5.4 Chapter summary 
For implementing filter tuning algorithms, an experimental test setup was built.  
A customized tool-in-tool actuating mechanism was designed for finding the optimal 
positions of the tuning screws and then finalizing the locking of the nut of the test filter. 
To have bigger working envelop, cartesian configuration was selected. The details about 
the mechanical design and analysis of the structure are not discussed to stay aligned 
mainly with the topic of this thesis. As compared to other solutions proposed in the 
literature, the setup designed under this research work is flexible in terms of modifying 
the screw head to match various kinds of screw heads of the industrial filters and has a 
vision module dedicated to serve as an error detecting source so that the tuning error 
can be identified as soon as it occurs.  

To deal with filters of different kinds, the stepper motors were chosen so that the 
torque and resolution requirements by various existing and upcoming industrial filters 
can be dealt. The movement of the designed Fully Automated Tuning (FAT) robot in 05 
different axes have been controlled by 06 stepper motors (2 motors have been used for 
smooth movement in the X-direction). Each stepper motor is equipped with their 
dedicated motor driver which receives the control signal from the microcontroller.  
The whole system is mainly controlled by Python programming language and an HMI has 
been built to ease the movement of the robot. The homing process is assisted by the 
limit switches in all the linear translation axes.  

Prior to applying any tuning algorithm to the filter, two essential preparatory steps 
must be completed: 

1. Distinguishing the tuning screws from the plate mounting screws. 
2. Manually configuring the tuning elements to their initial positions.  

The subsequent chapter will expound on these essential tuning preliminaries. 
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6 Tuning Preliminaries 

6.1 Chapter overview 
The surface of the MW cavity filter, as depicted in Fig. 6.1, features an array of screws. 
Among these, some are tuning screws, which facilitate adjustments to the filter’s tuning 
state. The remainder are mounting screws, primarily responsible for securing the top 
plate of the filter in place. Before commencing the automated tuning process, it is 
imperative for the algorithm to discern the position of each tuning screw on the filter. 
Achieving this necessitates the development of a method for distinguishing tuning and 
mounting screws. Once the tuning screws are identified, their position coordinates are 
sent to the algorithm to direct the tuning manipulator.  

This chapter provides the insight to vision-based methods for detecting and localising 
the tuning screws of the filters. For testing the proposed methodologies, a used 
commercial filter shown in Fig. 6.1 was used. 

 
(a) (b) 

Figure 6.1. A commercial MW cavity filter – (a) top view; (b) perspective view 

6.2 Differentiating the tuning screws using computer vision 

6.2.1 Using Machine Learning 
Before automating the filter tuning process, every screw fitted over the cavity filter must 
be efficiently classified either as a tuning screw or a mounting screw. To do this, a ML 
classifier may be used. The ML classifier based on supervised learning can build a model 
which would divide the given data into desired number of distinct classes. ANNs [125], 
Bayesian Networks [126], Decision Trees (DT) [127], K-Nearest Neighbours (KNNs) [128], 
Support Vector Machine (SVM) [129] are a few of the widely used classification 
techniques documented in the literature. The various steps to classify the screws using 
ML-based model are explained in the following sub-sections.  

6.2.1.1 Setup used 
For extracting the features of the screws correctly, a unique imaging setup was needed. 
The images used to generate the dataset for the ML-based classifier for localising the 
tuning screws were captured using a Logitech C525 HD 720p webcam. Since a powerful 
light source was necessary for proper illumination and for homogeneous reflection on 
the top plate (to create higher contrast), halogen lighting was used during the 
experiments. The overall setup is depicted in Fig. 6.2. The various parameters used in  
Fig. 6.2 were defined to be as following: 
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 α = 45° 
L0 = 250 mm 
W0 = 350 mm 
W1 = 190 mm 
L1 = 240 mm 
LC = 38 mm 

Figure 6.2. Imaging setup for ML-based screw differentiation (also published in [VI]) 

To prevent any screws being occluded i.e., the front screw covers the one(s) behind 
it, the camera mounting angle defined by α was chosen to be 45°. 

6.2.1.2 Preprocessing 
The procedure for preprocessing the acquired image processing is shown in Fig. 6.3. The 
acquired image i.e., RGB image of the commercial MW cavity filter is first converted into 
a binary image. The rusty mounting surface seen in Fig. 6.1 (we have considered a used 
MW filter in this chapter as stated earlier) was compensated by adjusting the brightness 
and contrast of the binary image. The ‘value plane’ was subsequently used to extract the 
grey image. The key reason for choosing this plane was that the tops of the screws were 
a little brighter than the rest of the filter assembly. Finally, the thresholding step assisted 
in separating all the screws (mounting screws as well as the tuning screws) from the 
filter’s top surface. The resulting processed image was then used for further analysis. 

Figure 6.3. Image preprocessing steps (also published in [VI]) 

The original image and the corresponding processed image of the filter considered for 
testing the are displayed in Fig. 6.4 on the left and the right side respectively.  
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(a) (b) 

Figure 6.4: The original image (left), and Processed image (right) (also published in [VI]) 

6.2.1.3 Screw classification 
For classifying the screws correctly, features of all the screws must be extracted. To do 
this, Determinant of Hessian (DoH) method has been used. The Hessian matrix provides 
insights about the local variations and structures within the data. The determinant of this 
matrix leads to a matrix composed of second-order partial derivatives. For the image 
represented by f(x,y), the DoH is calculated as presented by equation 6.1.  

   
f f

det
f f

xx xy

yx yy
=H     (6.1) 

In this work, when the processed image was given to the proposed solution, DoH 
method provided area as a feature vector. The screw dimensions were then manually 
measured and labeled as tuning screws or mounting screws depending on the area of 
the feature vector. Additionally, the classification of tuning and mounting screws was 
made easier by extracting the height parameter from the feature vectors obtained using 
DoH. Labeling took 92 minutes to complete. This linear SVM classifier, which was trained 
using the parameters presented in Table 6.1, used this labeled data for training the 
model. The SMO solver, which minimizes the one-norm problem by considering a series 
of 2-point minimizations, was used to implement the SVM algorithm. 

Table 6.1. SVM algorithm parameters 

Entity Value 
Lagrangian Multiplier 26 x 1 array 

Bias Term for Hyperplane -13.9878 

Solver SMO 

After the model is trained using the labeled data, the screws in given image can be 
classified. The overall methodology for classifying the screws is presented in Fig. 6.5. 

 
Figure 6.5. Screw classification methodology (also published in [VI]) 
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The proposed methodology was tested on a commercial cavity filter shown in Fig. 6.1 
on which a total of 144 screws are present. Out of these, 58 screws were the tuning 
screws and rest were the mounting screws. The goal of implementing the supervised 
learning algorithms on the processed image was to have a bounding box around the 
tuning screws. 

6.2.1.4 Results and Discussions 
Initially, the processed image and the feature vectors from DoH are given as an input to 
the trained SVM model and the resultant image with the predictions is shown in Fig. 6.6 
where the bounding boxes are encapsulating the tuning screws. It can be seen in Fig. 6.6 
that the proposed SVM model predicted a total of 60 tuning screws i.e., two false-positive 
results were predicted by the SVM algorithm. 

 
Figure 6.6. Tuning screws predicted by SVM model (also published in [VI]) 

The performance of the SVM algorithm was compared with the KNN and DT models. 
While implementing the KNN algorithm, the number of neighbours were defined to be 5 
and the Euclidean distance between the nearest neighbours is used as a criterion. In the 
DT algorithm, the cross-validation was not considered. The predictor selection for DT was 
set to consider all the splits. The predictions made by KNN model and DT model are 
presented in Fig. 6.7 and Fig. 6.8 respectively. 

 
Figure 6.7. Tuning screws predicted by KNN model (also published in [VI]) 
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Figure 6.8. Tuning screws predicted by DT model (also published in [VI]) 

The results obtained by implementing KNN and DT algorithms on the processed image 
show the presence of 5 false-positive results i.e., a total of 63 tuning screws were 
predicted by both the algorithms.  

The classification results for tuning screws obtained using different ML algorithms 
implemented are demonstrated in Table 6.2. Upon inspection, it becomes clear that the 
SVM model exhibited superior classification performance, with only 2 misclassified 
screws. In contrast, the other two state-of-the-art algorithms viz. KNN and DT which 
misclassified 5 screws each.  

Table 6.2. Number of tuning screws obtained using the ML-based algorithms 

ML Algorithm Number of Screws Detected by the 
proposed classifier 

Incorrectly 
Classified Screws 
(True Count = 58) 

SVM 60 2 

KNN 63 5 

DT 63 5 

Upon close examination of Figs. 6.6, 6.7, and 6.8, became evident that all three 
algorithms not only incorrectly classified some of the mounting screws as tuning screws, 
but also erroneously identified a similar shaped shadowed area as a tuning screw (as clear 
from the bottom portions of Fig. 6.6 to Fig. 6.8). Hence, a more robust and accurate method 
was required, one that does not hinge on the template matching or the trained ML model. 

6.2.2 Using a novel band-subtraction method 
Fig. 6.9 shows a magnified version of a small portion of the cavity filter that is the subject 
of this chapter (see to Fig. 6.1). The tuning screw is located on the top-right corner, and 
the mounting screw is located at the bottom-left corner. 

Figure 6.9. Different types of tuning screws on a cavity filter (also published in [IV]) 
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Since the screws in Fig. 6.9 have distinct shapes, it may be possible to distinguish them 
using image processing techniques such as contour matching, shape detection, and 
pattern matching. It is not always the case, though, that mounting screws and tuning 
screws have different forms. Rather, commercial filters occasionally use the same screw 
head for every screw that is provided on the cavity filter. Therefore, a robust method is 
required to locate and categorise the screws that are attached to the filter structure. 

To prevent losses, conductive materials are coated on tuning screws provided on the 
commercial filters. Because every material or compound has a unique reflectance to 
electromagnetic (EM) waves, these screws can be identified by their material properties. 
Thus, utilising the material composition, a novel vision-based technique may be  
applied to differentiate the tuning screws of a cavity filter from the mounting screws.  
As hyperspectral imaging can produce images in contiguous spectral bands, the materials 
can be characterized using their reflectance within certain spectral range of the EM 
spectrum. In this work, images from a hyperspectral camera were used to examine the 
characteristic image bands of screws from a commercial cavity filter. The datacube of a 
hyperspectral camera was used to extract information about relevant bands. 

Spectroscopy and digital imaging are combined in hyperspectral imaging (HSI).  
By using this imaging approach, the scene is captured in discrete narrow bandwidths, 
allowing for the datacube to be processed further by selecting the appropriate image 
bands [130]. Different materials have distinct signatures across different wavelength 
bands due to their differing reflectance characteristics. Taking into account the scope of 
the current study activity, Fig. 6.10 shows the reflectance behaviour of carbon steel and 
silver (Ag) at wavelengths ranging from 0.2 µm (200 nm) to 20 µm (20000 nm).  There are 
noticeable differences in the reflectance curves for the two metals. This spectral 
signature can be used to identify comparable materials. 

 
Figure 6.10. Reflectance curve for different metals [131] 

As tuning screws used in industry are normally coated with a 3 μm silver layer  
(to enhance the conductivity) and mounting screws are usually composed of an alloy of 
steel, it is possible to distinguish between them using their reflectance signatures.  
The imaging setup utilised to carry out this task is shown in the following subsection. 
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6.2.2.1 Imaging setup 
A Specim IQ Mobile Hyperspectral Camera [132] was used to differentiate the mounting 
screws and the tuning screws. This hyperspectral camera covers the 400–1000 nm 
wavelength range, has 204 picture bands (per pixel), and has a spectral resolution of 
7 nm. The reflectance values for all the bands can be displayed in the spectral distribution 
of each pixel This camera was calibrated for white reference using a calibrated tile with 
99% reflectance. On HSI images, no additional image processing procedures were carried 
out after the initial calibration. But unlike RGB, HSI cannot determine the objects’ shape. 
Rather, only the necessary bands are selected and sent on for additional processing. 

The entire setup that was used to capture the image from the hyperspectral camera 
has been shown in Fig. 6.11. The reference plate used for Specim IQ camera calibration 
is also shown in the same figure. Since in the EM spectrum, the wavelength of halogen 
light covers wider spectrum of wavelength spanning from the UV to the IR, two 
400W halogen projectors were selected as the light source. The diffusing sheet was 
employed to guarantee homogeneous lighting.  

Figure 6.11. Setup for screw differentiation using hyperspectral imaging (also published in [IV]) 

6.2.2.2 Reflectance Trends 
The material composition of a MW filter’s mounting and tuning screws differs. Thus, 
different band options must be analysed in order to determine the effective spectral 
image bands. This allows the two types of screws to be distinguished from one another, 
as each material has unique spectral characteristics.  

For fetching the reflectance information from the screws present on the filter 
considered, one screw of each category (tuning screw and mounting screw) was selected. 
Fig. 6.12(a) shows the locations of both the screws selected in one of the bands. 
The circle marked with blue colour presents a mounting screw and other orange coloured 
point is marked over a silver-plated tuning screw. The corresponding reflectance plots 
for both these screws are presented in Fig. 6.12(b) covering the wavelength ranging from 
400 nm to 1000 nm. 

A significant difference between reflectance value of both the screws can be seen in 
Fig. 6.12(b) within the pre-defined wavelength range. These results were obtained when 
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only one mounting screw, and one tuning screw were sampled which might not be 
sufficient to draw any conclusion.  Thus, an average of 05 samples selected for each 
screw category was used to get more meaningful results. The locations and the 
corresponding bands of selected screws is reported in Fig. 6.13. 

The goal was to use the mean reflectance value to precisely choose the right bands by 
considering numerous screws from each category. The locations of selected screws in 
one of the bands are displayed in Fig. 6.13(a). Figure 6.13(b) displays the relevant 
reflectance plots for each of these screws over the 400–1000 nm wavelength range. 
The average reflectance value was then used to choose the bands, as will be discussed in 
the following subsection. 

6.2.2.3 Selection of bands 
Hundreds of narrow bandwidth spectral bands make up HSI; most of them are 
correlated and produce redundant data. Processing a large amount of data decreases the 
computational efficiency [133] due to the Hughes phenomenon [134]. Therefore, 
selecting the spectral bands that offer unique characteristic information makes sense 

(a) (b) 

Figure 6.12. Location and reflectance characteristics for 01 screw sampled from each type –  
(a) Screw Locations on a Band Image; (b) Reflectance-Wavelength Plots

 (a)  (b) 

Figure 6.13. Sampled 05 screws from each screw category and their reflectance response –  
(a) Screw Locations on a Band Image; (b) Reflectance-Wavelength Plots (also published in [IV]) 

Tuning Screw 
 

Mounting Screw 
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[135]. In addition to increase in computation efficiency, the primary benefits of utilising 
a band selection strategy are the increase in classification accuracy [136] while ensuring 
preservation of the intrinsic information of the original pixel [137]. 

Band 25 and Band 190 were selected from the datacube by averaging the reflectance 
values of the selected tuning and mounting screws, as can be seen in Fig. 6.13. Due to 
the fact that Band 25 has the most distinguishing features that set it apart from the other 
screw type. This is shown in Figs. 6.12(b) and 6.13(b) where a notable difference in 
reflectance between the two screw groups can be seen. The wavelength of band 25 is 
roughly 467 nm. From the other end of the datacube, Band 190, having a wavelength of 
approximately 930 nm was selected. This is because Band 190 exhibits feature similarities 
between the two screws. This aspect can be observed from Figs. 6.12(b) and 6.13(b) 
where the reflectance characteristics show a slight variation in Band 190’s reflectance 
properties. 

It is noteworthy that the authors selected Band 190 even though the difference 
between the two curves was minimum around Band 197. The Band 190 was selected to 
exclude any potential spectral noise that could have been present in the last few bands 
near to the image’s end. Images of Band 25 and Band 190 are shown in Figs. 6.14(a) and 
6.14(b), respectively. 

6.2.2.4 Band subtraction 
It was discovered, empirically, that it was possible to distinguish between mounting 
screws and tuning screws by subtracting one band from the blue region (Band 25) and 
another band from the infrared (IR) region (Band 190) of the datacube could clearly 
differentiate tuning screws and mounting screws. As presented by equation 6.2, the 
image Iresult was obtained when a 467 nm image (I467) was subtracted from a 930 nm 
image (I930). 

Ιresult = Ι930 − Ι467  (6.2) 

When compared to the silver-plated tuning screws, the mounting screws seemed 
much darker, as seen in Figure 6.14(c), which is an image produced after implementing 
the band subtraction. Using this information, one may find the coordinates for the 
location of each tuning screw and this information can then be used to tune the filter 
autonomously. 

(a) (b) (c) 

Figure 6.14. Band selection and band subtraction results – (a) Band 25 image; (b) Band 190 image; 
(c) Resultant Image after Band Subtraction  (also published in [IV]) 
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6.2.2.5 Experimentation results and analysis 
Results of applying the band subtraction technique to the Specim hyperspectral camera 
image are shown in Fig. 6.15. For easy comparison, the RGB and the processed image –
the outcome of band subtraction – are shown next to one another.

Figure 6.15. Classification of screws using Specim hyperspectral camera – (a) RGB image; (b) final 
image (also published in [IV]) 

The suggested band-subtraction method led to encouraging findings as demonstrated 
in Fig. 6.15. Because they seem darker than the tuning screws, the mounting screws are 
easier to distinguish. 

6.3 Comparison between different screw differentiating techniques 
The classification accuracy of the various techniques implemented for distinguishing the 
tuning screws from the plate mounting screws are compared in Table 6.3. 

Table 6.3. Screw classification accuracy of different algorithms implemented 

Algorithm Screw Classification 
Accuracy 

SVM 96.66% 

KNN 92.06% 

DT 92.06% 

Band-Subtraction 100% 

The novel band-subtraction method demonstrated a remarkable 100% success rate in 
classification of the tuning screws as shown in Table 6.3. This breakthrough suggests that 
efforts to automate cavity filter tuning can greatly benefit from the adoption of this novel 
technique. With the tuning screws accurately identified, a robotic manipulator can then 
be instructed to tune the filter using the precise spatial coordinates of the tuning screws. 

6.4 Setting the initial position of the tuning screws 
Since an automatic screw feeding mechanism which will mount the screws on the filter’s 
top plate is beyond the scope of this thesis, so the tuning screws are installed manually. 
Each screw is tightened until it touches the solid resonator below it, thus leading to 
shorting of the resonators. This has been decided to be the initial position of the tuning 
screws when the filter is assembled. Each tuning screw is then installed with a locking 
nut. The nuts are kept loose at this stage so that the tuning screws can rotate freely. 

(a)  (b) 
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These nuts need to be tightened only when the resonator has been tuned. This ensures 
that, once the required filtering parameters have been achieved, the position of the 
tuning screw stays intact when the filter is delivered to the customer.  

6.5 Chapter summary 
This chapter presented the prerequisites which were needed before initiating the tuning 
process viz. – differentiate and localise the positional coordinates of all the tuning screws 
mounted on the filter using camera vision; and setting the initial state of the tuning 
screws. For differentiating the tuning screws from the plate mounting screws, various 
vision-based methodologies based on ML and band-subtraction method were 
implemented. The imaging setup and the image processing techniques were also 
discussed. The methodologies to localise the tuning screws have been validated on a 
commercial filter. It was found that the novel band-subtraction method proposed in this 
work led to 100% classification accuracy. The initial position of the tuning screws has 
been set in a way that each tuning screw touches (shorts) the resonator under it.  

In the next chapter, a comprehensive overview of the automated filter tuning 
algorithms is provided. These algorithms are employed to fine-tune the filters utilising 
the FAT robot introduced in Chapter 5. The tuning process integrates theoretical 
knowledge and combination of theoretical principles with AI to tune the filter. Particle 
filtering has been used to dynamically track the tuning errors in real-time.  



64 

7 Automated Filter Tuning Algorithms 

7.1 Chapter overview 
While the filter tuning algorithms introduced by the research community have certainly 
contributed to the tuning process, they are often constrained by various limitations. 
These limitations include factors such as the need for human intervention during the 
filter tuning, the time-consuming nature of optimisation routines, and the iterative 
visitation and adjustment of screws. Continuous rotation of the tuning screws is also 
undesirable as it may result in undesirable Passive Inter-Modulation (PIM) effects. 
Moreover, many of these algorithms operate without any feedback from the system, 
essentially following the instructions blindly.  

In light of these challenges, there arises a compelling need for a more universal 
solution. This solution should be capable of automatically tuning assembled filters, 
minimizing human involvement to the initiation of the tuning algorithm. It should also 
circumvent the need for repetitive screw adjustments. Additionally, an essential 
component of this solution is the inclusion of a feedback mechanism, enabling the early 
detection and rectification of potential tuning errors. Such a system not only streamlines 
the tuning process but also conserves time and valuable resources. 

The solution presented in this work uses the information related to phase change of 
the input reflection coefficient is used for sequential tuning of the resonators of the 
all-pole filters. The proposed automated filter tuning solutions use either the Smith chart 
or the polar chart for tuning of the filters using the reflected signal (since shorting the 
resonators means no signal is getting transmitted). When moving from the input port to 
terminating port of the filter, all the resonators are brought to their resonance state 
successively with the help of the tuning screws. The proposed tuning algorithms use the 
theoretical knowledge in Polar chart based algorithm and the conjunction of theoretical 
knowledge and AI in Smith chart based algorithm to correctly tune the filter without 
visiting the screws iteratively. In both these algorithms, PFs-based algorithm ha been 
used to track the potential tuning errors in real-time using the developed vision module. 
Thus, the error can be detected and rectified during the early stages only. None of the 
previously published automated filter tuning solutions reported in the literature have 
used vision-based error compensation in real-time while tuning the filters based on Smith 
chart or polar chart.  

7.2 Smith chart 
One of the display modes to measure the filter’s performance in terms of scattering 
coefficients is the Smith chart. This chart allows the calculation of transformation of a 
complex load impedance through any arbitrary length of the transmission line (TL). 
The Smith chart can be presented in terms of impedance (i.e., Z) or its reciprocal 
(admittance i.e. Y). Other than these charts, Immittance (YZ) Smith charts are also 
sometimes used in which both Y and Z entities are presented simultaneously.  

It is common to find the normalized Smith charts for impedance, admittance and 
immittance. In this work, we restricted our discussion to impedance Smith charts only. 
The normalized impedance, z is expressed by equation 7.1 as: 

𝑧𝑧 = 𝑍𝑍
𝑍𝑍0

(7.1)
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where    Z0 = The characteristic impedance 
   Z = Impedance at any point on the Smith chart  
   z = Normalized impedance 

One full rotation on the Smith chart presents an electrical line length of λ/2 or π 
radians on the phase scale. In impedance Smith chart, the upper half presents inductive 
reactance and corresponds to positive imaginary part of impedance. On the other hand, 
the lower half depicts capacitive reactance and corresponds to the negative imaginary 
part of impedance. A normalized impedance Smith chart is shown in Fig. 7.1.  
The right-most point on the impedance Smith chart presents an open circuit with 
impedance, z = infinity. Moving electrical length of λ/8 towards the load (moving 
anticlockwise) from open circuit point represents z = 0 + 1j i.e., inductive reactance. λ/4 
anticlockwise movement from open circuit point represents a short circuit with z = 0 and 
3λ/8 anticlockwise movement from the open circuit point represents z = 0 - 1j. Moving 
λ/2 anticlockwise from the starting point brings us back to the same point where  
z = infinity. The center point of Smith chart presents z = 1 + 0j i.e., matched impedance. 
The open circuit point, the short circuit point, and the matched load point are all located 
on the real axis which defines the purely resistive line. 

 
Figure 7.1. Impedance Smith chart 

The green arcs in Fig. 7.1 represent the locus of constant reactance and the black 
circles are the locus of constant resistance.  

7.3 Phase change of input reflection coefficient on Smith chart for 
tuning 
For the all-pole filters designed with quarter-wavelength (λ/4) long resonators, like the 
one designed in Chapter 4, the quarter wavelength movement on the Smith chart can be 
used to tune the filters. This is because, as per the maximum power transfer theorem for 
complex network (a network consisting of real (resistive) and imaginary parts (reactive) 
from its components), the maximum power transfer occurs from source to load when 
the load impedance (ZL) is equal to the complex conjugate of the source impedance (ZS). 
Reaching the complex conjugate state by moving λ/4 on Smith chart signifies that the 
phase of the signal has been changed i.e., if the initial phase was capacitive, then, now 
we are in inductive zone and vice versa as briefly explained in section 7.2. 

The input impedance of a Transmission Line (TL) is dependent on characteristic 
impedance, load impedance, length of the TL, and phase constant of the signal 
propagating through this TL. This relationship has been expressed by equation 7.2. 
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𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0 �𝑍𝑍𝐿𝐿+𝑗𝑗𝑍𝑍0 𝑒𝑒𝑎𝑎𝑛𝑛 𝛽𝛽𝑙𝑙
𝑍𝑍0+𝑗𝑗𝑍𝑍𝐿𝐿 𝑒𝑒𝑎𝑎𝑛𝑛 𝛽𝛽𝑙𝑙

�      (7.2) 

where, inZ =  Input impedance 

0Z = Characteristic impedance 

LZ = Load impedance 
l = Length of TL

 b =  Phase Constant = 2𝜋𝜋
𝜆𝜆

For quarter-wavelength long resonators, the relation between wavelength scale and 
electrical length ( lb ) can be expressed as: 

𝛽𝛽𝛽𝛽 = 2𝜋𝜋
𝜆𝜆

× 𝜆𝜆
4

= 𝜋𝜋
2

  radians  (7.3) 

Now, rearranging and solving 7.2 and using equation 7.3 gives: 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
𝑒𝑒𝑎𝑎𝑛𝑛 𝛽𝛽𝑙𝑙
𝑒𝑒𝑎𝑎𝑛𝑛 𝛽𝛽𝑙𝑙

�
𝑍𝑍0

𝑡𝑡𝑡𝑡𝑡𝑡 𝛽𝛽𝑙𝑙+𝑗𝑗𝑍𝑍0
𝑍𝑍0

𝑡𝑡𝑡𝑡𝑡𝑡 𝛽𝛽𝑙𝑙+𝑗𝑗𝑍𝑍𝐿𝐿
� (7.4) 

Now incorporating the fact that 𝑡𝑡𝑎𝑎𝑡𝑡 �𝜋𝜋
2

� = ∞ we get 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2

𝑍𝑍𝐿𝐿
(7.5) 

If we assume that the load impedance to be: 

𝑍𝑍𝑑𝑑 = 𝐴𝐴 + 𝐵𝐵𝐵𝐵  (7.6) 

Putting equation 7.6 into equation 7.5 gives: 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2  � 1

𝐴𝐴+𝐵𝐵𝑗𝑗
� (7.7) 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2 � 𝐴𝐴−𝐵𝐵𝑗𝑗

(𝐴𝐴+𝐵𝐵𝑗𝑗) (𝐴𝐴−𝐵𝐵𝑗𝑗)
� (7.8) 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2 � 𝐴𝐴−𝐵𝐵𝑗𝑗

𝐴𝐴2+𝐵𝐵2� (7.9) 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2 � 𝐴𝐴

𝐴𝐴2+𝐵𝐵2 − 𝐵𝐵𝑗𝑗
𝐴𝐴2+𝐵𝐵2� (7.10) 

𝑍𝑍𝑖𝑖𝑛𝑛 = 𝑍𝑍0
2

𝐴𝐴2+𝐵𝐵2 (𝐴𝐴 − 𝐵𝐵𝐵𝐵) (7.11) 

𝑍𝑍𝑖𝑖𝑛𝑛 =  A Constant Value × (𝐴𝐴 − 𝐵𝐵𝐵𝐵) (7.12) 

It is to be noted that inZ in Equation 7.12 is a complex conjugate of the LZ value 
assumed in equation 7.6 which is in conformity with the maximum power transfer 
theorem. 

The λ/4 wavelength on electrical wavelength scale or π/2 radians on the phase scale 
represents half rotation on the Smith chart when reflection coefficients are considered. 
This λ/4 movement on the Smith chart is to be executed for all the resonators of an  
all-pole filters. While moving from input side to output side, the collective result after 
tuning all the resonators in this way is the matched impedance between the source and 
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the load. This implies that the return loss (RL) is small and insertion loss (IL) is closer to 
zero. This theoretical knowledge can be used to tune the iris-coupled all-pole 
quarter-wavelength filters.  

Impedance can be expressed in terms of rectangular coordinate form i.e., Z = R + Xj 
(as already discussed in section 7.2) or in terms of polar form as magnitude and phase 
angle i.e., Z = |Z|∠ θ. This implies that the Smith chart as well as the polar chart are 
suitable to observe the impedance matching. The detailed discussion on polar chart is 
presented in the section 7.4 where the basic information of this chart as well as its 
similarities with Smith chart are highlighted. 

7.4 Polar chart and its similarities with Smith chart 

7.4.1 Polar chart 
Concentric circles around the Smith chart’s center point represents constant reflection 
factors. These circles are not presented on the Smith chart (refer Fig. 7.1). A chart which 
presents these circles is referred to as polar chart shown in Fig. 7.2 in which the radius of 
reflection circles is directly related to magnitude of reflection coefficient, Γ. 
The outermost circle presents Γ = 1 i.e., full reflection of the signal. A circle with Γ = 0,5 
(although not shown) presents a 3-dB circle i.e., half of the entered signal is reflected. 
At the center point of the polar chart, no signal is getting reflected i.e., Γ = 0. 

Figure 7.2. Polar chart 

Theoretically, Γ is defined as ratio of reflected voltage to the input voltage at the load 
terminal. Thus, also known as voltage reflection coefficient. Mathematically, Γ is 
expressed as: 

𝛤𝛤 = 𝑉𝑉𝑟𝑟
𝑉𝑉𝑖𝑖

(7.13) 

In terms of electric field strength, Г is defined as the ratio of reflected wave’s electric 
field strength to the electric field strength of the forward traveling wave. 

𝛤𝛤 = Electric Field Strength of a Reflected Wave
Electric Field Strength of a Forward Wave

 (7.14) 

This quantity i.e., Γ plays its role when the line is unmatched i.e., it is terminated in a 
load ZL which is not equal to the characteristic impedance Z0, thus leading to reflections. 
In other words, the complex impedance encountered by the forward signal (incident 
wave) determines the reflections. Thus, the difference between Z0 and ZL defines the size 
of reflected wave. The expression defining Γ in terms of Z0 and ZL is given by: 
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𝛤𝛤 = 𝑍𝑍𝐿𝐿−𝑍𝑍0
𝑍𝑍𝐿𝐿+𝑍𝑍0

(7.15) 

Usually, it is a polar quantity and is expressed as: 

𝛤𝛤 = |𝛤𝛤|𝑒𝑒𝑗𝑗𝑗𝑗  (7.16) 

In equation 7.15, the cases of open circuit, short circuit and matched load can be 
presented as: 

• For open circuit, 𝑍𝑍𝑑𝑑 = ∞. Thus, 𝛤𝛤 = 1. So, |𝛤𝛤| = 1 and 𝜃𝜃 = 0
• For close circuit, 𝑍𝑍𝑑𝑑 = 0. Thus,  𝛤𝛤 = −1. So, |𝛤𝛤| = 1 and 𝜃𝜃 = 𝜋𝜋
• For matched load, 𝑍𝑍𝑑𝑑 = 𝑍𝑍0. Thus, 𝛤𝛤 = 0

7.4.2 Similarities between Smith chart and polar chart 
Although the output value provided by Smith chart and polar chart are considerably 
different, but both are similar in terms of the position of marker (angle as well as 
magnitude) at any instance. This can be seen in the images taken from Smith chart and 
polar chart of Keysight Fieldfox RF Analyser 9914A – 6,5 GHz [156] as shown in Fig. 7.3. 

Figure 7.3. Keysight 9914A VNA's Smith chart (left) and Polar display (right) 

Knowing the fact that the scale to present resistance and reactance values on the 
Smith chart is exponential in nature; and that the Smith chart has infinity term involved 
which can be seen in Fig. 7.1 and Fig. 7.3, the information provided by the Smith chart 
cannot be directly used to automate the filter process. However, owing to the similarity 
in marker positioning in Smith chart and polar chart, the angle information from the polar 
chart of VNA can assist in automating the filter tuning process. 

7.5 Particle filtering for rotation angle estimation 
To estimate the rotation angle, colour-based particle filtering approach has been used in 
this work. The Particle Filters (PFs) track the colours on the RGB strip pasted on the 
auxiliary disc as discussed in section 5.2.1.  

Particle filtering is based on Bayes theorem and can represent the posterior density 
function by random samples representing the ith object’s hypothetical state i.e., s(i) and 
its associated weight w(i) where i ranges from 1 to N (and N = No. of samples). 
The expected state X of the object estimated by the set of particles is presented by 7.17. 

𝑋𝑋 = ∑ 𝑠𝑠(𝑖𝑖)𝑤𝑤(𝑖𝑖)𝑁𝑁
𝑖𝑖=1  (7.17) 

where, ∑ 𝑤𝑤(𝑖𝑖)𝑁𝑁
𝑖𝑖=1 = 1 

(a)  (b) 
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In this work, we are modelling the target by a rectangular box given by 7.18. 

𝑠𝑠 = {𝐶𝐶𝑑𝑑, 𝐶𝐶𝑦𝑦, 𝑊𝑊𝑑𝑑 , 𝐻𝐻𝑦𝑦}    (7.18) 

where, 𝐶𝐶𝑑𝑑, 𝐶𝐶𝑦𝑦 =  x and y coordinates of centre position of the box 

𝑊𝑊𝑑𝑑 , 𝐻𝐻𝑦𝑦 = Width and height of the rectangular box 

The overall process of colour-based particle filtering used in this work estimates the 
posterior probability density function by using the cyclic process of Prediction – Update 
– Resampling. The implementation details of this have been discussed in the following
sub-sections:

7.5.1 Prediction stage 
The system model is used to predict each sample's distribution using the constant motion 
model given by equation 7.19 [138]. 

𝑠𝑠𝑘𝑘 = 𝐼𝐼 • 𝑠𝑠𝑘𝑘−1 + 𝑣𝑣𝑘𝑘−1 (7.19) 

where, 𝑠𝑠𝑘𝑘 = State at time k 

𝑠𝑠𝑘𝑘−1 = State at time k-1 

𝑣𝑣𝑘𝑘−1 = Zero mean Gaussian Noise with a constant variance- 
            covariance matrix ‘R’ at time k-1 
Ι =     Identity Matrix of size 4 

7.5.2 Update stage 
The measurements are used in update stage which modifies the prior density using 
importance sampling. Thus, new weights are computed and allocated to the corresponding 
samples. To achieve this, for the kth sample sk(i), the similarity D between the reference 
target model href and sample target model ℎ𝑒𝑒𝑘𝑘

(𝑖𝑖)of ith particles is evaluated. 
To be specific, the image region under the rectangular box for the state vector sk(i) is 

used.  For constructing the associate probability distribution m-colour histogram of the 
rectangular region is used. Thus, the similarity for bin j in the histogram of ith particle and 
reference model is calculated using 7.20 [138]. 

𝐷𝐷2�ℎ𝑒𝑒𝑘𝑘
(𝑖𝑖) , ℎ𝑟𝑟𝑒𝑒𝑟𝑟� = 1 − ∑ �ℎ𝑒𝑒𝑘𝑘(𝑖𝑖)(𝐵𝐵). ℎ𝑟𝑟𝑒𝑒𝑟𝑟(𝐵𝐵)𝑁𝑁𝑏𝑏𝑖𝑖𝑡𝑡

𝑗𝑗=1   (7.20) 

If we call 𝐷𝐷2 �ℎ𝑒𝑒𝑘𝑘
(𝑖𝑖), ℎ𝑟𝑟𝑒𝑒𝑟𝑟� = 𝐷𝐷2, the weights of the particles are extracted by

equation 7.21 [138]. 

𝜔𝜔(𝑖𝑖) =   𝑒𝑒
−𝑑𝑑•𝐷𝐷2�ℎ𝑠𝑠𝑘𝑘

(𝑖𝑖) , ℎ𝑟𝑟𝑟𝑟𝑟𝑟�
(7.21) 

The estimated state kS  is obtained by equation 7.22 [138]. 

�̂�𝑆𝑘𝑘 ≈ ∑ 𝜔𝜔 ∗𝑘𝑘
(𝑖𝑖) 𝑠𝑠𝑘𝑘

(𝑖𝑖)𝑁𝑁
𝑖𝑖=1  (7.22) 

where, 𝜔𝜔∗(𝑖𝑖) = 𝜔𝜔(𝑖𝑖)

∑ 𝜔𝜔(𝑖𝑖)𝑁𝑁
𝑖𝑖=1

 = normalized weights 
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The choice of L controls the number of higher weight particles that can be generated. 
The analysis made on the choice of L-value is presented in Table 7.1. 

Table 7.1. L-value analysis 

S.No. l-value Result 

1. High L More particles having weights closer to zero 

2. Low L Almost equal weights of the particles 

3. L = 1 Optimal value which avoids under-fitting and over-fitting 

7.5.3 Resampling stage 
In this stage, the particles with small weights are discarded so that: 

(a) The degeneracy problem can be avoided
(b) Computations are reduced

The resampling method comprises of three steps [138]: 
(i) Generate N-ordered uniform random numbers for selecting the particles (r = 1 to N)

𝛽𝛽𝑟𝑟 = (𝑟𝑟−1)+𝑙𝑙
𝑁𝑁

(7.23) 

where l is a single random drawn from uniform distribution with the condition [0,1)lČ
(ii) For r = 1 to N, find an integer j such that

𝛽𝛽𝑟𝑟 ∈ �∑ 𝜔𝜔(𝑖𝑖)𝑗𝑗−1
𝑖𝑖=1 , ∑ 𝜔𝜔(𝑖𝑖)𝑗𝑗

𝑖𝑖=1 � (7.24) 

Next, set r (i) = j. 
(iii) For i = 1 to N, set new particles 𝑠𝑠 ∗𝑘𝑘

(𝑖𝑖) such that 𝑠𝑠𝑘𝑘
𝑟𝑟(𝑖𝑖) = 𝑠𝑠 ∗𝑘𝑘

(𝑖𝑖) and set new weights

𝜔𝜔𝑗𝑗(𝑖𝑖) = 1
𝑁𝑁

(7.25) 

The angle is estimated based on the change in colour detection through the window 
of PF. The angle is a multiple of positive integer I, and the maximum offset between the 
colour change will persist 4.99°, thus is not accumulated with the progressive moments 
of the colour strip. The method of estimating the rotation angle using the coloured strip 
is depicted in Fig. 7.4. 
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a) The rectangular box completely covering
the red strip 

b) The rectangular box is between red and 
green strip 

c) The rectangular box is about to reach the 
green strip 

d) The rectangular box covered the green 
strip completely 

Figure 7.4. The estimating of rotation angle on the coloured strip 

The pseudo code for the angle estimation based on strip count of the RGB pattern is 
shown in Fig. 7.5.  

Figure 7.5. Strip count based angle estimation 

7.6 Modules developed for assisting automated filter tuning 
To automate the filter tuning process and for ensuring the smooth and optimised 
performance of the tuning algorithms, a few modules were developed. These modules 
are: 

1) Tuning screw localisation module
2) Speed variation module
3) Angle comparator module for error detection
4) Module for counting the screw turns
5) Nut locking module

7.6.1 Tuning screw localising module 
As stated earlier in this chapter, before starting the implementation of any phase 
change-based filter tuning algorithm, the tuning screws must be differentiated from the 
plate mounting screws. The coordinates of the tuning screws are then used by the FAT 
robot so that the tuning manipulator can reach to the desired tuning screw and start 

Initialize Count = 0 
If color_change_detect == True 

Count = Count + 1 
EPF = Count × 5 

Else 
Count = Count 
EPF = EPF 
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rotating it. Various methods for distinguishing the tuning screws from the mounting 
screws are discussed in Chapter 6 but owing to the 100% accuracy and reduced 
computation complexity, the band-subtraction technique has been used to detect and 
localise the tuning screws in this work. 

7.6.2 Speed variation module 
A strategy to optimise the tuning time was devised which was based on reducing the 
speed of the robot considering the difference between the current angle and the target 
angle value. The strategy was made so that the required 180° movement (λ/4 movement) 
was divided into 06 equal segments. During the beginning of the tuning, the speed value 
was set to be 6 and gradually decreasing by a unit (i.e., by 1) with progression to every 
next segment. Table 7.2 presents the summary of the logic used in this work.  

Table 7.2. Variation of actuator speed as per the phase angle 

Segment Number Phase Angle 
Movement Range Speed Value 

1 0° to 30° 6 
(Starting Speed) 

2 31° to 60° 5 
3 61° to 90° 4 
4 91° to 120° 3 
5 121° to 150° 2 
6 151° to 180° 1 

- Above 180° 0 
(Stop tuning) 

Note: The speed levels can further be optimised as needed. However, the only factor to 
consider while deciding the speed levels is the fact that setting the faster speeds might 
present the case where the rotation angle crosses (i.e., jumps) the target value of 180°. 
This error is accumulated and ultimately leads to inaccurate tuning results at the end of 
tuning process.  

7.6.3 Angle comparator module for error detection 
In automated filter tuning solution without any feedback, the designed system will rely 
solely on the machine code instructions. This means that even if there is an error/fault, 
the machine will keep following the instructions blindly and would lead to inaccurate 
tuning results at the end. Therefore, feedback is important to detect the error to reduce 
the wastage of time and resources. Also, the error detection would eliminate the need 
of having a manual supervision while tuning.  

As discussed in section 7.3 that the information about phase change is to be used by 
the FAT robot, the angle information from polar chart or Smith chart is the primary factor 
that drives the whole tuning system. To ensure that this angle information is correct, 
real-time feedback from the system must be used so that the tuning error can be 
detected as soon as it occurs.  

In this work, PFs are used as a feedback source to detect the error in the rotation angle 
as no dataset is needed; support non-linearity easy implementation; are parallelizable 
which allow faster computation; and are independent of size of the system. The 
implementation details of PF have been explained in section 7.5. The vision module 
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discussed in section 5.2.4 estimates the rotation angle using the colour strip pasted on 
the auxiliary disc shown in Fig 5.4. The estimated angle is compared with the updated 
rotation angle provided by VNA when the tuning screws rotate and accordingly,  
the control signal is sent to the FAT robot as shown in Fig. 7.6. 

Figure 7.6. Angle comparison to detect the tuning error 

7.6.4 Module for counting the screw turns 
Once the tuning screws are localised, the tuning screws are made to touch the solid 
resonator beneath them i.e., the resonators are shorted. To avoid the case that the 
tuning screw comes off the filter surface while tuning, the number of turns made by the 
tuning screws are counted. The rotation of tuning screw is caused by the rotation of the 
screwdriver. Thus, PF-based colour tracking of the rotations of the same auxiliary disc 
attached on the screwdriver (which was used to compare the rotation angle in previous 
sub-section 7.5.3 using the vision module 5.2.4) was used to count the turns of tuning 
screw. The permissible turns of the screws were defined to be 07 turns (can be changed 
easily as per the need) which ensure that the screw is not coming-off the filter surface. 
This has actually been tracked using the rotation angle where the limiting angle is 2520° 
(7 full rotations = 7 X 360° = 2520°). The algorithm has been made so that if the number 
of turns made by a screw exceeds the defined value, the tuning is aborted immediately 
after displaying an error message - “Tuning is aborted as screw turns exceed the defined 
limit” on the computer screen. In such a case, the filter structure must be inspected for 
the root cause. Once the fault is rectified, the screws are shorted again, and the tuning 
process must restart. 

7.6.5 Nut locking module 
Locking the nuts ensures the product consistency i.e., the tuning state remains 
unchanged when the filter is under its delivery stage to the customer as well as during 
its use phase. When the last resonator is tuned to the state that the desired band 
specifications are met, the nut locking process which is to be executed by motor M5 in 
this work is initiated.  

When the last tuning screw is brought to its optimal position and the correct tuned 
state of filter is achieved, the FAT robot doesn’t move towards its set initial position or 
towards its defined home position. Rather, FAT robot starts moving vertically downwards 
(i.e., towards the filter’s top plate). The tuned position of that tuning screw is retained 
using the holding torque of screwdriver motor (motor M6 in this work). The FAT robot 
continues to move downwards until the nut-tightener part i.e., outer tool of the designed 
tool-in-tool mechanism touches the thin metallic plate installed on the top plate of the 
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filter as shown in Fig. 7.7. When an electrical contact is made between nut tightener tool 
and the thin metal sheet on the filter base, the nut is tightened by motor M5. 

Figure 7.7. A thin metallic sheet on the filter's top plate to implement the nut locking strategy.  

The nut-locking strategy used in this work has been implemented in a way that once 
the filter meets the desired tuning state, the nuts are locked starting from the last screw 
and then sequentially locking the previous nuts all the way to the first screw i.e., from 
the output side of the filter to the input port side. The reasons for this choice are: 

• The correctness of filter’s final tuning state can only be verified once the last
resonator is un-shorted, and the tuning screw is brought to its optimal state
(as all the resonators are shorted initially). Thus, the unnecessary tightening of
nuts can be avoided if the filter is not tuned to its desired state at the end due
to fault in the filter structure e.g., soldering mistakes; RF energy leakage due to
fault in connectors; insufficient shorting of the resonators in the beginning
state; loose mounting of the filter’s top plate etc.

• The FAT robot is already positioned above the last tuning screw (the one
towards the output port of the filter) and thus it can start tightening nuts
starting from that screw.

• When all the nuts are tightened from output port towards the input port,
the FAT robot would be tightening the nut around the first tuning screw (the
one towards the input port of the filter). Since the tuning of next filter unit starts 
from the first screw of the shorted filter, the FAT robot would already be close
to its defined home position which would be closer to first tuning screw of the
filter.

The above-mentioned modules are common for both of the automated filter tuning 
algorithms proposed in this work. The exact implementation of both these modules is 
described in the proposed algorithms themselves. Other than these common modules, 
some algorithm specific modules are also developed which are explained in detail in 
those corresponding sub-chapters. 

7.7 Polar chart based automated filter tuning algorithm 

7.7.1 VNA’s polar angle fetching 
In this work, Keysight Fieldfox RF Analyser 9914A – 6,5 GHz [156] has been used which is 
a Vector Network Analyser (VNA). This considered VNA is a 2-port device which allows 
the measurement of S-parameters in Logarithmic Magnitude (Log-Mag) scale, Linear 
magnitude scale, Group Delay (GD), Phase Response, Voltage Standing Wave Ratio etc.  
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The polar chart of the considered VNA shows the angles in a way that the bottom of 
the chart depicts negative angle values between 0° and 180° and positive angle values 
between 0° and 180° for values on the top half of the chart as presented in Fig. 7.8. 
The point presenting 180° in Fig 7.8 actually represents ±180°.  

Figure 7.8. Angle distribution of the considered VNA 

As mentioned in Section 7.3, we are interested in determining the phase change of 
the input reflection coefficient when traveling λ/4 (180°) on the polar chart from the 
starting position of the VNA’s centre frequency marker. This position is an arbitrary point 
on the polar chart when the filter with shorted resonators is connected to the VNA. So, 
for accurately fetching the rotation angle information from the considered VNA, the logic 
presented in Fig. 7.9 has been used. 

Figure 7.9. Rotation angle determination for tuning 
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In the beginning, when the filter with all the resonators shorted is connected to the 
filter, the angle information of the centre frequency marker position is stored as the 
initial angle (I). When the tuning screws of the filter are rotated, the marker position on 
the polar plot changes. The updated angle (U) and the initial angle are used to find the 
amount by which the screw has been rotated already. The sign of this initial angle is then 
used to determine the correct rotation angle. When I is negative or when the sign of both 
I and U is positive after the rotation, the rotation angle, R is obtained using equation 
7.26. 

R = U – I  (7.26) 

However, for the case when I is positive, but U gets a negative value, then the rotation 
angle is calculated by equation 7.27 i.e.: 

R = 360° + (U - I) (7.27) 

Thus, when I is +174° and U is -174°, equation 7.27 gives the correct rotation angle 
value of 12°. 

7.7.2 Automated filter tuning algorithm using polar chart 
The proposed algorithm for automated tuning of the all-pole filters using the polar chart 
of the VNA is presented in Fig. 7.10. The working of the proposed algorithm can be 
divided into following 03 different stages: 

1) Performing tuning preliminaries and initializing
2) Filter tuning
3) Locking the screw nuts

These stages are now explained in the following sub-sections. 

7.7.2.1 Tuning preliminaries and setting-up the FAT Robot and VNA 
Initially, the tuning screws of the assembled filter are localised, and number of tuning 
screws mounted on the filter are stored in the variable Ns. Then, all the resonators of the 
filter to be tuned are shorted (the tuning screws are made to touch the top surface of 
solid resonators under them). The hexagonal screw nuts are not tightened at this stage 
so that the tuning screws can rotate easily. Once this process finishes, the FAT robot 
(which will conduct the actual tuning of the filter) is unlocked and brought to its defined 
‘home’ position. The calibrated VNA is then connected to the filter via RF connectors and 
the connection between VNA and the PC is made using a LAN cable. The algorithm sets 
the VNA display format to the polar chart. Then, the VNA screen is set to display the 
parameters related to the filter to be tuned i.e.: start frequency (fstart), stop frequency 
(fstop), centre frequency (f0), the bandpass filter’s lower cut-off frequency (f1) and upper 
cut-off frequency (f2). The number of plotting points (Npoints) displaying the filter’s tuning 
state are then defined. The frequency marker is initialized at the centre frequency of the 
filter. Then, the screw number (i), machine’s speed when moving upwards (MUS), 
machine’s speed when moving downwards (MDS), screwdriver’s speed when moving 
upwards (SUS), screwdriver’s speed when moving downwards (SDS), nut’s locking speed 
(NLS), nut’s unlocking speed (NUS), pre-defined value (P) to detect the start of rotation, 
and limiting angle difference value (L) specifying the maximum allowable difference 
between estimated angle and updated VNA angle are initialized as per the values defined 
in Table T-1 in Fig 7.10.  
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7.7.2.2 Filter tuning stage 
Once the filter, the VNA, and the FAT robot are ready, the tuning process is initiated. 
The particles to estimate the rotation angle (EPF) of the screwdriver are initiated to detect 
the tuning error and to count the numbers of screw turns as explained in previous 
subsections. The FAT robot is then positioned above screw number 1 and threshold angle 
(Th) responsible for varying the speed of tuning is set to 30°. Additionally, the rotated 
angle (R) and EPF are both set to 0° at this stage. The initial angle depicted by the current 
position of the VNA’s frequency marker is stored as I. Then, the tool-in-tool assembly is 
lowered with MDS so that the screwdriver mates within the tuning screw’s head. While 
moving vertically downwards, the screwdriver is made to continuously rotate in 
counterclockwise (CCW) direction with the defined SDS value for unscrewing/un-
shorting the resonator. As rotation of tuning screw would change the angle on the VNA, 
the new VNA angle (N) is continuously fetched. As per the implemented strategy, the 
whole actuator mechanism will continue moving downwards until the difference between 
N and I is less than P. Once the difference between N and I is greater than or equal to P, 
the FAT robot will reverse its direction (i.e., it will start moving in upward direction) to 
un-short the resonator with the defined upward motion speeds for machine (MUS) and 
screwdriver (SUS). The rotation of tuning screws changes the VNA’s angle, and the PFs 
start estimating the rotation angle. This updated rotation angle is stored as (U). Particle 
filtering is used to estimate the angle (EPF) as explained in section 7.5. If EPF exceeds the 
value of 2520°, the tuning stops with an error message mentioning that the maximum 
permissible turns of the tuning screw have been exceeded is displayed on the PC screen. 
If EPF is less than 2520°, the difference between the PF-estimated values of current angle 
(EPF)now and the previous angle (EPF)previous is calculated to determine the rotation angle 
ΔEPF. The rotated angle (R) is calculated using the VNA’s polar chart angle calculation logic 
explained in section 7.7.1. It is to be noted that the rotation angle determination logic 
presented in Fig. 7.9 has been depicted in a more detailed way in Fig. 7.10 for the clear 
understanding of the reader. The rotated angle calculation formulas given in both figures 
(Fig. 7.9 and Fig. 7.10) will bring us to the same value of rotation angle R.  

The speed of the filter tuning is also varied on the basis of angle R as stated in section 
7.6.2. The difference between the values of R and ΔEPF is checked if it is less than the 
defined L value. This L value is taken according to the resolution provided by the RGB 
strip pasted on the auxiliary disc. This acts as the secondary source to verify the 
correctness of the angle provided by the VNA. If the difference is greater than L, an error 
message mentioning the discrepancy between both the angles is displayed and the 
tuning process stops. However, if the difference between the angles R and ΔEPF is found 
to be less than L, the tuning process continues. The algorithm checks for angle R and 
keeps varying the speed of the FAT robot according to logic explained in 7.6.2. Once the 
complex conjugate value ±0,5° is approached (180° rotation with a tolerance limit of 
±0,5° is completed), the FAT robot goes to the next screw and threshold value (Th) is 
again set to 30° and the angles R and ΔEPF are set to 0°. The tuning continues until the 
last screw is brought to the complex conjugate of the previous resonator.  

7.7.2.3 Locking the nuts of tuning screws 
Once all the tuning screws are tuned, the outer nuts of the tuning screws are locked with 
defined nut locking speed (NLS) defined in Table T-1 as per the strategy mentioned in 
7.6.5. The screwdriver sits into the tuning screwhead groove and holds the tuning screw 
position using the motor’s holding torque while the nuts are tightened. Once all the nuts 
are locked, the filter tuning process is terminated.  
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Figure 7.10. Proposed automated filter tuning using polar chart 
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7.8 Smith chart-based filter tuning using YOLOv5 

7.8.1 YOLOv5 dataset generation 
As already stated in section 7.4 that due to complexity involved in dealing with the 
exponential scale as well as the infinity term of the Smith chart, the information provided 
by the Smith chart cannot be directly used. Thus, there is a need to have parametric 
tracking approach to come-up with an automated filter tuning algorithm based on Smith 
chart.  

Owing to its high tracking accuracy, YOLOv5 model was used to track the tuning 
parameters represented by frequency marker on the Smith chart. The frequency marker 
is set at the centre frequency for tuning the filter. This frequency marker is shown within 
the bounding box in Fig 7.11. 

Figure 7.11. The frequency marker shown within the boundary box (also published in [V]) 

A labelled marker dataset was created in order to tune the filter using the frequency 
marker movement. While the cavity filter was being manually tuned, the dataset images 
were captured. The images were labelled once they had been acquired. Fig. 7.12 shows 
the process for obtaining images for the dataset where the smartphone camera is placed 
to capture the VNA’s Smith chart when the filter is being manually tuned. The dataset is 
available publicly1. 

Figure 7.12. Generation of dataset while filter is being tuned manually 

1https://ieee-dataport.org/documents/labelled-marker-dataset-smith-chart-image-processing-based-
intelligent-tuning-microwave 
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Total dataset comprises of 4967 labelled images and the bifurcation of the dataset is 
presented in Table 7.3.  

Table 7.3. YOLOv5 dataset (also published in [IV]) 

Category Number Split 
Training Dataset 3475 70% 
Validation Dataset 992 20% 
Testing Dataset 500 10% 
Total  4967 100% 

7.8.2 Training the deep network 
Before training the network, the labelled images without implementing any pre-processing 
were used and without using cross-validation stages. The details of hardware and software 
of the system used for implementing the proposed Smith-chart based automated filter 
tuning solution are presented in Table 7.4. The hyperparameters for deep network 
training are presented in Appendix 3. 

Table 7.4. PC specifications 

Entity Version 

Hardware 
RAM 16 GB 
Processor Ryzen-9 5800 HS 
GPU RTX 3060 – 6 GB 

Software 
System Linux – Ubuntu 20 
CUDA Core 3840 
Programming Python 3.8 

In a batch size of 16, images with the size of 640 x 640 were used to train the model 
for 100 epochs. In regard to this, 1 epoch meant that both Feed Forward Neural Network 
(FFNN) and Back Propagation Neural Network (BPNN) have finished for the entire dataset 
for training. The Stochastic Gradient Descent (SGD) optimiser with a decaying factor of 
0,005 and learning rate of 0.01 was used in model training process. With these 
parameters it took 1 h 37 min to train the YOLOv5 model. The curves depicting the 
effectiveness of the model training are illustrated in Appendix 2. 

7.8.3 Smith chart-based tuning 
The proposed algorithm for automated tuning of all-pole filters using the parametric 
tracking of the VNA’s Smith chart is presented in Fig. 7.13. The working of the proposed 
algorithm has been divided into following 04 different stages: 

1) Tuning preliminaries and initializing stage
2) Visual data acquisition and image processing stage
3) Filter tuning stage
4) Nuts locking stage

These stages are discussed in detail in the following subsections: 

7.8.3.1 Tuning preliminaries and Initialization FAT robot and VNA 
The algorithm starts with localisation of tuning screws using the band-subtraction 
method discussed in Chapter 6 and storing number of tuning screws as Ns. Initially all the 
tuning screws are made to touch the solid resonators (shorting process is executed). 
The nuts of the tuning screws are not tightened so that the tuning screws can be rotated 
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easily. The FAT robot is then unlocked and brought to its defined ‘home’ state. The VNA 
is then connected to PC via LAN cable and the VNA is connected to the filter through RF 
connectors and cables. The VNA’s display is then set to Smith chart. The VNA display is 
set according to the following filter parameters: start frequency (fstart), stop frequency 
(fstop), centre frequency (f0), the bandpass filter’s lower cut-off frequency (f1) and upper 
cut-off frequency (f2), and number of plotting points (Npoints) to display the tuning state. 
Once VNA parameters are initialized, the frequency marker of VNA is initialized at f0.  

Then, the screw number (i), machine’s upward moving speed (MUS), machine’s 
downward moving speed (MDS), screwdriver’s speed when the machine is moving 
upwards (SUS), screwdriver’s speed when the machine is moving downwards (SDS), nut’s 
locking speed (NLS), nut’s unlocking speed (NUS), pre-defined value (P) to detect the start 
of screw rotation, and limiting angle value (L) specifying the maximum allowable 
difference between estimated angle by YOLO-based marker tracking (EYOLO) and 
estimated angle by PF (EPF) are initialized as per the values defined in Table T-2 in 
Fig 7.12. To estimate the rotation angle using particle filtering, the particles are then 
initialized. 
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Figure 7.13. Proposed Smith chart-based filter tuning algorithm 
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7.8.3.2 Visual data acquisition and its image processing 
A smartphone is setup in a way that its camera acquires the real-time video of the VNA’s 
screen depicting the Smith chart. This camera works as an IP camera. Thus, adding vision 
into the system allows the system to work without the need of modifying the VNA’s 
internal software. This setup is shown in Fig. 7.14.  

Figure 7.14. Smartphone camera looking at VNA’s Smith chart 

The YOLOv5 dataset created (presented in section 7.8.1) for automating the filter 
tuning process was trained on the raw images captured for dataset generation. However, 
to increase the accuracy of the results and to remove the noise, a Region of Interest (ROI) 
was selected. To remove the inaccurate classification of the marker, a 2nd pre-processing 
step i.e., a multi-level thresholding step (a segmenting approach) was added to the 
system. This 2nd step allowed the accurate tracking of the frequency marker even when 
the marker is obscured by several circles appearing on the VNA screen while the filter is 
being tuned. The results before and after the ROI selection and multilevel thresholding 
steps are presented in Fig. 7.15. Thus, everything required to tune the filter is set by this 
stage. A video showing the tracking of VNA marker on the Smith chart in real-time is 
made publicly available2. The robustness of this approach was also tested on the polar 
chart of the VNA even if the dataset related to polar chart was not created. The test 
results for polar chart are also made available in public domain3 where even the ROI was 
also not selected proving the tracking robustness. 

Figure 7.15. Original image (left) and Results of ROI selection and multilevel thresholding (right) 

2 https://drive.google.com/file/d/1wzAYKqaHbO9KfMKuJodRXBITJSt6x7-n/view?usp=sharing  
3 https://drive.google.com/file/d/1G8V77oR8zpIWrSALvRlRqjUMv4sJ4gzw/view?usp=sharing  
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7.8.3.3 Filter tuning stage with angle change and reference line switching logic 
The tuning starts by selecting two points on the Smith chart by computer mouse – 
a) the centre of the marker, and b) centre of Smith chart (matched load point on the
Smith chart). This step helps in accelerating the image processing operation speed and
avoiding time wastage in searching for the centres. Selecting these two points initialize
the reference line having the distance (D) between marker’s centre and Smith chart’s
centre. This reference line is used to track the rotated angle as well as the distance D.
It must be noted that D is directly proportional to the amount of signal reflected by the
filter. As more and more resonators are tuned, the marker converges towards the
matching point i.e., center of the Smith chart thus simultaneously reducing the D value.

Then, the FAT robot is positioned above screw number 1 and the threshold angle (Th) 
responsible for speed variation is set to 30°. At this stage the angle estimated by  
YOLO-based marker tracking (EYOLO) and the angle estimated by PF (EPF) is set as 0°.  
The FAT robot is then brought down towards the filter surface with MDS while the 
screwdriver is moving in CCW direction with SDS. The marker of the VNA is tracked in 
real-time using the trained YOLOv5 model which estimates the angle EYOLO w.r.t to 
reference line and estimates the value of D. The algorithm checks if angle estimated by 
YOLO, EYOLO is greater than or equal to pre-defined value (P). If angle EYOLO is less than P, 
the FAT robot will continue moving downwards with MDS and SDS. Once the value of 
EYOLO is greater than or equal to P, it symbolizes that the screwdriver is in contact with 
the tuning screw’s head. Thus, the FAT robot will reverse its direction (i.e., it will start 
moving in upward direction) to un-short and tune the resonator with the defined upward 
motion speeds for machine (MUS) and screwdriver (SUS). 

While rotating the tuning screw, the updated values of angle EYOLO and D are fetched 
and the angle EPF is also estimated. The value of EPF is used to track the rotated angle 
which is to be used to detect the rotation angle error as well as the number of turns 
made by the screw. This EPF value has the limiting value of 2520° which symbolizes the 
07 full turns of the tuning screw. If EPF exceeds this value, an error message mentioning 
the turns exceeding message is displayed and the tuning algorithm stops. Else, if this 
value is less than 2520°, the value of estimated rotated angle by PF (ΔEPF) is calculated 
using the current value (EPF)now and the previous value (EPF)previous. If the difference 
between EYOLO and ΔEPF is greater than the limiting angle value L (defined by minimum 
angle resolution provided by the RGD strip attached to the auxiliary disc), the tuning 
stops after displaying the angle error message. However, if the difference between both 
the estimated angles EYOLO and EPF is lesser than L, condition of reaching the complex 
conjugate value (180°) is checked with the set tolerance of ±0,5° or if the distance D of 
the reference line is under the pre-set value of 0.1 (i.e., the marker is quite close to the 
matching point of the centre line). The 2nd condition defined here i.e., checking if the 
distance D is below a pre-set value provides robustness to the tuning system. If any of 
the conditions is not met, the FAT robot continues to tune the resonator using the speed 
variation logic presented in 7.6.2. Once any of these conditions is met, the resonator is 
tuned, and the reference line switches itself from the previous point to its complex 
conjugate point on the Smith chart with new distance D. The FAT robot then continues 
to tune the rest of the resonators by setting the Th to 30°, and the angles EYOLO and EPF 
are set to 0°. 



 

85 

7.8.3.4 Locking the outer nuts of tuning screws 
When all the tuning screws are successfully tuned using the complex conjugate point, 
the nut surrounding each of the tuning screw is locked with the defined speed of NLS 
which ensures that the required amount of torque is provided to lock the nuts tightly. 
These nuts are locked as per the nut-locking strategy discussed in 7.6.5. The tuning 
algorithm stops once all the nuts are tightened.  

7.9 Chapter summary 
In this chapter, automated algorithms to sequentially tune the all-pole filters on the basis 
of phase change of the input reflection coefficient (S11) were presented. Before tuning 
the filter, all the resonators were shorted. By sequentially tuning the resonators from the 
input side of the filter to the output side, the filter can be tuned without visiting the 
tuning screws iteratively. Two different automated filter tuning algorithms have been 
presented. The polar chart-based algorithm uses the angle information from VNA as a 
primary factor for tuning. For implementing the Smith chart-based algorithm, YOLOv5 
dataset was generated to train the deep network. The VNA’s frequency marker (set at 
the centre frequency of the filter) has been tracked in real-time using an IP camera to 
estimate the rotation angle. Both these algorithms compare the angle rotation 
information provided by them with the rotation angle estimated by PFs so that the  
tuning error can be detected at the early stage. Some other common modules – for 
differentiating the tuning screws from mounting screws; for varying the tuning speed as 
per the targeted rotation angle; for comparing the correctness of rotated angle; for 
counting the turns made by the tuning screws; and, for locking the position of tuning 
screws using the nuts have been developed to assist the filter tuning process by both 
proposed algorithms.  

The next chapter presents the results obtained from tuning the test filter designed in 
Chapter 4 using the FAT robot presented in Chapter 5, thus validating the accuracy and 
efficiency of the proposed tuning methods and the developed FAT robot.  
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8 Results and Discussions 

8.1 Filter used for testing the proposed algorithms 
The automated filter tuning algorithms proposed in this work can be implemented to any 
all-pole filter with quarter wavelength long solid resonators which are iris-coupled. 
The solid resonators allow the shorting of resonators before initiating the tuning 
algorithm and setting the inter-resonator couplings through vertical iris reduces the 
number of tuning screws.   

To test the proposed automated filter tuning algorithms, the 5th order all-pole filter 
designed and fabricated in Chapter 4 has been used. The tuning process is performed by 
the robotic system designed and discussed in Chapter 5. 

8.2 Results of polar chart-based automated filter tuning 

8.2.1 Tuning results of the VNA’s commercial software 
As shorting the resonators is the first step while testing the proposed algorithms,  
Fig 8.1(a) presents the case when the all the resonators are brought to their shorted 
state. The VNA is not fully calibrated and hence the initial state of marker is not appearing 
at the outermost circle of the polar chart). For tuning the filter, the resonators are tuned 
sequentially from the input side of the filter to its output side. While considering the 
phase-change of the input reflection coefficient viz S11, resonator number 1 is considered 
to be tuned when we rotate the centre frequency marker by an electrical length of λ/4 
i.e., 180° rotation on the polar chart. Fig. 8.1(b) shows the case when the resonator
number 1 of the test filter is tuned. At this stage, resonators 2, 3, 4, and 5 are shorted
(or strongly detuned). Fig. 8.1(c) presents the case when resonators 1 and 2 are tuned
while all the next resonators are still in highly detuned state. Next, Fig. 8.1(d) and 8.1(e)
show the state when resonators 3 and 4 are tuned in the sequential manner while
maintaining the tuned state of all the screws previously tuned as it is. While tuning
the last resonator, the curve converges to the centre point of the chart which is a point
showing the state where the reflection coefficient is close to zero i.e., most of the signal
is getting transmitted. In Fig. 8.1(f), the converged state of input reflection coefficient
towards the centre of the polar chart shows the case when the filter is tuned.
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(a) (b) 

(c) (d) 

(e)  (f) 
Figure 8.1. Results of automated tuning of a 5th order all pole filter on polar chart – (a) all resonators 
shorted; (b) after tuning resonator 1; (c) after tuning resonator 1 and 2; (d) after tuning resonator 
1, 2 and 3; (e) after tuning resonator 1, 2, 3, and 4; (f) after tuning resonator 1, 2, 3, 4, and 5 

The introduced design parameter presented in section 4.3.2 defined the limits for 
magnitude of RL to be > 18 dB and permissible IL range to be between the range of 0,5 
to 0,9 dB. The results of RL and IL are presented in Fig. 8.2(a) and (b) respectively.  

(a)  (b) 
Figure 8.2. VNA's curves of return loss and insertion loss after the tuning – (a) Return Loss (S11);  
(b) Insertion Loss (S21) 
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8.2.2 Tuning results on the developed plotting module 
The commercial VNA’s software for plotting the tuning results, a customized plotting 
module was developed under the scope of this work. This allows to possibility to add 
more features if needed later. Fig 8.3 shows the tuning results on a polar chart developed 
by the author. The details of Fig 8.3(a) to 8.3(f) are same as discussed in section 8.2.1. 
Before starting the tuning process on the FAT robot, all the resonators are shorted as 
shown in Fig. 8.3(a). Then all the resonators are tuned sequentially starting from the first 
resonator till the last one. When a resonator is getting tuned, all the other next 
resonators are kept in the shorted state. Once a resonator is tuned, all the previously 
tuned resonators are kept in the same tuned state. No fine-tuning is needed in this case 
for any of the resonators.  

(a) (b) 

(c) (d) 

(e) (f) 

Figure 8.3. Tuning results on a developed module for plotting the polar plot – (a) all resonators 
shorted; (b) after tuning resonator 1; (c) after tuning resonator 1 and 2; (d) after tuning resonator 
1, 2 and 3; (e) after tuning resonator 1, 2, 3, and 4; (f) after tuning resonator 1, 2, 3, 4, and 5 
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The results of RL and IL are also plotted using the custom developed module as 
presented in Fig. 8.4(a) and (b) respectively. Meeting the IL and RL tuning requirements 
stated in section 4.3.2 confirms that the filter has been tuned.   

    (a)       (b) 

Figure 8.4. Curves depicting the return loss and insertion loss after tuning using the developed 
plotting module – (a) Return Loss (S11); (b) Insertion Loss (S21) 

8.3 Tuning results for Smith-chart based tuning 
As already stated, before initiating the filter tuning process, the resonators of the filter 
are shorted first. The filters are tuned based on angle information fetched by the 
movement of marker over the Smith chart of the VNA. The marker is tracked by the 
trained YOLOv5 model using IP camera. The angle between the initial position of the 
marker and the moving marker is estimated in real-time and the reference line switching 
logic was implemented as shown in Fig. 8.5. 
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 8.5. Results of automated tuning of a 5th order all pole filter on Smith chart – (a) all 
resonators shorted; (b) after tuning resonator 1; (c) after tuning resonator 1 and 2; (d) after tuning 
resonator 1, 2 and 3; (e) after tuning resonator 1, 2, 3, and 4; (f) after tuning resonator 1, 2, 3, 4, 
and 5 

8.4 Total tuning time elapsed by algorithms 
The total tuning time taken by the proposed automated filter tuning algorithms on the 
designed FAT robot when a filter with shorted resonators is placed for tuning was noted. 
While testing this, the readings of the proposed algorithm with as well as without the 
speed variation logic were noted. The total time taken by the proposed algorithms in 
both the cases is presented in Table 8.1.   
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Table 8.1. Time taken for tuning a 5th order filter using the proposed algorithms 

Time Without Speed 
Variation  

Time With Speed Variation 

Polar chart-based tuning 17 minutes 49 seconds 9 minutes 32 seconds 
Smith chart-based tuning 17 minutes 10 seconds 9 minutes 38 seconds 

8.5 Discussions 
With successive tuning of the resonators, a spiral shape converging towards inside can 
be observed. This inward convergence is because of the fact that the since more 
resonators are involved so the amount of reflected signal reduces. Since the radius of 
constant reflection circles is directly proportional to amount of reflected signal, so, less 
reflections are depicted by the inward trend. 

The tuning times can also be optimised further as per the need of the task while 
assuring that the final rotated angle is not exceeding the target angle beyond the defined 
tolerance. A higher speed of rotation may bring us the case where the final rotated angle 
jumped the target angle before the robot stops, thus leading to error accumulation.   

8.6 Chapter Conclusion 
The results of automated filter tuning algorithms proposed in this work are evaluated on 
the test filter designed and fabricated in Chapter 4 using the FAT robot presented in 
Chapter 5. The proposed algorithms can be used to tune the all-pole filters with quarter 
wavelength long solid resonators in which the inter-resonator coupling between the 
resonators was adjusted with the help of designed iris.  

The tuning times for both the algorithms are compared with and without the speed 
variation logic implementation. The reliance on commercial VNA’s software is eliminated 
by introducing a real-time plotting module for polar plot.  
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9 Conclusion, Limitations and Future Work 

9.1 Conclusion 
MW bandpass filters play a sterling role in Radio Base Stations (RBS) and radar systems 
by effectively isolating desired signals from the crowded electromagnetic spectrum. With 
the rapid expansion of cellular communication networks in recent years, there is an 
increased need for filters that meet specified frequency criteria. As a result, there is a 
pressing need in the industry to efficiently manufacture a substantial quantity of 
precisely calibrated filters at competitive prices. Subsequent to production, these filters 
must undergo tuning to address any discrepancies stemming from their design, 
manufacturing process, and material properties. 

Various types of filters exist in the market. The main characteristics desired from a 
MW filter are - a) Sharp Out-of-band Selectivity (sharp rejection beyond the passband 
limits); b) High-Q-value (low loss value); and c) Compact size (small form factor). Among 
the common filter structures available, the cavity filters are most widely used in 
terrestrial communication industry owing to their robust behaviour; capability of 
handling high power; high Q-value (high quality); and temperature stability. At MW 
frequencies, the cavity filter structures are often used because at high frequencies the 
values of inductors (L) and capacitors (C) becomes impractical. While designing a cavity 
filter, the main considerations related to size of the filters are – the size of the filter 
becomes very large at the low frequencies; at high frequency, the size becomes very 
small and leads to appearance of higher modes. 

Following an extensive review of the literature, it became evident that over the past 
two decades, the research community has gravitated towards data-driven approaches 
for filter tuning. This shift can be attributed to the enhanced computational capabilities 
provided by modern, powerful CPUs and GPUs, as well as the emergence of new algorithms 
capable of tackling intricate problems. Therefore, to test the possibility of using 
reinforcement learning in tuning the cavity filters, two reinforcement learning-based 
filter tuning algorithms i.e., Optimal Deep Q-Learning (DQN) and Double-Deep Q-Learning 
(DDQN) were proposed by the author. When implemented, the results of both these 
algorithms outperformed the related works presented by other researchers. Given the 
constraints identified within reinforcement learning-based tuning algorithms, the author 
opted to cease further exploration of this approach for resolving the filter tuning 
challenge. Instead, the decision was made to assess various filter tuning algorithms on 
physical filter units. 

Commercial filters are meticulously crafted for specific applications, resulting in 
unique designs that provide little to no flexibility in terms of tuning adjustments. 
Therefore, a new 5th order tuneable test filter having solid resonators of the size of 
quarter-wavelength was designed in CST software to test the automated filter tuning 
algorithms. Varying the height of the tuning screws allowed to vary the center frequency 
and BW of the filter. The inter-resonator coupling was adjusted with the designed vertical 
iris which reduced the total number of screws installed on the filter’s top plate. The tuning 
screws were surrounded by hex-nuts to avoid the RF energy leakage and to ensure the 
product consistency during its transportation and during the use phase. The designed 
test filter was fabricated using an aluminium block cut by a CNC machine as per the 
designed dimensions. A good match was found between the response obtained from the 
simulated filter and the fabricated filter. 
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To test any new algorithm for automating the filter tuning process, an experimental 
setup is needed. Since all of the filter tuning equipment in the literature follow the 
instructions blindly i.e., no feedback system was introduced; and most of these solutions 
were designed to tune a particular filter topology; so, the need of having a new 
experimental setup becomes inevitable. Thus, an automated filter tuning robot (FAT 
robot) was built. To have bigger working envelop, cartesian configuration was selected. 
The use of limit switches provided the safety as well as assistance in ‘homing’ the robot. 
To deal with filters of different kinds, the stepper motors are chosen so that the torque 
and resolution requirements by various industrial filters can be dealt. The stepper motors 
are equipped with their dedicated motor driver which receives the control signal from 
the microcontroller. The whole system is mainly controlled by Python programming 
language. A customized tool-in-tool actuating mechanism was designed for bringing the 
tuning screws to their optimal positions followed by locking the outer nut (hex nut) of 
each tuning screw. The designed system allows accurate tuning of the filters. The detailed 
analysis of the mechanical design is not considered in this research work. As compared 
to other solutions proposed in the literature, the setup designed under this research 
work tracked the screw driver’s angle rotation in real-time using the customized vision-
module added to the system; and offers flexibility to tune different kinds of industrial 
filters by making minor adjustments. 

Before even initiating filter the tuning process, the two obligatory steps are needed 
viz. – a) to differentiate the tuning screws of the filter from the plate mounting screws 
and storing the positional coordinates of all the tuning screws; and b) setting the tuning 
screws to their initial state. The detection and localising of tuning screws were performed 
using the introduced vision-based methods, where-in, the imaging setup and the image 
processing techniques were also discussed. The state-of-the-art ML algorithms and a 
novel band-subtraction method were tested to differentiate and localise the tuning 
screws. Both these methodologies of localising the tuning screws have been validated on 
a commercial filter. The initial position of the tuning screws has been set to be the one 
in which each tuning screw touches (shorts) the resonator under it. 

Once the tuning pre-requisites were met, two automated algorithms were proposed. 
These tuning algorithms incorporated theoretical knowledge while tuning the filters 
using polar chart, and combination of theoretical knowledge and AI to tune the filters 
based on change in phase of the input reflection coefficient (S11) on polar chart and Smith 
chart. The polar chart-based algorithm uses the angle information from VNA connected 
to the filter as a primary factor for tuning. For implementing the Smith chart-based 
algorithm, YOLOv5 dataset is generated to train a deep network. The VNA’s frequency 
marker (set at the center frequency of the filter) was tracked in real-time to estimate the 
rotation angle using an IP camera in Smith-chart based tuning algorithm. Both these 
algorithms compared the rotated angle provided by them with the rotation angle 
estimated by PFs so that the tuning error can be detected at the early stage. Some other 
common modules i.e. – for differentiating the tuning screws from mounting screws; for 
varying the tuning speed as per the targeted rotation angle; for comparing the 
correctness of rotated angle; for counting the turns made by the tuning screws; and,  
for locking the position of tuning screws using the nuts have been developed to assist 
the filter tuning process by both proposed algorithms. The proposed algorithms can be 
used to tune the all-pole filters equipped with quarter wavelength long solid resonators 
in which the inter-resonator coupling between the resonators is adjusted with the help 
of designed iris.  
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The results of automated filter tuning algorithms proposed in this work are evaluated 
on the test filter designed and fabricated in Chapter 4 using the FAT robot presented in 
Chapter 5. By sequentially tuning the resonators from the input side of the filter to the 
output side, the filter is tuned without visiting the tuning screws iteratively. The tuning 
times for different algorithms are compared for the cases when the speed variation logic 
is not implemented as well as for the case when the speed is varied as per the amount 
of angle a tuning screw has been rotated. The reliance on commercial VNA’s software is 
eliminated by introducing a real-time plotting module for polar plot. 

Thus, the following objectives were achieved: 
• Two reinforcement learning-based algorithms for filter tuning i.e., DQN and

DDQN were simulated to decide the strategy of moving further.
• A new universal test filter to evaluate the automated filter tuning algorithm was

fabricated.
• An experimental setup i.e., FAT robot equipped with customizable actuator

mechanism was developed.
• Vision-based methods to distinguish the tuning screws and mounting screws

and obtaining the positional coordinates of tuning screws were developed.
• Novel automated filter tuning algorithms with a provision of varying the tuning

speed as per the target angle were tested and compared. The algorithms use
the theoretical knowledge and its conjunction of AI to tune the filters.

• Particle filtering was used to track the tuning error in real-time.
• A customizable real-time plotting module was developed to fetch the current

tuning state of the filter without relying on the VNA’s commercial software.
Thus, this thesis offered a complete solution to automate filter tuning, useful in both 

educational and industrial settings. The proposed solutions limit human involvement to 
mounting the filter and initiating the automated tuning algorithm, thereby obviating the 
necessity for technician training in the filter tuning process. 

9.2 Limitations 
Every research endeavour carries inherent limitations, serving as stepping stones for 
future exploration and refinement. The main limitations of this research are: 

• One of the major limitations of the current work is that the process of shorting
the resonators is performed manually.

• The proposed algorithm lacks the capability to effectively tune cross-coupled
filters.

• Another limitation of the current setup is that the tuning speed is not optimised,
resulting in extended tuning times.

• Another noteworthy limitation is that a comprehensive mechanical analysis of
the experimental setup has not been conducted, which means important
structural considerations have not been thoroughly explored.

• Additionally, an in-depth cost analysis has not been performed, leaving the
financial implications of automated filter tuning process unexplored and
unexamined.
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9.3 Future Scope 
Research is the bridge to the future, and its scope knows no bounds. With every 
discovery, we unlock new doors of possibility paving the way for innovations and 
breakthroughs that will shape tomorrow. This final section of the thesis elucidates the 
forthcoming potential. The avenues for further exploration within the research domain 
are: 

● For tuning more complex filters, Coupling Matrix (CM) approach can be used.
• A potential avenue for improvement lies in fine-tuning the speed variation logic

to align with the specific requirements of each filter unit, potentially yielding
even greater efficiency gains.

• A comprehensive analysis of the experimental setup can be conducted to
thoroughly explore the important structural considerations.

• Cost-analysis can be made to come-up with a cost-effective automated tuning
setup.

• An upgrade to servo motors, controlled by PLC, holds promise for achieving
heightened precision compared to the current use of stepper motors. Also, this
advancement could lead to more accurate and reliable tuning processes.

• Vision system can be used to make the system more robust so that the FAT
robot can calibrate itself according to the orientation angle of the filter.
Currently we have a wooden fixture for holding the filter at its desired place and
the positional coordinates obtained using the proposed vision-based methods
take the tuning manipulator towards the tuning screws. Also, incorporating the
camera to determine the rotation angle and height of tuning screws can make
system more adaptable.

• For production lines, with exceptionally high demand, implementing a
multiple-actuator system could enable simultaneous tuning of screws leading to
significant reduction in the tuning time.

• A screw feeding mechanism can be introduced to the system. This system will
place the tuning screws over the filter’s top plate.

• Currently, the feedback has been taken via particle filtering. An encoder may be
added to the designed system for receiving the primary feedback and PFs can
serve as the secondary feedback source.

• Smith-chart based tuning needs the centres of the Smith chart as well as the
center of the frequency marker set at the center frequency f0. This step can be
automated by a proper vision setup so that the offset introduced by the VNA’s
Smith chart display can be compensated.

• Bigger dataset maybe generated for tracking the marker. This will increase the
confidence level of the marker and can deal with the cases where the marker
disappears momentarily.

• The manual shorting of the screws can be replaced by shorting them with the
help of a computer programme. The algorithm could automatically set the initial 
position of the tuning screws either by turning them a set number of times,
or by ensuring the deflection change stays within a certain range.
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Abstract 

Fully Automated Tuning of Microwave Coaxial Cavity Filter 
The present day’s increased connectivity requirements have led to rapid production of 
the components related to communication. Microwave (MW) cavity filters are widely 
used in Wireless Base Stations (WBS) and radar systems to segregate the desired 
frequency from the crowded electromagnetic (EM) spectrum. To meet the evolving 
communication requirements, a huge variety and copious amount of filters are produced 
by the companies. 

To compensate the design flaws and manufacturing tolerances, the assembled filters 
are tuned to meet the stated frequency requirements. Filters are usually equipped with 
tuning elements to vary the frequency response. Among various tuning elements, 
silver-coated screws are most widely used.  Adjusting the vertical height of these tuning 
screws varies the resonant frequency as well as the inter-resonator coupling between 
the resonators. Being stochastic in nature, the filter tuning process is performed 
manually by the trained technicians. To acquire the required skillset, an intensive training 
is provided to these technicians. However, completing the training does not guarantee 
the proficiency of technicians in tuning the filters, and sustaining the competent 
technicians is also a major concern for the industry. Additionally, the wrists are heavily 
loaded while tuning the filters which often leads to injuries, and hence, a financial burden 
on the industries to bear the surgery expenses. Thus, automating the filter tuning process 
is a buzzword in the research community actively working in the field of MW filters.  

After conducting an extensive literature review it was found that the existing filter 
tuning techniques were limited either to a particular filter topology, or they required 
numerous complex computations and/or optimisations on equivalent mathematical 
models. Additionally, the filters are tuned using the programmed insructions only 
without any feedback from the system. In terms of hardware, the automated filter tuning 
solutions developed by research community were not flexible to tune different 
topologies of filters. Also, an important aspect in automating the filter tuning process 
i.e., distinguishing the tuning screws from the plate mounting screws yet remained
explored.

This research work aimed to provide complete solution to automate the filter tuning 
process. To differentiate between the different kinds of screws installed on the filter’s 
top plate, a novel vision-based method was developed. In this work, two novel 
automated filter tuning fusion algorithms were presented in which the theoretical 
knowledge and its conjunction with AI were combined to tune the filter on the basis of 
change in phase of the filter’s input reflection coefficient. The use of Smith chart and 
polar chart for automating the filter tuning process have been presented for the first 
time. Customized dataset has been curated to track the variation of tuning parameters 
on the Smith chart in real-time. The FAT robot designed in this work offers flexibility in 
tuning different kinds of filters by attaching the required tool in the magnetic socket of 
the manipulator. The use of colour-based particle filtering has been used to detect the 
tuning error in the initial stage of its occurance with the help of customized vision 
module. This vision module also counts the screw turns using the rotation angle 
information of the screwdriver, thus avoiding the condition where the tuning screw 
comes out of the filter’s top plate. A dedicated plotting module has also been developed 
to eliminate the dependence on commercial VNA’s software offering limited capabilities. 
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The developed algorithms have been evaluated on a 5th order all-pole test filter 
fabricated under the scope of this work. The test filter is equipped with quarter-
wavelength long solid resonators (having solid resonators ensured that the screws will 
not fall inside the cavity filter). The proposed algorithms could sequentially tune the 
resonators of the filters without iteratively visiting the tuning screws autonomously. 
Although optimising the tuning time has not been considred as the primary objective, a 
logic to vary the tuning speed on the basis of target angle was implemented. The tuning 
times of the algorithms with and without speed variation have been compared. 

The automated filter tuning solution presented in this work eliminated the need of 
training the technicians to tune the filters. The human involvement was restricted to 
mounting the filter and starting the algorithm. This solution presented in this work can 
be used for educational as well as industrial purposes. 
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Lühikokkuvõte 

Mikrolaine-koaksiaalfiltrite täisautomaatne häälestamine 
Tänapäeva kasvanud ühenduvusnõuded on viinud sidetehnikaga seotud komponentide 
tootmise kiire kasvuni. Mikrolaine-koaksiaalfiltreid kasutatakse laialdaselt traadita 
süsteemide tugijaamades ja radarisüsteemides, et eraldada soovitud sagedus 
täistuubitud elektromagnetilisest spektrist. Ettevõtted toodavad tohutuid variatsioone ja 
suures koguses filtreid, et vastata arenevatele sidenõuetele. 

Projekteerimisvigade ja tootmistolerantside kompenseerimiseks häälestatakse 
kooostatud filtrid vastama kindlaks määratud sagedusnõuetele. Filtrid on tavaliselt 
varustatud häälestuselementidega sageduskarakteristiku muutmiseks. Erinevatest 
häälestuselementidest kasutatakse enim hõbedaga kaetud häälestuskruvisid. Nende 
häälestuskruvide vertikaalse kõrguse reguleerimine muudab nii resonantssagedust kui 
ka resonaatoritevahelist koostööd. Olles oma olemuselt stohhastiline, viivad filtri 
häälestamise protsessi läbi koolitatud tehnikud käsitsi. Vajalike oskuste omandamiseks 
korraldatakse neile tehnikutele intensiivne koolitus. Koolituse läbimine ei taga aga 
tehnikute vilumust filtrite häälestamisel ning ka kompetentsete tehnikute ülalpidamine 
on tööstuse jaoks suur murekoht. Lisaks on häälestajate randmed filtrite häälestamise 
ajal tugevalt koormatud, mis põhjustab sageli kutsehaigusi ja vigastusi ning on seega 
tööstusharule täiendav rahaline koormus. Seega on filtrite häälestamise protsessi 
automatiseerimine mikrolaine-koaksiaalfiltrite valdkonnas oluline ülesanne aktiivselt 
tegutsevatele teadlastele. Ulatuslikku kirjanduse ülevaate baasil leiti antd töös, et 
olemasolevad filtri häälestamise tehnoloogiad olid piiratud kas konkreetse filtri 
topoloogiaga või nõudsid arvukalt keerulisi arvutusi ja/või optimeerimisi samaväärsete 
matemaatiliste mudelite puhul. Lisaks häälestatakse filtreid ainult eelkoostatud 
instruktsioonide abil ilma süsteemi tagasisideta. Riistvara osas ei olnud seni teadlaste 
poolt välja töötatud automatiseeritud filtrite häälestamise lahendused paindlikud 
erinevate filtrite topoloogiate häälestamiseks. Samuti on jäänud veel lahendamata 
oluline aspekt filtri häälestamise protsessi automatiseerimisel, st häälestuskruvide 
eristamine plaadi kinnituskruvidest. 

Selle uurimistöö eesmärk oli pakkuda täielikku lahendust filtri häälestamise protsessi 
automatiseerimiseks. Filtri pealmisel plaadil asuvate erinevat tüüpi kruvide eristamiseks 
töötati välja uudne masinnägemise põhine meetod.  

Selles töös on pakutud välja kaks uudset automatiseeritud filtri häälestamise 
hübriidalgoritmi, milles kombineeriti AI teoreetilised teadmised ja elemendid, et 
häälestada filtrit tema sisendpeegeldusteguri faasimuutuse alusel. Smithi diagrammi ja 
polaardiagrammi kasutamist filtri häälestamise protsessi automatiseerimiseks on 
kasutatud esmakordselt. Kasutatakse kohandatud andmestikku, et jälgida Smithi 
diagrammi häälestusparameetrite muutumist reaalajas. Selles töös välja töötatud 
täisautomaatne häälestusrobot, kus vajalik tööriist kinnitatakse manipulaatori 
magnetpesasse, tagab paindlikkuse erinevate filtrite häälestamisel. Häälestusvea 
tuvastamiseks selle esinemise algfaasis on kasutatud värvipõhist osakeste filtreerimist 
kohandatud masinnägemise mooduli abil. See masinnägemise moodul loendab ka kruvi 
pöördeid, kasutades kruvikeeraja pöördenurga infot, vältides nii olukorda, kus 
häälestuskruvi väljub filtri ülemisest plaadist. Samuti on välja töötatud spetsiaalne 
graafikamoodul, et kõrvaldada sõltuvus kaubanduslikust vektor- võrguanalüsaatori 
piiratud võimalusi pakkuvast tarkvarast. Väljatöötatud algoritme on hinnatud käesoleva 
töö raames valmistatud 5. järku täis-pooluste testfiltril. Testfilter on varustatud 
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veerandlainepikkusega pikkade monoliit-resonaatoritega (monoliit-resonaatorite 
olemasolu tagab, et kruvid ei kukuks filtri sisse). Kavandatud algoritmid võivad 
häälestada järjestikku filtrite resonaatoreid ilma iteratiivselt ja sõltumatult 
häälestuskruvide asukohti külastamata. Kuigi häälestusaja optimeerimist ei ole selles 
töös peetud esmaseks eesmärgiks, rakendati loogikat häälestuskiiruse muutmiseks 
sihtnurga alusel. Samuti võrreldi töös algoritmide häälestusaegu kiiruse variatsiooniga ja 
ilma. 

Käesolevas töös esitatud uus automatiseeritud filtrite häälestamise lahendus välistab 
vajaduse koolitada tehnikuid filtrite häälestamiseks. Inimese osalus piirdub filtri 
paigaldamise ja algoritmi käivitamisega. Antud töös toodud lahendust saab kasutada nii 
hariduslikel kui ka tööstuslikel eesmärkidel filtreid tootvates ettevõtetes. 
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Appendix 1 

Publication I 

M. Vu, M. Tamre and E. Sekhri, “Modeling and Robust Control Algorithm for a Linear
Belt Driven System,” Open Computer Science, vol. 8, pp. 142–153, 2018, doi:
10.1515/comp-2018-0010.
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��������#�B������##����!�#�P������P#������$"���Á�̧�²JF³B�������������²J	³B�½�¬�²JJ³B�O�  ���������#���#�� �Âª¾ª�²JH³B�'������'����O��������''Ō�²JC³B�O�������"�������'������'����O��������O''Ō�²JI³B���P�O����'"�����#�P�ª!K����O�������#�O'ªŌ�²JD³�"#�������##����������±"�������#������#����� ���P��%��������!�"�P����!�̧�#��¼�%����B�� �����������P����������#��������������°�!����P�������P� �������P�����������P�������������� �#���� ����������#�#"����#����#��#B����#B�«������P��������µ������#�«�µ#̄B�������#B���P�����������"#��� ���°�� ����#�����������������±"�#��#���µ���������P���������������#��������������°�� ��"�����ÃÄÃÅ�ÆÇÇÇ�ÆÈÉÊËÈÌÉÍÎÈÌÏ�
ÐÎÈÑÊËÊÈÒÊ�ÎÈ�ÓËÉÍÑÍÒÍÌÏ�

ÆÈÉÊÏÏÍÔÊÈÒÊÕ�ÖÏÎÒ×ÒØÌÍÈÕ
�ÌÈÙ�ÆÈÉÊËÈÊÉ�ÎÑ�ÚØÍÈÔÛ�ÜÓ

ÆÖÚØÍÈÔÛÝ�Þ�ßàßáâáÅãÄÅáÃ
ÃÅäáàåÃÅåæÅçèÄÄ�éÃÄÃÅ�Æ

ÇÇÇ�Þ�êëÆì�çÄèççÄßåÓÆÖ
ÚØÍÈÔÛãâÅäÄèÃÄÃÅèçÄÃßÃ

äàÅ

íîïðñòóôõö�÷óøõùúõö�îúõ�÷ó�óïõö�ïñ����÷÷óùù��ùó�õòúóï��ñ���õøðùñ÷ñ	�
��ñ�ù÷ñ�öõö�ñù�õ�òî�ò�����������ï���������������òñ���������÷ñòõ
���õúïòóøïóñùú����÷�
�



�������������	��	
����	�������	��������
�����������������	�����������������������������������
�
�����
���������
��������
���
�������	����������	��	
��	���������	�������������
��������	����������	������������
����	����������
��� ������	���
��!�����������������
���	�	�������
�	�����!��"""�	�����#�����	�	����!���������$���
��������%&&&������
���'()*����
�	������������������! ������+��
��	��������#������	���
����
�����������,��	
��
��%�������$,�%��������������!�#����������	���
�����!�	��
��
���	�������	�����������
��	���	���������+��
��	�����������������
�������
��������
�
�������
��#���
�������#	�������+
�+���+���������	��������	-���������������!�
��������������������
�����	�����	�������
�������
������
��������
�
�������
�
�
�!�����������	�����
������������	��������������
��
#.�����	
��%%��������������
�
���������������	�������
�
�
�!������������
����������������������#
��������	�����	������	
��%%% ���
���#	������
������	�������!	�#	���
���������+
�+���+���������	�������
�
�
�	�������	
��%/���
�	��������
����	
��
���������������
������� ���
���#	��������	����	
��
�����������
����������
����	���������
��������������
���	
���%%��0,�0��&��1&�2�����3��45�67879:8�;:<:=78>?<�@
�����	��������	������	�������������������	�������
��� �������������������������#�����������	���A�!	����@	����
��,@�B���!C���DDEFB�G�H���32C�'(D*�������������	�����#����������#�	����������	�!��	�����#����	����������!��������B������
�����	�������	���� ����!�#������������������
������������
���	��
��FDHI���������	������������
��������
��������	�������	������
���������	����	�����	��@	���E��
�@	���E����������������	
��#�	�������������	��������	������B�������������

�	������/JB�	�������	������������������	������	
��
�������������	�������
���������
��	������������	�	��+���	���	
�+�������������	��	����������	��������%�� �BK�&�%��� �B�B�&���&�B%���LMNOPQRS� TUVWOR� XYZ[N�����	�	���������� (FI�� I"\�/��	���	
��������� DD]� ]"\����	���������� �""� E"\��
���� FDHI� E""\�

5̂�6::_�̀:8a?=b�c=7><><;�K��
������	�	����������#
�� �������������	�����#�����
�������
������d�
+���	���	
�������#���
����	�	C���	����	�#
�� ��	����������	����������	
��
��������������#
���#������
������	�������!�����
�	��������
��	�����	
��,!C��+D��)""�2��d0e �EH�3K�,B1�����J/%�%B�+�,�f("H"�#	���H�3K�30e��g	�����������	C��
��EHh�HF"�i�HF"�	C���	����h�����E""���
�� ������
����#�����	�����	�������������	��
����#�����	����#	�����
����	��3���	�����������$�3���
��	�	C���#	����������	��������
��"�"E�����������!	�������
��
��"�""���d
�����	
��
��
�����
���������������
���@����@
�#����$@@������K����0�
�����	
��$K0��������	�	�����
���������	�����������
�����	�	����g	����������	��������
��"�"E�	���

��E���(I��	���
����	��������������
�������������		
�+�������������
���	�������������	�	���������������#
���	�	����������	��@	���]������������	����
����
��	�������������	�����
���������#
������	�	����
� �@	���]������0���		
�+,������d�����j5�6:8:k8>?<�?l�m7=b:=�B��������	�	���
��������������#
�� ��������	�����
����#������������
��������	���������
������/JB��B��+�
������	�!��	�����$�	��������	��������	������#�������#����	����������!�������#���
���������
�����/JB������������������
������	������������	
���
���	�	����$�nn��
����	�����������
��#����������	������+�	�����@
�������	������������� ���������
��o��������#�����������%0�#��+��������
���-�	�����������+�	����	��
�
����/JBo���	�����������
���B��	������������	��
�����!�������
#����
��������������

��
���
������#	��
�������	���
�������	��������
�����	���/JBo�
��#�����B�����	
����	������	
��%%�K ������������#�����	����
��������#�	������2
#���� ��
�����	��������
��� �����,�%�#�����������
����
��������
	� ���� �	�����	��������������!�
�����������
����
���	��
������!����	�	����������
����������#������� ����������	���������#�����
�	�������
�������
����	����������
�� ���
�����������	�������
����	����������	+�����������
��	�������#����������������	�	
�������+��
��	��������
���������	���
��������������!�
������������������	��������
������������	���������	����������	��@	���(���pqrstuvwxy�zv{x|}xy�q}x�zv~vrxy�rt����zzv||��|v�xu}vr��t���x{s|tzt�����t�|zt�yxy�t|��x�uq�u�����������r���������������ut~��������ztux����x}ruv{rvt|}����z���



����������	�	��
����������������	���������	�
�����������	�����������������������	������������	�������	�������������������������������������������	������	�����������	����������������������������������������������������������������	�	���	�����	��������������������������������	������ ��������������	���������������!!���	������!���!�������	�����!���	������������������������!����	�����	������"��	�������#��
������"������	�	�������������	������	������!������	���������	������	��������	�	��$� ��	�������������%�� ������#��&������!������	�'��	��������������'������������������	��������"�!����	��������	������!������	��������������!����������	�	��������������	�������#�!����	����������	�����'��	��������������'����	��������	���������������������!�����������	�������������	����������������!�������	������(������������������	�����������	�������	��������������'����������������������	���	��������	����
������(������������������!�����������	�������������	���������������������������������������������������������������������)����!�*++���������������+����+�+)',�-.��/�01.�&.�2��3456�27�(89�	+���':��!;�����	��

666��3<7=>�7�� ��?0&
�3��6�<�� �>-767�����������������������	��	��!��!�������	�@���������	�����������'����	�����306�'�����������'�������	�	����������������������	����>���������������'������	��	����8�����	��������	����������	��������������!�������	������9��	�������A������������������	������������'	��	������9�����������������'��	���������������'�'�����	���������	���������������B���	������!������	�$���'	��	������"%������������	�	������'��'������	��������	��������	������'���@�������	����������������B���	!������������������!���������������������������	���������������������	�����������A���!������������������	����������'���������������B����	�����	�	������'�������	���$��������!������������'����������	���	��%�������������'�	���������������������������	���	�����7�������������!�����������������)��
������9��&���������	����������'�������	�	����������������'���������	����	���
������A��&������������	��'��	����������'������	�����������	���	����	������9��	�������A����'�����������������	����������'��������������	�����	�����	�����������	���	��@�����������	�����	����������	��'�����������'	����'��	�������	�������7����������$#C�D�!��	�%��	��������	�����������������������	������!������	�$���'	��	������"%�������������	�����	������������!������	����������������������	��!��������E��	�����������������	����	�����@���������	������	���	�����������������������	���	������ �B��7�����������	�������������������!����������-0>0�#������������'�����!����������������������������3�?  ��	��77������	������������!���������������	�	������-0>0�#����������!�������������������	�

FGHIJKLMNO�PLQNRSNO�GSN�PLTLHNO�HJU�VWPPLRR�XRLYNKSLHZ�J[�VNQIRJPJ\Z]�̂J_RPJWONO�JR�̀NaKGWKZ�bcdbcbe�WH�feUcgUeh�XVi�[KJT�jkkk�lmPJKN]��nNSHKLQHLJRS�WmmPZ]�



��������		�
���������������������������������������������������������������������������������������������������������� !!������"��������������#��������$�������%�#$&�����������������������'�����'�����(�)����������������*'�������������������+(������'����������������������������(�((+"�����+,((������"����������� !!����������-��������,��.(��������������������������������������$�������'�����/�0�����������������������$�������������������-�.��.1���������+,((������"��������������(�)"�������������������(�((+���������������������		�������������������������������������������'���������'�����������������������������������������������������������������������������������������������������������������������������-��������������������2
34�		���  5/02�	�	64�2!237�	��89:;<=>?�8@;A>=BC@� D>E=EF� G:HC@������7535�,�%0�������&� �20� )I�JK�0��������� )L�LK�������� )L�1K����������� !!�MJLN� �20� ),�IK�0��������� ).�LK�������� )1�.K�������������$��������%��$&�M1,N� �20� ).�(K�0��������� )1�JK�������� )1�+K�2���������������������		"�����20"�0�����������������������'�����������������������'�����7535�,������������������������������������ !!�������$������O'����P�����7535�,�����-���"������Q��'���20����)I�JK���������������'��������������������������������������7535�,������"�������������������������������'������������������������������-�����������������������+�%���������'������&��
�����������������������"��������-�������'����������'���������������������������������'��������������������������������"��������-�����������������������������������������-�������'��������������������������������������O'���'�����������������������������������'������������Q��������+�JLK������������������������������Q��'�����2��������������������)"������������������������������-���������������������������������������L����������I�������������������������6!2���������������������������������������%��������������������������������������'�������������������������������������������&������'�������������������-�������'��������������������������������'����������������J��4������'���������������������������'�������������������������"����������������������������������������'������������������-�������'���������6!2�����������"����������������������'���������
������)������-��������'����������������������������������'������������������������������������-������������������1�� �����������������������������������������������������������J�����RSS����������������S����S�S+#I6LL��I��	���23����O*P/�.�T.���S����U'��V�������

$'������������'��������������������������������������"���������������������������'�����������-���������������������������������������������������������'��������"������������������������������������������������������������������������-������������������������������
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� ��������	��
����

��

���������������������������������� ���!"��������#!���!�$�%!&����'�����(���� �(�����!�#�!"����#�&!�)�&���*�����+��#�,#��"��#��  ���������!�-����(!���'��������#�(���!����.����������"� �#� ����!��!"�"��.����/�+!���#�"!��0��������������������'�&�������#�������������!((����� ��#����!"����#�(���!�$12323��456789�:5;<=>?5?�@?5=<�A8B7>9�45775=<�CA4DE���!��0������FGHI�!����#�(!��0����!��FGJI��#�#���(��#�����!����(�����  /�#�(� �����0 ������#+!�#���!���������������,!�����(!�� #$�K����++�!��(��������!�� �"�����!��+! /�!(�� ���������#���+����� �"�����!����+��#�!��"!�(���#�����!"������� /�0������������������!�+! /�!,(�� #'�����EL����������#�����#��-� ��/�!"�+! �#�����M��!#�N�#����/�������������� /�������0��O$�P!'�������#�������#��������!��#�����#�(���!�! !�/��������0� ��!"��Q�0 ����������$R������!#�#�(���!��"!������#/����#�#�!"�S,+���(����#�!"� !##/���!##,�!�+ ���0 ���#�&����������#���#�����&!�)�(!�� �&�#�+��#���������FGTI$�K���(���!���!� ��������"/�����+!#�,��!��!"�+! �#�������#����#�!"�!-�������S,+���(����#$�K������ �+����!"�����!-��������!(+ ���+! �#�+�!�������  �������"!�(���!�����������������++�!��(��������"!�(��,"���!�'�&�� ��������#����#�!"�+����� ���+��#�!��!"�����S,U���(����#�&�����##�(����!�-����� $�K�������!�#�!"����#�(���!��V�#���� )����-!������������!#�#�!"�0 ���#�&����P,W��!�+ ����-��������!��+��#������/����(+ �#��!�V�#��"/���$�R�!����� �(�����!��!"����#�&!�)�&�#���������&�#��##�(����!�-���!�#����$�P��������##�(+��!���#��!���!������"!���!((����� ��!((�������!��0 ���#$K!���� �&���� !##/�0 ���#�&���������������� ��#'���#�������#�+�!+!#�����!�����(���!�����FGXI$�K���(���!���!� ��+�!������������������� ��#������!� ��� #!����������!(+ ���+! �#�������#����#$�K!��!����#'���������!�� �+! /�!(�� #�"!���������� �+������� �0 ����&����#! ����������(#�!"�S,+���(����#�-/��#����(��#�����!��#�(� �����P,+���(����#$�%!&����'�����(�����##��#�&�������#���#������&���*�"��.����/�#�(+ �#��!� ��-��#+���0���!� /�!������+!#������#���Y���� �#�!��!"����!��!��������&�� ��+��"!�(����ZU��!�WU�����#"!�(���!��!"�����!-�������+! �#�������#����#'�����!-�����������#���!(+ ���+! �#�������#����#�&�#���������,�����+�!������$1232[��456789�:5;<=>?5?�@?5=<�\;]B̂_�̀87̂>abP�(+ �������/�����!�c��#���"�#�'���������������!���������������.���"!���!���������(��#,�����!��#�(� �����P,+���(����#�!"� !## �##'�����+�!�� �d,+!���+�##����������#��!���������!�����������!�� �"�����!�#�N�$�$'������+! ���#�!�������+! ���#O�FefI$�g���#�+!##�- ���!��#����������������(-���!"������#�(+ �#�"!��#�����!����#�!��FehI$�P��������"�!(�����ZU���#+!�#�'����#������!�� �"�����!�#�����"��������#����!������������+! /�!(�� �(!�� ���������!�(� �M���WU�"��.����/��!(����N�����������(���(�(�!�����!"�����(!�� �����(���(�(����!�O�FedI$�K�����(-���!"���#!���!�#����������!�� ���(-���!"�Ki#���������!��#�&�����������#+!�,#�- ��"!����������������������!"�����������#����+! /�!(�� #$�K��������/�(���!���#�#���E�����(!�����������"!���!�������������#/#��(#�!"��.����!�#����!���#�(+ �0���(������"!�($�Z����� �)��!�����+�##����������#'�"!���Q�0 ���#'��&!�#�(+ ��#��#'��$�$'��NPhhNjOO������NPdhNjOO�N&�������k�-���������"��.����/������- �O�����0�����#�(� ����!�# /$�R��!�������!�0 �������!�/����FelI'�-!������#��Pm+���(����#�#�!� ��#�������#���!"��!((!��+! �#�N-�� ������&!�����+�������(!�� #��#��!������!+��(� �&�/�-����#��#!(���#�"� ���"!�(���!��(��������� !#��!���!��"�  /���+ !����O$�K��#'��!���� �&�����Q�0 ���#'�����bP�(+ �������/�����!�c�&�#�(!��0���-/���#�������!((����/�"!���!�#��������-!�������#�(+ ��#��#�#�(� ����!�# /$�P!(������!�#��#�����#+���� �+! /�!(�� �cnopqc'�� #!�)�!&���#�������������#����"�����!��!��0 �������"�����!�$�K��#�nNpO��#���������!�!"�K���#(�##�!��i��!�NKiO��!�r�s����!��i��!�



����������	
�
�����
����
��������������
��������������������

���
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Appendix 2 
Model training curves 
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Appendix 3 
Training hyperparameters for training YOLOv5 
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