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Abstract 

In modern mobile wireless communication, Base Stations (BS) are the most important 
equipment to build up the mobile network. One of the key elements in BS is the RF filter, 
which plays a key role to secure the coverage and reliability of the BS. Especially, at 
Transmitter (Tx) side, the filter must have a high capability to handle the power sent from 
Power Amplifier (PA) to antenna in any circumstances to ensure the coverage demand. 
Otherwise, the breakdown will be encountered, setting the power flow in the BS system in an 
abnormal manner that, finally can lead to the shut down of BS or destroy the system 
permanently. 
 
In this project, three methods using two simulation tools to predict the power handling 
capability of the RF/microwave resonator which is the elementary component in the BS’s 
filter are proposed. Power handling tests of selected configurations corresponding to the 
simulations are implemented as well. In the next stage, the results from the prediction and 
measurement are compared. Finally, the conclusions of correlation between the prediction and 
measurement of microwave resonator power handling will be derived.  
 
Key Words: BS, filter, power handling, prediction, measurement, correlation. 
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Chapter 1. Introduction 

In modern mobile network communication, Base Station (BS) plays a key role in the cellular 
network, which people almost use it in everyday life. Figure 1 illustrates a simple hexagonal 
cellular network, each cell containing a BS. In each cell, BS acts as a Transceiver (TRx) to 
transmit/receive the data to/from the user equipment. 
 

 
Figure 1.   Example of a simple cellular network. 

 
One key element in BS is RF filter, which is used to filter out the signal in specific frequency 
band, since for different operators and in different region. The operating frequency band is 
diverse as well. Spectrum allocation task is organized by the International Telecommunication 
Union (ITU). A good filter(s) in BS is essential for both coverage and legal requirement. 
 

1.1 Brief Base Station Architecture 

In general, the full front-end architectures of BSs are heterogeneous in modern mobile 
network communication, as there are a lot of considerations in the full front-end BS design, 
including coverage, population density, cost, geographical deployment and other factors. A 
typical BS architecture on the front-end side is illustrated in Figure 2. A common antenna 
(ANT) is used for both transmission and reception by means of a duplexer. The operating 
frequency are different for the transmit-mode and receive-mode. Therefore, a duplexer is 
acquired. The duplexer permits two bandpass filters onto one port which is connected to the 
antenna, one for the Transmitter (Tx) side, the other for the Receiver (Rx) side. The basic 
structure of the duplexer is depicted in Figure 3. 
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Figure 2.   Brief BS architecture in the front-end side. 

 

 
Figure 3.   Example of a duplexer connected to an antenna. 

 

1.2 Elementary Filters Fundamentals 

A filter could be a resonant loop in an Alternating Current (AC) circuit, to filter the signal in a 
specific frequency range. There commonly exist four types of filters: low-pass filter, 
high-pass filter, bandpass filter and bandstop filter. Figure 4 indicates these types of filters 
through the attenuation   versus normalized frequency [1]. 
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Where   is in unit dB, 
c

f
F

f
 , which cf  denotes cutoff frequency for low-pass filter and 

high-pass filter, and center frequency for bandpass filter and bandstop filter. In BS, bandpass 
filters are used to extract the signal in specific bands. 
 
In modern filter technologies for wireless BS, coaxial air cavity resonator filter are used to 
build filters used in BS. They provide a high unloaded Q  value [2] and high power handling 
capability when compared to other kind of resonators such as resonator implemented with 
lumped components. 
 

 
Figure 4.   Four basic filter types. 

 

1.3 Power Handling and Breakdown of Filters 

Within the duplexer, the filter in Tx side should have a proper power handling capability, as it 
has to handle the high power fed from the Power Amplifier (PA) in any circumstances. The 
coaxial air cavity resonator and the hat resonator filters have a relatively good power handling 
capability, but it is still possible to reach the breakdown threshold for resonators in a compact 
filter room with relatively high power to ensure the BS’s coverage. Once a breakdown occurs, 
all the power transferred from the PA will be reflected back, and that could lead to the power 
flow in the BS in an abnormal manner, and damage the filter permanently, or even destroy the 
whole system of BS. Therefore, the determination of breakdown threshold in order to 
calculate the breakdown power is critical in filter design. 
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1.4 Literature Review 

This thesis work is conducted based on the journal paper [3] and [4] primarily, which both 
provide valuable knowledge and basic methodologies to evaluate the power handling 
capability for microwave filters generally. 
 
Articles and report [5], [6], [7], [8], [9], [10] present a lot of microwave/RF breakdown 
mechanisms and theory in both physical and analytical ways, article [5] is more focus on 
microwave breakdown in resonator filters, and [7], [8] describe to multi-carrier microwave 
breakdown. [11] and [12] a also provide the knowledge of breakdown delay and the diffusion 
knowledge. 
 
Patents [13], [14] and [15] offer overviews of different kinds of coaxial air cavity resonator as 
well as other types of filters, both in mechanical design and functional aspects. 
 
Book [1] contributes an overview of filters and vital parameters need to be considered in filter 
design. Book [16] provides knowledge concerning to microwave electromagnetic field (TE 
(Transverse Electric), TM (Transverse Magnetic) and TEM (Transverse Electromagnetic) 
modes), resonators and mathematical computations of cavity resonators. Book [17] supplies a 
lot of knowledge concerning the filter design, quality factors and filter power handling 
capability.  
 
Other materials supply details and encyclopedia-like knowledge from websites and papers are 
also reviewed. 
 

1.5 Objectives 

The thesis work can be divided into three phases: 
 

1. Theoretical investigation:  Coaxial air cavity resonator and hat resonator.  Initiation of breakdown phenomena and breakdown threshold calculation 
depends on different factors.  Power handling capabilities of microwave/RF resonators. 
 

2. Breakdown power prediction:  Breakdown threshold calculation.  Simulation method research and model achievement.  Selected resonators simulation.  Breakdown power calculation for certain resonators. 
 

3. Verification of the theory, calculation and simulation results in Ericsson RF 
verification Laboratory. Compare the simulation and measurement results and improve 
the simulation method. Finally the conclusion will be drawn.  
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1.6 Report Structure 

This report contains six chapters, totally. Chapter 2 will provide the theoretical background 
that contribute to the thesis work from circular waveguide cavity resonator to power handling 
capability of microwave/RF resonators. Chapter 3 presents simulation routines and methods. 
Chapter 4 will give readers measurement preparations, methodologies and other details. 
Chapter 5 provides the results for both simulation and measurement then compare them in a 
proper way. Finally, the conclusion of correlation between simulation and measurement of 
microwave/RF resonator power handling will be derived in Chapter 6. Moreover, future work 
will also be proposed in this chapter. 
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Chapter 2. Theoretical Background 

Power handling capability of the RF/microwave resonators has drawn a lot of attentions of RF 
engineers. In modern wireless communication, the coaxial air cavity resonator and hat 
resonator are the major types of resonators used in the RF filter [2], which are installed in 
BSs. The reason is that the coaxial air cavity resonator and hat resonator have higher Q  
value and higher power handling capability than other common types of resonators. This 
chapter will start from the coaxial air cavity resonator to the aspects of power handling 
capability of the microwave resonators. 
 

2.1 Coaxial Air Cavity Resonator 

The coaxial air cavity resonator is a circular waveguide with both ends covered, which 
includes an inner conductor (rod) inside the cavity (outer conductor) [15], [16]. The length of 
inner conductor is not same as the height of the cavity, the purpose of that is to form a 
quasi-TEM mode [18] in the cavity instead of the pure TEM mode. Consequently, it can be 
much easier to tune the frequency by adopting the tuning element on the lid. According to 
[15], the length of the rod shall be at most one fourth of the wavelength of the propagation 
wave ( / 4 ). 
 
By using this type of resonator, a capacitance is formed in the cavity, as shown in Figure 5. 
By using the basic equation (2.1), the resonant frequency decreases. Thus, the trade-off could 
be done by reducing the size of cavity to retain the resonant frequency. In this way, the 
resistive dissipation will be increased (Q  value decreased) [15]. 
 

                                      √                                (2.1) 

 
 

 
Figure 5.   A simple coaxial air cavity resonator (cross section and bottom-side view). 

 
A subclass of the coaxial air cavity resonators are the hat resonators [15]. This type of 
resonators contains a hat-like structure above the rod. Depending on the design, the hat may 
have different profiles. Figure 6 illustrates hat resonators, one with tuning element and the 
other one is without. 
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Figure 6.   Hat resonators. 

 
As shown in Figure 6, hat resonators introduce more capacitance compared to the coaxial air 
cavity resonator. By utilizing the same theory, hat resonators are able to reduce the size more 
than the conventional coaxial air cavity resonators. The drawback of hat resonator is that the 
Q  value of it will be decreased more than coaxial air cavity resonator. 
 
Usually, hat resonator contains a tuning screw above the hat. This tuning screw go through 
the cover of the cavity, which can be adjusted from outside. The total capacitance inside the 
cavity can be adjusted by tuning, thus, the screw and the frequency of the resonator is tuned.  
 
Due to its flexible design and trade-off between the size and resonant frequency, and its 
tunable properties, the filters are constituted by hat resonators are usually used in the BSs. 
Meanwhile, it possesses relatively good Q  value and power handling capability. 
 

2.2 Microwave and RF Breakdown 

In modern cellular network, BSs are usually operated in a high power mode to boost the 
coverage of BS. As indicated in Figure 2, PA sends the high power signal to the duplexer 
(filters) before the antenna transmits the filtered signal. Therefore, the filter must have the 
capability to handle that high power and ensure no breakdown will be activated. 
 
Once the breakdown occurs, the resonator(s) and tuning screw in the filter will be 
contaminated by impurities or can even be destroyed permanently. The destroyed filter in BS 
needs to be replaced and this generates additional cost for the operator. 
 
As mentioned in [4], breakdown can be classified into two major types: multipaction 
breakdown, and ionization breakdown. 
 
Multipaction breakdown occurs only in the vacuum environment, with the growth of the 
electrons between the surfaces of the resonator, the electrons bombard the walls of resonator 
leads the massive electrons released in the resonance [4]. This type of breakdown may happen 
in the space where the filters are installed on the satellites.  
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Ionization breakdown happens in gases such as air, this is the major type of breakdown 
occurred in air-filled filter used in BSs. This phenomenon is initialized by the electron density 
between the walls in coaxial air cavity resonator raises in an avalanche manner results the 
insulated air transferred into the conducting plasma [4]. Then the inner conductor and outer 
conductor will be linked by this plasma, and turn the resonator into a ‘coaxial line’, which 
will shift the resonant frequency significantly and this frequency shift is more than enough to 
reflect all to power back to PA in the operating frequency band. 
 
However, whether the breakdown will happen in the coaxial air cavity resonator or hat 
resonator is highly depending on the environment around the resonator which includes a 
number of factors and will be discussed in the next section. 
 

2.3 Breakdown Threshold 

From the definition in paper [5] and [12], the breakdown threshold can be described 
physically as: 
 
                                                                  (2.2) 
 
Where iv  denotes ionization frequency and refers to the frequency at that the collision of 

electrons hit the neutral molecules and eject the outer electrons of neutral molecules. Dv  

denotes the effective diffusion frequency. av  denotes the attachment frequency, referring to 

the frequency that the neutral molecule attach the collided electron and remove it from the 
avalanche. Consequently, the breakdown threshold could be defined as, when 0netv  , and 

when 0netv , the free electron density will be raised exponentially [5], [9]. 

 
However, the literature study indicates that several natural and physical parameters will affect 
the breakdown threshold, e.g., air pressure, humidity, air temperature, cleanliness, center 
frequency, diffusion length, pulse length, etc. [4], [5], [7], [8], [17]. 
 
In reality, RF or microwave engineers always use a semi-analytical approximation to 
calculate the breakdown threshold, since the geometrical structure in the cavity is complicated 
in most cases. Therefore, to calculate a highly accurate breakdown threshold value is not 
practical. Usually, a rule of thumb is often used in microwave engineer community with a 
breakdown threshold value: 2.28 /BDE MV m  (rms (Root Mean Square)) in inhomogeneous 

structure or 2.60 /BDE MV m  (rms) in homogeneous structure [4], [6]. Both of them are in 

the condition 1 atmosphere (1 atm, 760 Torr). 
 
As mentioned previously, the breakdown threshold is depending on several parameters 
especially on pressure. In [19], a concept called Paschen curve to depict how the air pressure 
affect the breakdown threshold is mentioned. Figure 7 illustrates an example of the Paschen 

curve at 025 C, center frequency at 1.8 GHz, with 8 carriers separated by 2 MHz , 0.2 cm 
gap size. 
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Figure 7.   An example of a Paschen curve. 

 
In paper [4], [7], [20], [5], a set of equations are proposed to calculate the breakdown 
threshold semi-analytically. 
 

                                                               in             (2.3) 

   denotes the resonant frequency in angular form, p  denotes pressure in unit Torr , p  

denotes the pulse length in s , cv  denotes the collision frequency in Hz  and effL  denotes 

effective diffusion length in cm, they can be computed as: 
 
                                                                    (2.4) 
 

                                                                         (2.5) 

 

                                                                        (2.6) 

 
                                                                     (2.7) 
 

Where cf  denotes center frequency in Hz, 0T  denotes temperature in 0C , N  denotes the 

number of carriers, f  denotes frequency separation between carriers. 
 
For the pressure in specific altitude can be calculated as: 
 

                                                                                   (2.8) 

 
H  denotes altitude above the sea level in meters. 
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The effective diffusion length effL  [12] is often difficult to achieve analytically due to the 

complex geometrical structure inside the cavity, therefore, the approximations are usually 
introduced. According to [4], at low pressure, the effective diffusion length will raise equal to 
d  (gap size), for the pressure around 1 atm, the effective diffusion length can be regarded 
as half of d , whereas at high pressure, the term that contains effL , can be merely omitted. 

 
In this method, an approximate breakdown threshold value can be derived by adapting 
equations (2.3) – (2.8). 
 

2.4 Quality Factors and Coupling Coefficient 

The quality factor (Q ) of a resonator determines the different merits of the entire resonator 

circuit: the unloaded Q  ( 0Q ) defines the property of the resonator itself, and it is highly 

depending on the geometrical shape of the design and the material (conductivity) of the 
resonator. Normally, the 0Q  for coaxial air cavity resonators or hat resonators is between 

1000 and 6000 [21]. The external quality factor (EQ ) stands for the coupling relations 

between the resonator and external circuit [22]. The loaded quality factor (LQ ) defines the 

total Q  value, containing the resonator itself and the external circuit. 
 
From the energy point of view, Q  values can be defined as: 
 

                                                                                             (2.9) 

 
The LQ  can be calculated from the BPF’s response in equation:  

 

                                                                          (2.10) 

 
The relationship between, 0Q , EQ  and LQ  is given as: 

 

                                 
                                      (2.11) 

 
By the definition, it implies that, LQ  combine the energy dissipated inside the resonator 

itself and energy dissipated (transferred) in (to) the external circuit. 
 
Normally, in modern coaxial air cavity resonator filter design, a path of a filter contains 
several resonators. The coupling condition between the adjacent poles are defined by the 
coupling matrix, each element in this matrix is called the coupling coefficient. In the filter 
design, the coupling matrix could be complex and include cross-coupling(s). 
 
However, for a single resonator, which will be evaluated in this project, the coupling 
coefficients are still necessary to describe the relation between the resonator and the external 
circuit. Furthermore, the coupling coefficients are related closely to S-parameters and quality 
factors. 
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From paper [23], the overall coupling coefficient   is defined the as the ratio of the energy 
dissipated in external circuit to the energy dissipated in the resonator, and the expression is 
deduced: 
 

                                                                           (2.12) 

 
For this project, the test cavity has two identical capacitance couplers for input and output 
ports. It is assumed that the input coupling coefficient is 1  and output coupling coefficient 

is 2 .  

 

                                                                      (2.13) 

 
Where 1EQ  is the external Quality factor for input port, 2EQ  is the external Quality factor 

for the output port. 
 
The overall coupling coefficient is the sum of them for this cavity: 
 
                                                                (2.14) 

 
From the equation (2.12): 
 

                                                                      (2.15) 

 
By eliminatin EQ  in (2.11), LQ  becomes: 

 

                                                                        (2.16) 

 
 
One crucial formula derived in [23] describes the correlation between the overall coupling 
coefficient and 21S  value: 

 

                                                                              (2.17) 

 
Whereas, the 21S  in (2.17) is the forward transmission coefficient. 

 

2.5 Power Handling Capability 

To secure the power handling capability of a microwave/RF resonator, the breakdown power  
( BDP ) should be predicted theoretically before the filter design and prototype manufacturing. 

BDP  can be understood as how much power can be contained or transferred in the specific 

cavity. Therefore, the peak contained power should below the BDP , otherwise, breakdown 

may encounter. Although, this is the most conservative way to secure the power handling 
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capability, it is also the safest way. Paper [7] presents a more ingenious theory to avoid the 
short peak power breakdown. 
 
From the definition of the Q  value in the previous section in (2.9), which implies that the 
quality factor indicates the ratio of the stored energy to energy loss at resonate frequency    
( cf ), which could be deduced from (2.19): 

 

                                                                          (2.18) 

 
 

Since 1
c

c

f
T

  and W P t  . 

 
Therefore, the ratio between the stored energy and power dissipation in the resonator can be 
achieved in the way below: 
 

                           
                                                   (2.19) 

 
Worth to observe that, the unit /nJ W in equation (2.19) is equal to ns (nanosecond), 

according to the paper [4], this term stored

loss

W

P
 is also called group delay and stored

loss

W
EP

P
  is 

defined. 
 
The calculation of the breakdown threshold BDE  is discussed in Section 2.3. To calculate the 

breakdown power, the maximum E-field strength (maxE ) is needed. This value can be 

achieved by simulations for example the commercial 3D electromagnetic (EM) solver 
software HFSS, and plot the E-field strength, as shown in Figure 8. The method of 
normalization to 1 nJ  stored energy in the cavity is proposed in [3]. In that way, that the 
maximum normalized E-field strength in the cavity , ,Max norm peakE  is achieved result from 

1 nJ  stored energy. Then, from the paper [4] and [3], equation (2.20) is used: 
 
                                              √                       (2.20) 
 
It results:  
 

                                                                                (2.21) 

 
In (2.21), the value of peak breakdown power is achieved is the theoretical value and indicates 
the property of the cavity, i.e., how much power it could handle. If the power exceeds this 
value, there is a high probability to activate breakdown and reflect all the power back to the 
source. 
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Figure 8.   Example of E-field distribution in HFSS, before the normalization. 

 

2.6 Other Considerations 

Although, the BDP  is achievable as discussed in the previous section, in reality, there always 

exist other factors that will affect the final value of BDP , and, these factors will decrease BDP  

obtained by calculations and simulations. Therefore, during the design of the filter, engineers 
always leave margins to secure the power handling capability, and ensure no breakdown will 
be activated in reality. This section will provide some other considerations that will affect the 
power handling capability of the filter. 
 

2.6.1 Worst Cavity and Energy Stored in the Edges of Passband 

In reality, not all the resonators in a filter are exactly same (structure, cavity dimension, length 
of tuning screws and etc. may differ). Moreover, the fabrication errors affect the power 
handling of filter as well. Consequently, worst resonator must be capable to tolerate the power 
fed by PA in any circumstance to avoid breakdown. Figure 9 shows the scale of stored energy 
in the filter which has 4 poles. The 1000 cf MHz  and 40 BW MHz . As indicated, the 

resonator 2 is the worst one resonator at cf  in this filter, because it stores more energy than 

others at this specific frequency. 
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Figure 9.   Stored energy in different cavities in a filter. 

 
The stored energy at the frequencies located on edges of the passband for resonator 2 is higher 
than for center frequency cf . This phenomena will decrease the power handling capabilityof 

filter as well. 
 

2.6.2 Multicarrier Communications 

In modern wireless communications, the mobile operators use the multiple carriers 
multiplexing access techniques and high data rate modulation techniques to assure that 
multiple user equipment can share spectrum in the same location area simultaneously and also 
to boost the data rate. This will cause a high peak power level, which is normally several dB
s higher than the average input power. The ratio is called Peak-to-average-power Factor (PF) 
[7]. PF is depending on different multiplexing techniques, modulation schemes and the 
number of carriers [4]. 
 

2.6.3 Load Mismatch 

The load mismatch of the RF coaxial air cavity resonator filter will raise the stored energy in 
filter by a factor 2(1 )out  in the worst case, inside the passband. Where out  reflection 

coefficient at load indicates the ratio of signal voltage level reflected back to filter to the 
signal voltage level transmitted to the load. 
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Figure 10.   Circuit network of a two-port filter. 

 
The expressions are illustrated below: 
 

                                                                          (2.22) 

 
Then, the load Return Loss (RL) is: 
 
                                          |    |                       (2.23) 

 
Consequently, to ensure the match between the load and the filter, it is also essential to ensure 
the power handling capability of the filter. 
 

2.6.4 Sharp Edges and Corners 

As proposed in [10], [24] and [25], the sharp edges or corners are crucial problems in 
microwave power handling. They may activate the breakdown in an earlier stage compare to 
the breakdown at homogeneous structures. Therefore, good manufacture from factory or 
workshop is commonly required to avoid the sharp edges especially on tuning screw and hat, 
since normally, the strongest E-fields are concentrated on the surface of those objects. 
 
When sharp edge exists in the cavity, infinite field will concentrate on the edge [26]. In paper 
[10], [24] and [25], two ways to predict the breakdown threshold are presented. However, in 
sharp corner-existing circumstance the predictions are much more complex than the 
homogeneous structure case, and depends on different angles of structure, gas size between 
the sharp corner and walls, etc.. Therefore, in the realistic filter design engineers always avoid 
sharp corner or edges in resonator. 
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Chapter 3. Simulations and Post-simulation Processes 

In this project, totally five tuning screws which include eleven configurations have been 
tested within the same test cavity. One configuration has a Teflon head. Each tuning screw 
with a certain length L  inserted into the cavity called one configuration.  
 
The hat is coated with silver in order to have a relatively high conductivity to increase the0Q . 

 
In this chapter, different methods are presented to predict the breakdown power using 2D EM 
simulator FlexPDE, and the 3D EM simulator HFSS. Both of them can calculate the 
breakdown power in different ways. However, each of them has its limitations, which will be 
discussed in the subchapter. 
 
According to literature [6], an important problem should be noticed that, the dissipated power 
of the entire circuit system (including the ports) is greater than the only internal dissipated 
power. Therefore, in addition to the internal loss (resistive loss on the surfaces of walls and 
components [27]), external loss should be introduced to calculation as well for practical 
measurement prediction. 
 
In this project, all the predictions are performed to achieve the breakdown power for practical 
usage, in other words, the 0Q  will not be used for practical prediction. Instead, the effective 

quality value ( effQ ) [6] is introduced to evaluate the breakdown power and then to be 

compared with the measurement data. However, the theoretical power volume calculation 
using 0Q  will also be mentioned in the subchapter. 

 
To correlate the power to external circuit, one equation is employed as: 
 

                                                                          (3.1) 

 
Where P  denotes the incident power into the cavity and effQ  denotes the effective quality 

factor of the system, which is expressed as: 
 

                                                                          (3.2) 

 
Then, combining with equations (3.2), (2.13), (2.14), (2.16), effQ  can be computed as: 

 

                                                                         (3.3) 

 
Thus, (2.19) can be rewritten:  
 

                           
                                                          (3.4) 

 
Then, solving (2.10), (3.3) and (3.4), it can be derived: 
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                                                        (3.5) 

 
Where overall coupling coefficient   can be calculated by adopting (2.17). The 
transmission coefficient 21S  usually is expressed in dB and called Insertion Loss (IL). To 

transform it into linear scale, the following calculation is used: 
 
                                                                         (3.6) 
 
Next, replacing the EP in (2.21) by totEP , the breakdown power for a two port test cavity 

can be derived as:  
 

                                                                                  (3.7) 

 
Therefore, for practical usage, the practical data (BW, 21S , etc.) shall be known before the 

prediction for the test cavity, or they can be assumed before the design. 
 
All the details of post-simulation processes in HFSS are placed in Appendix A.  
 

3.1 Simulation Model Achievement 

Coupling probes are used for Driven Modal simulations, which are existing in reality. The 
couplers shall be drawn as close as the one in reality. Furthermore, the impedance of the 
couplers is crucial as well, all the SubMiniature Version A (SMA) connectors shall be 50   
to match the system impedance. Therefore the dimension of the port of the couplers shall be 
adjusted, values of inner and outer diameters of the coaxial line could be obtained in 
Advanced Design System (ADS) by using the line calculator. The inner part of the SMA 
connector could be a piece Perfect Electric Conductor (PEC) or copper, the outer part of it 
could be Teflon ( 2.1r  ). The HFSS model of the Driven Modal simulations is indicated in 

Figure 11. One example of each tuning screw model in HFSS is illustrated from Figure 12 to 
Figure 17. 
 
Before the prediction, it is essential to match the response from HFSS to the one in reality of 
the model. This can be done by measuring the response of a configuration on network 
analyzer with a tuning screw, and match it on HFSS. This test model is less than 3% 
difference compare to the data 21S , cf  and BW obtained from network analyzer for all the 

configurations. The matching on the response from HFSS could be done by tuning the 
dimension of the head of the couplers and the material (conductivity) of each component in 
the model, although, the conductivity of each component shall be confirmed beforehand, due 
to the imperfection from the fabrication. Finally, one has to assign Excitations on the port’s 
face of couplers for Driven Modal simulation. 
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Figure 11.   HFSS Driven Modal model. 

 

 
Figure 12.   HFSS model of tuning screw 103 

2241/1, 10 mm. 

 
Figure 13.   HFSS model of tuning screw 103 

2241/2, 10 mm. 
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Figure 14.   HFSS model of tuning screw 103 

2241/3, 10 mm. 

 
Figure 15.   HFSS model of tuning screw 103 

2241/4, 10 mm. 

 
 

 
Figure 16.   HFSS model of tuning screw 103 

2241/5, 10 mm. 

 

 
Figure 17.   HFSS model of tuning screw 103 

2241/4, 10 mm with Teflon head. 

 

3.2 Prediction using HFSS 

For the breakdown power prediction in HFSS, either Eigenmode or Driven Modal simulations 
can be employed. However, it is recommended that if the regions are adopted in the 
simulation, the Driven Modal should be used. Since for unknown reason(s) in HFSS, the total 
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stored energy is more than 10 percent larger when the region(s) is (are) utilized or not in 
Eigenmode simulations for this model. 
 
Using regions in HFSS is a technique to add additional mesh near the critical field such as the 
sharp corner and top side of the thread on the tuning screw to achieve a more accurate 
simulation result, especially in E-field aspect. An example of a tuning screw with regions 
around it is shown in Figure 18. Normally, the material of region should be vacuum or air so 
that it will not affect the 0Q  or cause the objects intersection. 

 

 
Figure 18.   An example of tuning screw with three regions. 

 
The region scheme will be presented in the Driven Modal simulation and without region 
scheme will be presented in Eigenmode simulations, however, the core theory is same for 
both schemes.  
 
In the simulation, it is always good to include all the details of the test cavity as shown in 
Figure 11, since the HFSS is a high accuracy 3D simulator, which could detect the very small 
details of the drawing. Furthermore, in the simulations, the maximum E-field strength always 
concentrates on the threads of the tuning screw. In Figure 19 and Figure 20 a comparison of 
maximum E-field distributions of the tuning screw with and without the thread is shown. 
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Figure 19.   E-field distribution of tuning screw with threads. 

 

 
Figure 20.   E-field distribution of tuning screw without thread. 
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Both of region scheme and without region scheme are in the same conditions, except the 
details of the tuning screw. In the region scheme, regions will plus a significant number of 
meshes. Therefore, in order to reduce the simulation time, a 16 segments polygon is used as 
the body of tuning screw, which is shown in Figure 21. The top side of the thread has 4 
segments, which is shown in Figure 22. 
 
For non-region scheme in Eigenmode simulation, which is a much simpler structure for cavity, 
without probes and regions, the mesh will be much smaller than the region scheme. In that 
scheme, it is feasible to adopt the tuning screw with 64 segments polygon for the body. 8 
segments on the top of thread is adopted as well, the detail of the model will be presented in 
Section 3.2.2. 
 

 
Figure 21.   16 segments polygon Body of tuning 

screw. 

 
Figure 22.   4 segments of top side of threads. 

 

3.2.1 Region Scheme 

This Section presents the method of the breakdown power prediction in Driven Modal with 
regions in HFSS. The model is already proposed in the previous Section. The details before 
the simulation and calculation procedures are presented in Appendix A. 
 
The simulation can be started when the model of the cavity and the tuning screw are ready 
and placed in the correct position. 
 
After the simulation, the response of the cavity will be graphically evaluated as illustrated in 
Figure 23. Recordings of the cf , 21S  and BW are used for calculation and post-simulation 

procedures. Then, the E-field (use the ComplexMag_E in HFSS) in the cavity is plotted 
before the normalization as it is always valuable to check the position of maximum E-field as, 
shown in Figure 24. Commonly, the field could be plotted on a plane through the center of the 
structure. In this case, 5

, 5.1378 10  /Max peakE V m  . 

 



 

33 

 

 
Figure 23.   Simulation response ( 11S  and 21S ). 

 

 
Figure 24.   E-field before normalization. 

 
Next, the stored energy HFSSW  is calculated using the field calculator integrated in HFSS. 

The expressions of calculation for *.clc file are provided in Appendix B.  
 
As illustrated in Figure 25, the stored energy in this cavity at cf  is: 

                 
 
To normalize to 1 nJ  according to power, the equation: 
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                                                                        (3.8) 

 
In this case, 0.0029169Norm , and this value should be the input power to give 1 nJ  
energy. The input power can be edited by adopting the Edit Souces function in HFSS. To 
verify the calculation, repeat the stored energy calculation, and the stored energy in the cavity 
should be 1 nJ . 
 

 
Figure 25.   Stored energy calculation. 

 
Next step is to plot the E-field again in the cavity and to achieve the maximum E-field result 
from 1 nJ  stored energy. For this step, it is not obvious to decide which value is the 
maximum E-field in the cavity to cause the breakdown. In paper [3], a method is proposed to 
plot the E-field plane through the center of the volume. This method can decrease the 
probability of hitting the abnormal maximum E-field effectively for this scheme, and can be 
verified by rotating the plane by 90 . The E-field plotted in xz-plane after normalization is 
shown in Figure 26, where the z-axis is the central axis of the volume. It shows the maximum 

E-field result from 1 nJ  stored energy is 42.77 10   /V m , and can be expressed as: 
                               √   
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By the reason of it was changed the power level previously, however, the E-field is expressed 
in the unit /V m , therefore, the energy unit Joule should be square rooted due to the relation 
between the power and voltage. 
 
It is worth to notice, in HFSS the maximum E_field is computed as the peak value, while, the 

BDE  is expressed in rms which is 22.8 /kV cm as provided in Chapter 2. Therefore, the 

transformation from rms values to peak value of breakdown threshold is used for further 
computation: 
                  √               
 

 
Figure 26.   E-field after the normalization. 

 
From the simulation, the BW and 21S  values of the resonator are obtained as illustrated in 

Figure 23, which is 1.24 MHz and 3.23 dB  at cf . Recalling the equation (3.5), (2.17), 

(3.6) and (3.7), the breakdown power can be obtained as: 76.28 48.82 BDP W dBm   for 

this configuration. 
 

3.2.2 Non-Region Scheme 

The intention of non-region scheme prediction is to provide a fast and accurate way to predict 
the breakdown on the thread and sharp corners. Therefore, this scheme will be done by using 
Eigenmode solver in HFSS. 
 
In this scheme, all the metallic materials in the cavity are PEC, and the material of the hollow 
part in the cavity is vacuum to boost the simulation speed, as these changes will not affect the 
stored energy and E-field. For the same intention, the simulation model is cut quarterly, as 
indicated in Figure 27. One thing should be noticed that, before the simulation, assign the 
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perfect H boundary to the two boundaries which exposed to ‘outside world’, moreover, in this 
quartered model, the stored energy in the cavity will be quartered as well. 
 

 
Figure 27.   Eigenmode simulation model (quartered). 

 
In order to achieve more precise value, the body of tuning screw is 64 segments polygon 
(quartered to 16 segments) is utilized in this scheme. For the same purpose, on the top side of 
the thread is constructed by 8 segments, details are illustrated from Figure 28 to Figure 30. 
The tuning screw used for example for this scheme is INX 103 2241/3, 7.5 mm inside 
cavity. 
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Figure 28.   Model of tuning screw INX 103 2241/3, 7.5 mm. 

 

 
Figure 29.   64 segments polygon body (quartered 

to 16 segments). 

 
Figure 30.   8 Segments of top side of threads. 

 
When the model is ready, the Solution setup is set according to the precise requirements and 
workstation configuration. 
 
Afterwards, the same procedure is used as in the region scheme to calculate the stored energy 
in the cavity. An example of calculation is shown in Figure 31. Stored energy is 
approximately 209.15 10  nJ  at 1 V  input voltage, i.e.: 
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As mentioned previously, the stored energy is quartered in this case, therefore, the 
normalization should be done according to 0.25 nJ  regard to the equation (3.1) by using 
HFSS field calculator. 92.73 10Norm   in this case. It is different for Eigenmode that the 
Magnitude is in volt instead of in watt when editing the source, the source’s magnitude should 
be 52268.27Norm , and this value should be the input voltage to give 0.25 nJ  stored 
energy. The procedures of editing source are same as region scheme simulation. 
 
Next step is to find the maximum E-field in the cavity. Different to region scheme simulation, 
it is not adequate to plot the field just in xz-plane or yz-plane in this case, since this scheme 
does not have regions. The maximum E-field plotted on those two planes may differ a lot. The 
comparison is indicated in Figure 32 and Figure 33. As shown in thesis Figures the difference 
between them is more than 100%. So,the problem how to choose the proper maximum E-field 
to calculate the breakdown power should be solved. Initially, author plot the E-field on the 
whole surface of the tuning screw, however, the E-field is not identical on the first thread of 
TS, where the maximum E-field is concentrated on. There are one or several abnormal cases 
which make the selecting of maximum E-field to a challenging work. Two examples are 
illustrated in Figure 34 and Figure 35. 
 

 
Figure 31.   Stored energy calculation. 
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Figure 32.   E-field plot on xz-plane. 

 

 
Figure 33.   E-field plot on yz-plane. 

 
The new way to achieve the maximum E-field is introduced. Since it is already obvious that 
the maximum E-field is concentrated on the top side of the first thread, and as mention the 
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previously, it has eight segments on the top side of the thread. Therefore, it is more logical 
and accurate to calculate the average maximum E-field of the two most top segments on the 
top side of the thread. These two segments are indicated in Figure 36. 
 

 
Figure 34.   Abnormal, Case I. 

 

 
Figure 35.   Abnormal, Case II. 
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Figure 36.   Top two segments on the top side of tuning screw. 

 
The methodology to achieve that average maximum E-field, is to calculate the maximum 
E-fields normal to surface and integrated with area. The calculation procedure is provided in 
Appendix C in *.clc type code. By using this method, the maximum E-field can be achieved 
in field calculator as shown in Figure 37. 
 

 
Figure 37.   Average maximum E-field calculation. 
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Then, it is read that 4
, , 1.57 10  / /Max norm peakE V m nJ   in this case, afterwards, follow the 

same procedure and using the effQ  achieved in previous scheme, it could be achieved that 

252.56 54.02 BDP W dBm   for this configuration, and as mentioned previously, it is also 

possible to calculate the theoretical power volume of the cavity by using 0Q . 

 

3.3 Prediction using FlexPDE 

One can to predict the breakdown power by 2D solver FlexPDE. The results from FlexPDE 
are close to the ones in region scheme, since it is a very precise 2D simulator that can 
compute the maximum E-field with high accuracy. 
 
Firstly, the model is needed as well before the simulation, therefore, input all the parameters 
to the window and check it by clicking check geometry. 
 
Next, run the simulation. Key parameters will be achieved for cavity design, such as, cf , 0Q

, stored energy (W ) at 1 V , MaxE  at  1 V , MaxE  at 1 J  stored energy and etc.. One 

thing should be noticed that in FlexPDE, the voltage is fed in the middle from the top to the 
hat in 1 V. Consequently, the normalization is same acquired in FlexPDE. Using the same 
theories from Chapter 2 and the simulation results from FlexPDE for example: 
                       at 1V  input, then: 
                          

 
Similarly in non-region scheme in Eigenmode, the normalization shall be converted to 
voltage, therefore, the maximum E-field can be normalized to 1 Jn  instead of 1 V , It can be 
presented as: 
                          √                  √   
 
Where 1770 /kV m  is read from simulation results on FlexPDE, and the unit for E-field in 
FlexPDE is shown in the unit /kV m  through the investigation.  
 
Then go through the same procedure as previous simulations, 71.05 48.52 BDP W dBm   

for this configuration in FlexPDE scheme. Similarly, it is also possible to calculate the 
theoretical power volume of the cavity by using 0Q  from simulation results on FlexPDE and 

it will be different if change the conductivity. 



 

43 

 

Chapter 4. Measurements 

Totally eleven configurations are measured in this project, each with fifteen breakdown 
iterations. In this Chapter, all the relevant issues concerning the measurement are presented, 
including the preparations before the measurement, and how to operate the measurement. 
Photos of test cavity and different models of tuning screw are shown from Figure 38 to Figure 
44.  
 

 
Figure 38.   Photo of test cavity. 

 

 
Figure 39.   Photo of tuning screw: INX 103 

2241/1. 

 
Figure 40.   Photo of tuning screw: INX 103 

2241/2. 
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Figure 41.   Photo of tuning screw: INX 103 

2241/3. 

 
Figure 42.   Photo of tuning screw: INX 103 

2241/4. 

 

 
Figure 43.   Photo of tuning screw: INX 103 

2241/5. 

 

 
Figure 44.   Photo of tuning screw: INX 103 

2241/4 with Teflon head. 

 

4.1 Theoretical and Practical Preparations 

The measurements are performed in Ericsson’s I&V laboratory. The instruments are: 
  Two combined high power amplifier (HPA).  One signal generator.   One power meter with two sensors.   One six-port coupler (uses for attenuate the high power from HPA and connect the 

sensors which are linked to the power meter).  One vacuum chamber.  One high power load.  Connecting cables. 
 

The measurement setup is illustrated in Figure 45. 
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Figure 45.   Measurement setup. 

 
The Continuous Wave (CW) from the signal generator is fed to HPA then delivered to the 
resonator. The available power range output from the HPA is 0 400 W . 
 
Before the measurement, the response of the resonator shall be known, i.e., cf , IL, RL and 

BW. This can be done by simply using a network analyzer.  
 
Normally, the vacuum chamber shall be used to change the altitude factor, in order to achieve 
a higher power level equivalently at sea level. The table of altitude factors in different 
pressure is presented in Appendix D.  
 
The other issue that should be noticed before the measurements is that the attenuation of the 
six ports coupler is not constant in the frequency band. Therefore, the offset of the power 
meter shall be reset if the frequency band is changed. Figure 46 shows an example the 
attenuation of the coupler.  
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Figure 46.   Attenuation of the coupler. 

4.2 Operations 

When the measurement system is activated, the resonator will gradually get a high power 
input to seek the threshold breakdown power. The temperature inside the cavity will be 
increased dramatically. Then, due to thermal expansion theory, the geometrical shapes of the 
components (e.g. hat, tuning screw, lid, rod, etc.) in the resonator will be altered, and 
consequently, the cf  of the resonator will shift. 

 
Once the cf  shifts down, the RL will be raised significantly. Because of the frequency 

generated by the signal generator is no longer at the cf  of the resonator. Although, this shift 

is minor, and will not affect substantially the prediction. The maximum shift in this project is 
4 5 MHz MHz  in a high power level, it is enough to lose the peak spot of 21S  value. Since 

regard to a one pole resonator, the BW (about 1.08 1.43 MHz MHz  in this project) is fairly 
narrow. 
 
To cope this phenomenon and in this project, one chases the peak of 21S  by tuning down the 

frequency of the signal generator. By observing the values of RL on the power meter, the 
peak of 21S  can be tracked. However, when tuning the output frequency of the signal 

generator, it is more safe before tuning it shut down the RF output on signal generator firstly, 
otherwise the ‘transient’ from SG may reach a high power level, and might damage the HPA 
and active the breakdown below the ‘true’ value. However, if it is necessary to tune to the 
frequency slightly when the HPA is operating, it is permissible to do it in a step 1 kHz , but 
slowly (with a time interval between each tuning). Similarly, when increase the power from 



 

47 

 

the signal generator during the HPA is operating, tune it slightly, and it is recommended that 
in a step 0.02 dBm. 
 
The breakdown is detected by observing the RL on the power meter. Once the breakdown 
encountered, full power will be reflected back to HPA, and RL will be raised to a high level 
around -2.7  -1.6 dB . Once this happens, the RF signal should be interrupted immediately 
on SG to protect the HPA and record the data. 
 
Steps to perform the measurement: 
 

a. Feed the power from signal generator at a lower level, at the beginning.  
b. Waiting times: about 5 minutes for big step increment (0.5 dBm), 3 minutes for small 

step increment (0.3 dBm). 
c. If nothing happens, increase 0.3 dBm or 0.5 dBm of the incident power, in steps of 

0.02 dBm by tuning the signal generator. 
d. To chase peak, turn off the signal generator, and decrease the frequency input by the 

signal generator. Then, turn on, if the frequency still shifts, do it again, until the RL is 
stabilized at the lowest value. Go to step b. 

 
After breakdown, use the industrial alcohol to clean the tuning screw and change to a new Hat 
for the cavity, since the burning mark will stick on the hat and is difficult to be cleansed, 
Figure 47 shows one example of burning a mark after breakdown. Also, if a new power test is 
performed using the same hat as previously, i.e., one which has the burning mark(s), there is a 
high probability that the new breakdown will occur at the same position on the hat, at a lower 
power level. 
 

 
Figure 47.   Burning mark on the hat. 

 
The burning mark has a high probability that overlaps with each other, if without or with 
improper cleansing after breakdown, and the succeeding breakdown always happens earlier 
than first one. 
 
By observing the burning marks on the hat, once breakdown encountered in the cavity, the 
spark of it will not stick on merely ‘hot spot’, it can activate the new spark close to it, because 
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of sometimes one power test of the cavity two or more burning marks partially overlapped 
with each other. Moreover, in some tests, the burning mark is an angle of a circle of the hat, 
and obviously this angle of the circle follows the thread or the slot between the threads of 
tuning screw. 
 
The measurement results and the correlations between the simulation and measurement will 
be presented and discussed in succeeding Chapters. 
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Chapter 5. Results and Discussion 

In this Chapter, all the relevant results during the project will be presented. Firstly, the 
measurement results will be presented. Secondly, the comparison and correlation between the 
simulation and measurement will be conducted. At last, a brief discussion will be provided 
before the Conclusion Chapter. Table 1 indicates the basic parameters achieved from both 
simulation and measurement for each tuning screw. 
 

Table 1.   Basic Parameters of each Tuning Screw. 

Model 
Length 

Inside the 
Cavity (  ) 

Iteration 
Measurement Simulation (Driven Modal)                                                       

INX103 
2241 /1 

10 15 794.19 1.26 -3.20 792.42 1.25 -3.23 
12 15 770.82 1.16 -3.56 766.27 1.14 -3.59 

INX103 
2241 /2 

10 15 806.20 1.32 -3.07 802.55 1.29 -3.10 
7.5 15 833.76 1.47 -2.72 831.06 1.43 -2.76 

INX103 
2241 /3 

10 15 796.75 1.28 -3.18 793.61 1.24 -3.23 
7.5 15 825.40 1.42 -3.81 821.33 1.38 -2.87 

INX103 
2241 /4 

10 15 806.71 1.32 -3.03 802.90 1.29 -3.08 
12 15 786.01 1.23 -3.33 781.31 1.20 -3.37 

INX103 
2241 /5 

7.5 15 798.44 1.29 3.12 795.46 1.26 -3.17 
10 15 747.27 1.07 -3.90 743.30 1.08 -3.77 

INX103 
2241 /4 

with Teflon 
Head 

10 15 796.77 1.31 3.37 793.50 1.33 -3.54 

 

5.1 Measurement Results 

The measurement is implemented for eleven configurations with each has fifteen breakdown 
iterations, six of them has cf  around 800 MHz . Figure 48 shows the measurement result for 

all the tuning screws having cf  around 800 MHz . 

 
As shown in Figure 48, the tuning screws INX 103 2241/4 with Teflon head INX 103 2241/4 
has the best power handling capability for this cavity among these configurations. The second 
best one is INX 103 2241/2. 
 
Figure 49 indicates the breakdown power for the tuning screws which have other cf  than 

800 MHz . 
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Figure 48.   Measurement results for configurations which have center frequency around 800 MHz. 

 

 
Figure 49.   Measurement results for configurations which have center frequency other than 800 MHz. 
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Figure 50.   Measurement statistical data for all the configurations. 

 
Figure 50 shows all the statistical data for all the tuning screws has been measured, which 
includes maximum, average and minimum breakdown power extract and calculation form 
Figure 48 and Figure 49. 
 
From the observation in Figure 50, it is apparent that the decrement of length of identical 
model of the tuning screws inside the cavity will basically increase the power handling 
capability. 
 

5.2 Comparison of Measurement and Prediction 

In this Section, the results from measurement data, simulation and computation results will be 
compared for each scheme. However, for the special case which is the INX 103 2241 /4 
tuning screw with Teflon head will be contained in the comparison. Since it contains 
dielectric material inside the cavity and the maximum E-field position (‘hot spot’) is 
undefined yet.  
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Figure 51 depicts the comparison for the measurement and simulation result for all the 
measured tuning screws for all schemes. 
 

 
Figure 51.   Comparison of measurement and simulation results for all the measured configurations. 

 
From the observation in Figure 51, the non-region scheme can fit the maximum breakdown 
power very well with 0.5 dB  variation for the tuning screws with thread. However, for the 
breakdown happened at the flat position (without threads), the region scheme can predict 
breakdown power accurately, by observing the behavior tuning screw INX 103 2241 /1. 
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Chapter 6. Conclusions and Future Work 

Through the simulation and measurement, several conclusions can be drawn. 
 

1. The non-region scheme can predict the maximum breakdown power achieved from 
measurement very well for the tested configurations which contains thread or sharp 
edge as the ‘hot spot’ with a maximum 1 dB  fluctuation against average 
measurement data.  

 
2. In the case of the ‘hot spot’ located at flat area such as the configuration with tuning 

screw INX 103 2241/1: The region scheme can basically predict the breakdown power. 
However, for the flat area breakdown, merely two configurations were tested. 
Therefore, the conclusion is uncertain for the breakdown power at this type of position. 
Nevertheless, for the homogeneous structure breakdown power, prediction should be 
much simpler than sharp edge and inhomogeneous structure ones.  

 
3. Thirdly, from the simulations on FlexPDE, one can conclude that FlexPDE is a precise 

simulation tool to predict the maximum E-field of the structure, and theoretically, the 
maximum E-field from FlexPDE shall be identical to the HFSS simulation with 
several regions located extremely close to the ‘hot spot’ position. But the prediction 
from FlexPDE, is too low for the breakdown happens in thread part and too high for 
the breakdown happens in the homogeneous part. 

 
4. For the quality factor used for the breakdown power prediction, the unloaded Q  

could be used as eigenvalue to calculate the capability of maximum power contained 
of the cavity in the resonator design. However, for the practical usage, the external 
energy dissipation shall be included for practical breakdown power calculation. This 
can be done by assuming or measuring the IL of the prototype and cooperating with 
simulation tool to achieve the 0Q  and cf , or port model can be adopted to obtain 

these parameters directly. 
 

5. During the measurement and from the observation, it is not always true that all the 
breakdown occurs at the ‘hot spot’ (normally the maximum E-fields concentrate on the 
first thread of thread-include configuration) where the position given by HFSS and 
FlexPDE. In the measurement, it is often happened that the breakdown generated at a 
higher position of the first thread. It might because of the fabrication defect on the 
thread and produced the sharp profiles on different height level of the thread and cause 
the earlier breakdowns than the ‘hot spot’, or it could because of the effect of the 
pressure, or other reasons. 

 
For the future work concerning the prediction, test, and power handling following aspects can 
be mentioned: 
 

1. More measurement data shall be achieved in different test circumstances (pressure and 
configurations) to study the breakdown behavior and compare with the theory and 
simulation prediction. 

 
2. Increase the measurement waiting time to gain the knowledge that if the breakdown 
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will be encountered in a lower power level in the same circumstance. Because the BSs 
are operating continuously for infrastructural usage in reality. 

 
3. Modulate RF incident power with low duty cycle pulse train to reduce the thermal 

effects in an equipment(s) undamaged premise. 
 

4. Analogy the power test in the natural environment such as high humidity/precipitation, 
thunderstorm, lighting, frost, air impurity, etc.. 

 
5. A prospective study of how the E-field and breakdown behaves if other dielectric 

material(s) is(are) contained (in additional to air) in the cavity could be performed. 
Moreover, dielectric resonator breakdown could be investigated as well. 

 
6. For the commercial aspect, involve the design of resonator/filter with the 

consideration of the trade-off between the power handling and other key parameters 
such as, Q  values, RL and IL requirements, mechanical profile, filter’s cavities 
volume/architecture, tuning range, position of coupling tuning element and etc. 
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Appendices 

Appendix A Details of Post-simulation Processes on HFSS 

In this project, all the region scheme simulations are processed with Maximum Number of 
Passes: 10, Maximum Delta S: 0.03, Minimum Number of Passes: 2, Minimum 
Converged Passes: 2, and Maximum Delta Z0: 0.01%. Examples are indicated in Figure 
52 to Figure 54.  
 
After setting up the solution, add the Frequency Sweep in the specific frequency band, which 
should contain the cf , so that the cf , 21S , BW and LQ  can be achieved after the 

simulation. 
 

 
Figure 52.   General setup. 

 
Figure 53.   Pass setup. 

 

 
Figure 54.   Port Delta editing. 
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The E-field should be plotted in a plane through the structure’s center under the solution at 
cf . This is done by modifying pop-up menu of Solution in the Context section: it should be 

selected to Sweep, and changing the Freq to the cf  in Create Field Plot window.  

 

 
Figure 55.   Plotting setup. 

 
For the stored energy calculation, the solution frequency should be changed to cf , shown in 

Figure 56. Therefore, after input the expression, the pop-up menu of Solution in the Context 
section should be selected to Sweep, and change the Freq to the cf . Otherwise, the 

re-simulation is acquired to obtain the solution at cf  by changing the Solution Frequency.  

 

 
Figure 56.   Field Calculator setup. 
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A hint for redoing the calculation on other configurations is, once the steps are followed, 
before Performing the Eval command, it is suggested to Add the expression to Named 
Expressions section and save to it as a *.clc script file, when next time to reuse it by clicking 
Load From the previous saved script and Copy to stack the expression.  
 
For the source editing, right click Field Overlays and select Edit Sources, a window will 
show up like below: 
 

 
Figure 57.   Source editing for Driven Modal. 

 
In this project, all the non-region scheme (Eigenmode) simulations are processed with 
Maximum Number of Passes: 20, Minimum Number of Passes: 5, Minimum Converged 
Passes: 5. The frequency sweep is not needed in this scheme. 
 
For perfect H boundary assignment, select a face, right click it, select Assign Boundary
Perfect H. 
 

 
Figure 58.   Perfect H Boundary Assignment.   
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Appendix B Stored Energy Calculation Using HFSS Field Calculator 

$begin 'Named_Expression' 
 Name('ComplexMagE') 
 Expression('Integrate(Volume(air), *(Pow(Mag(CmplxMag(Smooth(<Ex,Ey,Ez>))), 2), 
8.854187817E-012))') 
 Fundamental_Quantity('E') 
 Operation('Smooth') 
 Operation('CmplxMag') 
 Operation('Mag') 
 Scalar_Constant(2) 
 Operation('Pow') 
 Scalar_Constant(8.85419e-012) 
 Operation('*') 
 EnterVolume('air') 
 Operation('VolumeValue') 
 Operation('Integrate') 
$end 'Named_Expression' 
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Appendix C Average Maximum E-field Normal to a Surface Calculation 

Using HFSS Field Calculator 

$begin 'Named_Expression' 
 Name('Average_E_Normal_To_Surface') 
 Expression('/(Integrate(Surface(Sur1), Dot(CmplxMag(Smooth(<Ex,Ey,Ez>)), 
SurfaceNormal)), Integrate(Surface(Sur1), Dot(SurfaceNormal, SurfaceNormal)))') 
 Fundamental_Quantity('E') 
 Operation('Smooth') 
 Operation('CmplxMag') 
 Operation('Normal') 
 Operation('Dot') 
 EnterSurface('Sur1') 
 Operation('SurfaceValue') 
 Operation('Integrate') 
 Operation('Normal') 
 Operation('Normal') 
 Operation('Dot') 
 EnterSurface('Sur1') 
 Operation('SurfaceValue') 
 Operation('Integrate') 
 Operation('/') 
$end 'Named_Expression' 
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Appendix D Altitude Factor 

Table 2.   Altitude Factor at Different Pressure ( 800 ,  0.2 
c eff

f MHz L cm  ). 

Altitude Factor Pressure (   ) Pressure (    ) 
1 101.325 (1 atm) 760 

1.5 82.660 620 
2 71.461 536 

2.5 64.128 481 
3 58.529 439 

3.5 54.129 406 
4 50.663 380 

4.5 47.729 358 
5 45.330 340 

5.5 43.197 324 
6 41.330 310 

6.5 39.730 298 
7 38.264 287 

38.3765 16.325 122.44 
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