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General Introduction 

 

The increased usage of a mobile data has forced the authorities to reallocate more frequency 

bands for mobile consumer use. Every new mobile communication generation has seen 

addition of new frequency bands, growing from the Global System for Mobile 

Communications (GSM) standard’s four frequency bands to tens of different frequency bands 

in the current 4th generation Universal Mobile Telecommunication System (UMTS) Long 

Term Evolution (LTE) standard (4G LTE). The upcoming fifth generation communication 

standard, the 5G NR (fifth generation New Radio), promises even faster download speeds 

and lower latency communications than the current 4G LTE standard. To be able to full fill 

these promises the authorities have allocated more frequency bandwidth in the sub 6 GHz 

frequency range to accommodate the growing number of users and have introduced new 

frequency range, the millimeter wave frequencies, to enable fast and low latency 

communications in the crowded urban areas. Although this increase of available frequency 

bands helps operators to provide more and faster data services to their customers, it has 

made the Radio Frequency (RF) front end and antenna design more complicated especially 

in the mobile devices where the design volume is by nature sparse. 

 

To mitigate the increasing complexity of the RF front end design, frequency agile solutions 

have been studied and implemented on mobile devices, such as mobile phones and tablets 

[1], [2], [3], and [4].  

Antennas with frequency tunable resonant frequencies has been available for markets from 

the mid 2000’s  and are getting more and more common even in the low end mobile devices 

now a days. The frequency agility is achieved in antennas using antenna tuners, usually 

CMOS capacitor banks, or implementing band switching using RF-switch in antenna 

structure and/or antenna’s matching circuit [3], [5], [6], and [7].  

Also frequency agile power amplifiers (PA) and transceivers are more and more available for 

mobile device developers. PA’s and transceivers use voltage controlled oscillators (VCO) 

and changing IF-frequency to achieve frequency tunability [4], [8], [9], [10], and [11].  

The only part in the radio frequency front end chain in mobile devices that is not truly 

frequency agile is the microwave filters. Current state of the art commercial RF filters for 

mobile devices are made of using SAW (Surface Acoustic Wave) [12], [13], [14], and [15] and 

BAW (Bulk Acoustic Wave) technologies [16],[17], and [18]. Both the techniques utilize RF 

induced acoustic standing waves to form high-Q resonators to filter the signal. The acoustic 

wave propagates in SAW filters horizontally, i.e. parallel to material surface whereas in BAW 

filters the acoustic wave propagates vertically through the material thickness. As both 

technologies rely on acoustic standing waves to create the filter, their frequency tunability is 

weak [19], [20], and [21].  
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Frequency tunable filters have existed since the beginning of microwave circuitry, 

mechanically [22], [23], and [24] and magnetically [22], [24], and [25] tunable microwave 

filters are well known for RF community. In mechanically tuned filters the dimensions of the 

filter, e.g. length, volume, or input/output locations are changed to achieve frequency change. 

In magnetically tuned filters a change of magnetic field in ferromagnetic which compose the 

resonators changes the filter’s resonance frequency. Although both these techniques are well 

known and widely used their problem is their size. Mechanically or magnetically tunable 

filters are in same size category as the mobile devices themselves and are thus not a liable 

solution for mobile devices. Also some sort of frequency agility has been introduced to the 

microwave filters for mobile devices using SAW/BAW filters. By stacking several SAW/BAW 

filters parallel with one SPNT RF-switch on each side (input/output) of the parallel filters 

discrete frequency tunable filter is created [26], and [27]. This does not remove the 

complexity from the design, but gives limited frequency agility. The down side in addition of 

the large surface area is that the frequency selectivity is discrete and dependable of the 

selected filters. In addition two series RF-switch in the RF path add more losses. State of the 

art RF-switches have at least 0.2 dB losses at the low band (below 1 GHz), and 0.5-0.8 dB 

losses in high band (1-2 GHz), this is doubled due the two switch design. 

To be able to fulfill the market needs for tunable filters researchers have studied new ways to 

achieve the frequency tunability. The main focus of the latest research for frequency tunable 

filters has been on microstrip filters, such as combline filters, as the microstrip technology 

enables easy miniaturization with high dielectric materials and easy integration with the 

tuning elements, such as varactors and MEMS (Micro Electro Mechanical Systems) switch 

and capacitors [28] –[32]. Although good tunability and miniaturization of the filter has been 

achieved with microstrip technology the main problem in mobile device point of view is the 

need of high control voltages by the varactors and MEMS devices and the nature low Q-

value of microstrip filters. Mobile devices normally work on nominal voltage of 3.3 V, dictated 

by the battery, whereas varactors and MEMS devices need control voltages in 10’s V up to 

100 V in some MEMS devices. These control voltage levels are not feasible for mobile 

devices and solutions where the needed voltages are in 3 V level or lower are needed. Other 

filter technologies in addition of the microstrip technology have been also studied for the 

frequency tunable filters, such as cavity and lumped component filters, but they usually do 

not have as wide tuning range as their microstrip counterparts and occupy larger surface 

area and/or volume [33]-[38]. On table I. some of these frequency agile filters are listed and 

their performance compared. 
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Table I. Filter performance comparison 

 

 

The addition of the millimeter wave (mmWave) spectrum to 5G NR poses new challenges to 

the mobile device antenna designers. In the current 4G LTE and legacy generation’s a single 

antenna element has been enough to full fill the antenna gain requirements for successful 

communications. In the mmWave frequencies the free space losses increases significantly 

compared to the sub 6 GHz range of the 4G LTE. To overcome the increased free space 

losses new antenna architectures, such as antenna arrays with multiple antenna elements, 

are needed [39], [40], and [41]. 

Antenna arrays have been commonly used in military and space applications since 1940’s for 

the radar, scientific measurement, and communication links [42] - [45]. These antenna arrays 

consist of tens of to thousands of antenna elements and range in frequency from hundreds of 

MHz of  the military early warning radars to hundreds of GHz for missiles and scientific 

measurement radars and vary in size from tens of meters to few millimeters [42] - [45]. Thus 

the basic physics of the antenna arrays are widely studied and well understood in the 

scientific community. 

Antenna arrays for mmWave frequencies have been studied for last decades for different use 

cases, such as automotive radars at 70 GHz [46]-[49]. The main focus of the research has 

been minimizing the losses due substrate material in the mmWave frequencies and 

maximizing the gain of the antenna array. This has led to use of complex designs utilizing 

expensive manufacturing techniques and materials as the antenna array performance has 

been favorited over the cost effectiveness [46]-[51] as shown on table II. For mass-produced 

consumer products, such as mobile devices, cheaper solutions for manufacturing the 

mmWave antenna are needed. The price of a conventional single 4G LTE antenna used in 

mobile devices is well below 1 € and the mmWave antenna arrays have to meet or at least 

be close to this price point to be commercially liable for consumer mobile devices. 

At the moment there are only few mmWave antenna solutions commercially available for 

consumer mobile device products. The Qualcomm QTM052 mmWave antenna module (with 

X50 and X55 RF Front End Modules (FEM)) [52] introduced in 2018 for 28 GHz is the only 

commercially available antenna array for consumer mobile devices. Other RF FEM and 

Article [30] [35] [36] [38]

Picture

Center Frequency [MHz] 2000 15 000 2140 170

Filter Architecture Microstrip Cavity BAW Lumped components

Insertion loss [dB] <2.2 5 ~7 dB 7-5

Relative bandwith [%] 9 4.7 5.6 ~50

Size in mm 6.7x6.5 20x10 6.65 mm2 13 lumped components

Tunability [%] 48 7.2 0.3 45

Tuning technology MEMS MEMS Varactor BST capacitor
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antenna manufacturers do not offer a “commercial of the self” full antenna solutions, antenna 

array plus FEM, for the mmWave frequencies at this current moment.  

 

Table II. Millimeter-Wave antenna comparison 

 

 

This thesis has been divided to two different parts. In the first part a frequency agile filter for 

the sub 6 GHz frequencies is studied and in the second half of the thesis a low cost antenna 

array is studied for 28 GHz band for the 5G NR..  

In this thesis a combline filter is studied with state of the art CMOS RF switch for the mobile 

device use case for the sub 3 GHz frequencies. The combline filter is studied both in  3D 

electromagnetic (3D EM) simulations (CST microwave suite) and prototype measurements in 

LTCC block incorporating the combline filter and the RF switch with all the necessary signal 

routing and components to achieve the tunability. The CMOS RF switch use control voltages 

in 3 V level and is thus ideal candidate for a tuning device for frequency tunable filter in 

mobile devices. 

In the beginning of the first chapter the requirements for the frequency agile filter are 

discussed and a publication study is carried out for frequency tunable filters to find a suitable 

filter technology. In end of the first chapter a design of a frequency agile filter using 3D EM 

simulator is shown with the measurement results of the designed frequency agile filter. 

The second part of the thesis focuses on a low cost mmWave antenna array for the mobile 

devices is studied.  

In the beginning of the second chapter the requirements of the mmWave antenna array for 

the latest fifth generation mobile devices are discussed. In end of the second chapter an 

antenna array and its feeding network are studied on polyamide (PI) substrate which has 

Article [47] [49] [50] [53]

Picture

Center Frequency [GHz] 77 77 60 28

Antenna type Patch antenna array with lens patch antenna array Patch antenna array Slot antenna array

Antenna substrate Rogers Duroid 5880 Corning Pyrex 7740 LTCC (Ferro A6) FR-4

εr / tanδ 2.2 / 0.0009 4.6 / - 5.99 / 0.0015 4.3 / 0.025

Antenna bandwidth (-10 dB) [GHz] - 9 7 2.5

Antenna ArraySize in mm 80x80 ~5x5 18x18 (substrate length 39 mm) 55x7 (PCB length 110)

Peak Gain [dB] - 6 (Simulated) 15.7 -1.5 (Simulated)

No. of antennas 3 2 16 10
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better RF performance than the FR-4 substrate and is commercially used in flexible circuit 

boards (FPC). Also a low loss transmission line, with air-cavity, is studied in conjunction of 

the low cost array in the PI substrate. And as for the frequency agile filter, the antenna array 

is studied using 3D EM simulations and prototype measurements. 
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Chapter I. Frequency Agile Filters for Mobile Devices 

 

In the beginning of this first chapter the requirements, electrical and mechanical, for the 

frequency agile filter are discussed. A comparison of different type of filter technologies is 

carried out to be able to select the best candidate for the frequency agile filter. After the 

suitable filter technology has been chosen an analytical filter synthesis is carried out and the 

frequency tunability is confirmed and optimized. Then a frequency agile filter design with EM 

simulation is presented, optimizing the filter for LTCC (Low Temperature Co-fired Ceramics) 

manufacturing technology. In the end of this chapter the experimental results of frequency 

agile filter build based on the EM-simulations are presented and compared to simulation 

results.    

 

I.1 Requirements for the frequency agile filters for mobile devices 

A transceiver has filters between the antenna and the baseband to attenuate the unwanted 

signals from the antenna and also control the harmonics and intermodulation distortions 

created by the mixers. The number of filters in a modern direct conversion transceiver, 

shown in figure 1.1 [1], increases rapidly with the increase of the supported communication 

bands. To solve the problem frequency agile filters, especially for the receiver chain, are 

currently actively studied to simplify the transceivers architecture. As shown in figure 1.1 the 

bank of image reject filters in the receiver chain can be replaced with one single frequency 

agile filter, i.e. tunable filter. By changing to single tunable filter component the complexity of 

the receiver chain can be reduced by eliminating the two RF-switches and set of passive 

bandpass filters, one for each supported band.     

Designing the frequency agile filters for mobile consumer products such as mobile phones is 

challenging due the restricted available space inside the device. The battery based power 

source poses a design limitation for the power consumption and also for the available control 

voltages. In table 1.1 the mechanical and electrical design criteria’s for the frequency agile 

filter for mobile devices are presented. As seen from the table the most limiting requirements 

for frequency agile filter are the dimensions, control voltage, and current consumption 

requirements. Also the insertion loss and band rejection are challenging, as the frequency 

agile filter should have similar RF performance as the state of the art SAW/BAW filters. In 

table 1.2 the communication protocols and their respected frequency bands are presented. In 

table 1.3 the different filter technologies which can be used to design tunable RF filters are 

listed with the advantages (pros.) and disadvantages (cons.) on mobile device point of view. 
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Figure 1.1 Block diagram of multiband transceiver [1] 

 

Table 1.1 Mechanical and electrical specifications for frequency agile filter in mobile devices 
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Table 1.2 Frequency bands for tunable filter 

 

 

As we can see from the table 1.2 the filters required for the mobile device communication 

bands have very low relative bandwidths (Δf/f0), less than 10% (2.6%< Δf/f0<4.3%). Thus the 

unloaded quality factor of the resonator has a dominant role to the insertion losses of the 

filter.  
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Table 1.3 List of different filter technologies for tunable filters 

 

 

Table 1.4 Comparison of filter technologies to mechanical specifications (Table 1.1) 

  

 

From the RF performance perspective the cavity and SAW/BAW filters have the best 

performance, i.e. the lowest insertion loss, of all the filter technologies presented in the table 

1.3. Unfortunately cavity filters are large in size in the frequency range in interest for mobile 

devices. In addition to their size, implementing tunability is difficult and the achieved tuning 

ratios are small due the high control voltages and large current consumption [2 Chapter 3, 3, 

4, and 5] as presented in table 1.4 where the different filter technologies are compared to the 

mechanical electrical specifications presented in table 1.1.  

SAW and BAW filters are more suitable for mobile devices in term of size compared to the 

cavity filters. Passive, non-tunable, SAW and BAW filters are used extensively in mobile 
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devices as they provide good RF performance in small form factor. For tunable filters they 

don’t unfortunately fit very well. The high Q-value of the SAW/BAW resonators makes them 

insensitive for external tuning elements [6]. To be able to introduce tunability to SAW/BAW 

filter the material properties of the substrate material where the acoustic wave propagates 

needs to be modified. With the current technologies this is achieved only with high electric- or 

magnetic fields which are very difficult to create in mobile device environment due the limited 

power source. 

The combline-, distributed component-, and microstrip- filter technologies provides much 

more suitable media for tunable filters in mobile devices. By using high εr materials the size of 

these filters can be reduced to suitable size for mobile devices. And with microstrip 

technology different tuning techniques/technologies can be easily integrated. But the 

transmission losses are higher than in SAW and BAW filters. The most popular tuning 

technologies studied in the recent literature are the MEMS-switch and -capacitors and also 

varactors [7, 8, 9, 10, and 11]. Although good tunability with MEMS and varactor 

technologies are achieved the available control voltage and power, i.e. current consumption, 

limits dictated by mobile device battery based power source are not suitable for these tuning 

technologies. For MEMS tuners, especially tunable MEMS capacitors, high control voltages, 

even up to 90 V, are required. MEMS RF switches have excellent RF performance with low 

ohmic losses (and thus high-Q), high linearity, and good power handling to very high 

frequencies, up to 110 GHz, but just as MEMS capacitors the MEMS switches requires high 

control voltages. In addition to the high control voltages MEMS based RF switch’s switching 

cycle life time is not with the current technology suitable for consumer products [12 Chapter 

2, 13]. Varactors don’t necessarily need as high control voltages as the counterpart MEMS 

tunable capacitors, but they need variable voltage level to change their capacitance, i.e. they 

are not controllable with digital signal, which makes them difficult to implement in the mobile 

devices.  

CMOS (Complementary Metal Oxide Semiconductor) SOI (Silicon on Insulator) based RF 

switches such as Ethertronics EC 686 SP4T (Single-Pole Four-Through) offers very attractive 

tuning solutions for mobile devices. The CMOS switches supply and control voltages are well 

below the 5 V max voltage limit of the table 1.3. The state of the art CMOS RF switch EC868 

needs only 2.8 V supply and control voltages and it current consumption of 90 µA is well 

below the 0.5 mA listed in table 1.3 [14]. Using CMOS for RF circuitry gives also other 

benefits over the other tuning solutions mentioned above. As the CMOS SOI technology is 

used also to manufacture digital circuitry, such as micro-controllers or CPUs for computer, 

the switch control circuitry is easy to integrate to the same silicon die with the RF switch [15]. 

This on die integration simplifies the use of the CMOS RF switch in the mobile devices as 

standard digital control signals, such as GPIO, MIPI, or SPI can be used straight from the 

mobile device baseband without external control circuitry [14]. 

In this thesis we want to evaluate the possibility of designing a frequency agile combline filter 

by integrating the Ethertronics CMOS RF SP4T switch (EC 686) for mobile device 

application. 
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I.2 Characteristics of CMOS RF switch (EC 686) 

CMOS RF switches use FET (Field Effect Transistor) transistors as a switching element, 

shown in figure 1.2. In practice these FET transistors are connected both in series and 

parallel to increase the voltage/power handling of the switch and to minimize the internal 

losses. In this thesis the selected CMOS RF-switch has only four through state in the switch.  

But the CMOS technology is not limited only to four through ports. RF switches up to 14 

through ports are used in high end mobile devices, and also double-pole switches with 

separated common ports for low and high bands are used in 4G mobile devices [15]. By 

increasing number of through ports the supported communication bands is possible to 

increase without adding a new frequency agile filter(s). 

 

Figure 1.2 Side view of general CMOS N-FET transistors [15] 

 

CMOS RF switches can be configured in different topologies based on the applications but 

are usually configured in either series or series-shunt configuration as shown in figure 1.3 

[16]. Each switch transistor MN can be made of several actual FET transistors in series 

and/or parallel to each other. In a series-shunt configuration the non-activated paths are 

terminated to ground through their dedicated shunt branches, as shown in figure 1.3 b). By 

grounding the non-active path(s) the isolation between the RF paths can be improved 

compared to the series configuration, but the switch losses, especially in higher frequencies, 

are increased in same time [16]. In figure 1.4 the equivalent circuits of both series and series-

shunt topologies are presented for the case where only the RF1 path is activated. As we can 

see from figure 1.4 a) only the OFF capacitance (COFF) on the series switch topology are 

isolating the other paths, whereas in the series-shunt topology the un-used paths are 

grounded through the ON resistance (RON) of the shunt branch, improving the isolation.  

The RON resistance of the active RF path(s) is the dominant factor for determining the 

insertion loss of the switch. The RON resistance can be decreased by material selection and 

increasing the size of the switch transistor. This unfortunately increases the COFF capacitance 

which has an effect to the input impedance and decreases the isolation and the usable 

bandwidth of the switch. Also the increase of the COFF capacitance has an impact to the 

switching time of switch [15].  
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Figure 1.3 Series a) and series-shunt b) SP4T switch topologies 
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Figure 1.4 Equivalent-circuit models of series a) and series-shunt b) SP4T RF switches, where 𝑅𝑆𝐸 

and  𝐶𝑆𝐸 stands for ON (RON) resistance and OFF (COFF) capacitance of the series branches, 
respectively, 𝑅𝑆𝐻 and  𝐶𝑆𝐻 stands for ON (RON) resistance and OFF (COFF) capacitance of the shunt 

branches, respectively [15] 

  

In table 1.5 and figure 1.5 the characteristics, electrical and mechanical, and the block 

diagram of the Ethertronics EC 686 SP4T RF switch are presented. As discussed earlier in 

this third chapter the electrical and mechanical properties, low loss, low control voltage, low 

power, and small size, of this switch makes it ideal candidate for tunable filters in mobile 

devices. The EC 686 consist of two parts, digital and RF (SP4T), as shown in figure 1.5. The 

digital part takes care of providing the chipset’s internal bias voltages and controlling the RF 

state, i.e. witch RF path(s) is activated, of the switch. The RF switch part of the EC 686 is 
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based on the series topology shown in figures 3.3 a) and 3.4 a) to minimize the insertion 

losses of the switch. 

 

Table 1.5 The characteristics of EC 686 RF Switch [14] 

  

 

 

Figure 1.5 The block diagram of the Ethertronics EC 686 SP4T RF switch [14] 

 

 

In this thesis the frequency agile filter has been chosen to be designed in LTCC technology 

integrating CMOS switches on microstrip filter topology. The LTCC technology offers good 
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RF properties, with high εr and low losses, for miniaturizing the filter and doesn’t restrict the 

layout of the metal layers. CMOS switches are chosen over MEMS and varactor diodes, the 

two popular tuning methods, as CMOS switches supports higher integrations for the controls, 

don’t require high control voltages, and is a mature commercially available technology. For 

the filter topology microstrip and combline structure was chosen as the integration of the 

tuning solution (i.e. CMOS switch) and the miniaturizing of the filter is easier than most of the 

other filter technologies. Comparing to mechanical and electrical targets set on the table 1.1 

in the beginning of this chapter the chosen filter topology and tuning technology can fulfill the 

requirements on size, temperature, power handling, and the power (control voltage and 

current). Microstrip filters don’t have inherently as high Q-values as SAW/BAW and cavity 

filters and the CMOS switches have more losses than their MEMS counter parts making the 

set insertion loss target difficult to achieve. Although the losses of the selected tunable filter 

topology might be higher than single fixed frequency band filter, the total system losses with 

the frequency agile filter can be smaller as the frequency agile filter simplifies the transceiver 

architecture and removes other lossy components needed with traditional filters in multi-band 

transceiver. 

 

I.3 Low-Temperature Co-fired Ceramic (LTCC) 

LTCC is a thin film manufacturing technology widely used for microwave circuitry packaging. 

In LTCC pre-cut metallized layers of ceramic substrates are sintered together below 1000  ̊C 

(the exact co-firing temperature depends on the ceramic material) to form circuit boards [17]. 

Compared to more common electronics circuitry substrate FR-4 the LTCC ceramic 

substrates offer several advantages. Especially for high frequency and also for loss sensitive 

applications, such as filters, LTCC offers much more attractive electrical material properties. 

The losses of the ceramic materials used in LTCC can be 10 to 100 times less than FR-4 

based substrates [18]. In addition to better material properties LTCC offers also more 

freedom for designing electronic circuitry. The layer stack up doesn’t restrict the routing of the 

signal lines and vias between the layers can be placed without any restrictions. 

Selecting the correct high εr substrate material for the filter is crucial.  In addition of high εr 

value the substrate material should have also low electrical losses to achieve the best RF 

performance, which is low insertion loss for filter design. The substrate material should be 

also easy to handle and manufacture. Ceramic substrates used in LTCC technologies offers 

all these properties with mass production capability. Kyocera’s GL330 LTCC substrate with εr 

=7.8 and tanδ=0.0005 (at 2 GHz) is chosen as the substrate for this thesis filter as it offers all 

the qualities of the good substrate material for the RF-filter. For the GL330 LTCC substrate 

copper with thickness of 10 µm in the inner layers and 15 µm in outer layers and sheet 

resistance of 3mΩ/square is used as a conductor. 

 

I.4 Electro-Magnetic-Simulation tools 

The advance of computing power has made 2.5D and 3D EM-simulations tools, such as 

Momentum integrated in Advanced Design Systems (ADS) and CST, very powerful and 
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practical tools for RF engineers, especially for antenna, filter, and EMC/EMI engineers. With 

a modern desktop computer complicated planar and 3D structures, such as mobile phones, 

can be fully imported and simulated to gain accurate antenna results with the full phone 

mechanics prior to first prototype device [19]. The two most popular solver methods used in 

EM-simulations are the frequency- and the transient-solvers (time-domain). Especially for 

wide frequency band problems such as cellular antennas or tunable filters the transient 

solver is most suitable. With the frequency-solver the Maxwell’s equations are solved in each 

frequency point in interest, for wide band problems this becomes time consuming and the 

simulation times becomes unpractical. On contrary with transient-solver the Maxwell’s 

equations in each individual mesh-cell are solved for all the frequency points in interest 

together until the inserted power pulse in time-domain has been decayed to the desired 

power level to obtain desired accuracy [19]. Whereas frequency bandwidth is the limitation 

for frequency-solver, the electrical size of the simulated problem is the limitation for the 

transient-solver. When the size of the problem becomes significantly big in term of the 

smallest wave-length in interest, the mesh-cell number rises significantly which then increase 

the simulation time.  

 

I.5 Designing of combline filter by 2.5D and 3D EM-simulations 

Designing a RF-filter has become easier with the 3D EM-simulations tools. With the aid of the 

EM-simulation tools the filter performance can be easily optimized after the initial physical 

parameters have been synthesized with the mathematical formulas. In the following chapter 

2.5D and 3D EM-simulation tools are used to design and optimize the performance of a 

frequency agile combline filter. 

The combline filer has been implemented in LTCC multi-layer technology to achieve the 

small form factor required by the mobile devices. To further reduce the size of the combline 

filter the transmission lines can be folded over each other [20]. In this way the resonators are 

formed by stripline and microstrip line sections connected by vias. The high permittivity 

materials can be easily implemented to reduce the size of the filter. From the filter topologies 

presented in table 1.2 the combline filter is chosen as it with the λ/8-length transmission line 

length provides the smallest size of all the planar filter topologies. 

 

I.5.1 Filter synthesis 

After the substrate material and the supported communication protocols are selected the 

design of the combline filter can be started. We will design a Rx (receive) filter covering the 

middle bands of the 5G NR sub 6 GHz frequencies shown in table 1.2. 

In a first step, the synthesis of a filter consists in determining a transfer function (Butterworth 

or Chebyshev or pseudo-elliptic type transfer function,) and the number of poles making it 

possible to satisfy the electrical criteria fixed by the specifications. We opted for a 3rd order 

Chebyshev filter, with a ripple of 0.1 dB in the bandwidth. The study of an electrical circuit 

composed of localized elements whose responses are equivalent to those of the desired filter 
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then makes it possible to access the values of the couplings between the different resonant 

elements of the structure (kn,n+1) and the couplings between the first and last resonators and 

the excitation systems (external quality factor (Qe).    

The external quality factor Qe and inter-resonator coupling factors k12 and k23 can be derived 

by using the table 1.6 [22] and equations 1.1-1.3 [22]. In the table 1.6 the element values for 

Chebyshev lowpass prototype filter are presented for 0.1 dB passband ripple (𝐿𝐴𝑟). 

 

Table 1.6 Element values of Chebyshev lowpass filter (𝒈𝟎 = 𝟏,𝛀𝒄 = 𝟏 𝒓𝒂𝒅/𝒔), 𝑳𝑨𝒓 = 𝟎. 𝟏 𝒅𝑩 

 

 

 

𝑄𝑒 =
𝑓0𝑔0𝑔1
∆𝑓

 

(1.1) 

𝑘1,2 =
∆𝑓

𝑓0√𝑔1𝑔2
 

(1.2) 

𝑘2,3 =
∆𝑓

𝑓0√𝑔2𝑔3
 

(1.3) 

In the table 1.7 the external quality factor (𝑄𝑒), and coupling factor (𝑘𝑛,𝑛+1) are calculated for 

the lowest and highest filter resonances. The values presented in table 1.7 have to be 

respected to have a good matching an adequate bandwidth for the filter.  

 

Order/element g1 g2 g3 g4 g5 g6 g7 g8 g9 g10

1 0.3052 1.0000

2 0.8431 0.6620 1.3554

3 1.0316 1.1474 1.0316 1.0000

4 1.1088 1.3062 1.7704 0.8181 1.3554

5 1.1681 1.4040 2.0562 1.5171 1.9029 1.0000

6 1.1681 1.4040 2.0562 1.5171 1.9029 0.8618 1.3554

7 1.1812 1.4228 2.0967 1.5374 2.0967 1.4228 1.1812  1.000

8 1.1898 1.4346 2.1199 1.6010 2.1700 1.5641 1.9445 0.8778 1.3554

9 1.1957 1.4426 2.1346 1.6167 2.2054 1.6167 2.1346 1.4426 1.1957 1.0000
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Table 1.7 Calculated external quality factor 𝑸𝒆 and inter-resonator coupling factor 𝒌 

 

 

The first studied topology that is often found in the literature is presented in figure 1.6. First, 

we consider only a stripline structure. The calculations will be performed using a hybrid 

method coupling an electromagnetic simulation (Momentum) and a circuit simulation (ADS). 

A segmented analysis of the filter will make it possible to approximate the length l of the 

resonators, the value of capacitor and the distances wg and d. After the first approximation a 

global simulation will be done to optimize the set of values to meet the desired performance. 

 

 

Figure 1.6  Topology of 3rd order combline filter 
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The length of the transmission line is calculated using the equation 1.4 [21]. For combline 

filters the length of the transmission line is one eight of the wavelength. This choice makes it 

possible to have a good compromise between agility and losses. With the Kyocera GL330 

substrate, the λ⁄8 wavelength at 1700 MHz is ~ 7.898 mm. 

𝜆 =
𝑐

𝑓𝑐√𝜀𝑟
 

 (1.4) 

where c = speed of light in vacuum, 𝑓𝑐 = resonant frequency in Hz, 𝜀𝑟 = permittivity of the 

substrate. 

 

For the frequency agile filter the capacitance value of the capacitors C in the end of the 

combline filter are varied to tune the center frequency of the filter to the desired frequency 

band. A 2 pF capacitor is needed to create the lowest bands, GSM 1800/WCDMA 3/LTE B3, 

resonance and a 0.6 pF capacitor for the highest covered band, LTE 7, leading to a tuning 

ratio of 3.3. 

In the table 1.8 and 3.9 the circuit simulated (Momentum and ADS, (Advanced Design 

System)) external quality factor and coupling factor are shown for the combline filter shown in 

figure 1.6 with the appropriate capacitance values for GSM 1800 and LTE 7. In the table 1.8 

the location (𝑑) of the tapped feed and the distance (𝑤𝑔) between the resonators are 

optimized for GSM 1800 band and in the table 1.9 for the LTE 7 band. 

 

Table 1.8 Simulated 𝑸𝒆and 𝒌 for the GSM 1800 and LTE 7 with 𝒅 and 𝒘𝒈 optimized for GSM 1800 

band 
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Table 1.9 Simulated 𝑸𝒆and 𝒌 for the GSM 1800 and LTE 7 with 𝒅 and 𝒘𝒈 optimized for LTE 7 band 

 

 

As we can see from the tables 3.8 and 3.9 it is not possible to respect the external quality 

and coupling factors defined in table 1.7 just by varying the capacitance value of the tuning 

capacitors C. With only using tuning capacitors the center frequency of the filter can be 

modified, but the bandpass bandwidth and the matching of the filter in different center 

frequencies are not optimal for the different communication bands (chart 1.1). 

 

 

 

Chart 1.1 Reflection and transmission responses of the filters with d and wg optimized for GSM 1800 

band (a) and for LTE 7 band (b) 

 

To obtain the optimal performance for all the center frequencies of the Rx bands of the 

communication protocols it is necessary to be able to control independently the center 

frequency 𝑓0 and also the bandwidth Δ𝑓. Tunable bandpass filters with constant fractional 

bandwidth (Δ𝑓/𝑓0) or absolute bandwidth (Δ𝑓) have been widely studied in the literature. The 

proposed solutions use distributed capacitive and corrugated couplings lines [23], the mixed 

electrical and magnetic coupling structures [24], [25], the non-resonant lines [26], and the 

inductors for input/output coupling [27], [28]. All these methods do not meet our needs and 

moreover they require designing of complex feeding or de-coupling structures in addition to 

the filter structure.   
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I.5.2 Parallel load combline filter 

In this thesis we have studied new filter topology to adjust simultaneously both the center 

frequency and the bandwidth of the passband without a complex feeding or decoupling 

structures. The new filter configuration is shown in the figure 1.7. The distributed structure 

(striplines) is same as in the figure 1.6 but the tuning load is now, instead of just a capacitor, 

a parallel load made of an inductor and a capacitor. The inductor parallel to the capacitor 

gives a second degree of freedom to adjust the resonator characteristics when the distributed 

structure is fixed (length, tapped feed location, and resonator spacing). In a symmetrical 

structure the L1 and the C1 determine the external quality factor and the L2 and the C2 

determine the inter-resonator coupling 𝑘12 = 𝑘23. The resonance frequency is determined 

both by the L1, C1 and L2, C2 resonators. 

 

Figure 1.7 Topology of the new proposed filter 

 

As discussed in the second chapter the combline filter needs to have a capacitive load in the 

open end to be able to form a resonator. Thus the admittance (1.5) of the parallel load in 

figure 1.7 must be equal to capacitance. 
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𝑌 = 𝑗 (
𝐿𝐶𝜔2 − 1

𝐿𝜔
) = 𝑗

(

 

𝜔2

𝜔1
2 − 1

𝐿𝜔

)

  

(1.5) 

where 𝜔1 =
1

√𝐿𝐶
. 

If 𝜔1 < 𝜔 ⟹
𝐿𝐶𝜔2−1

𝐿𝜔
> 0 the parallel load circuit admittance is equal to a capacitance (𝑌 =

𝑗𝐶(𝜔)𝜔). This condition must be verified for all the desired resonance frequencies. 

 

I.5.2.1 Determining the values of elements L1 and C1 

The L1 and C1 are determined by the external quality factor 𝑄𝑒 and the resonant frequency 𝑓0 

which are also dependable by the location of the tapped feed (distance 𝑑). If we fix the value 

of 𝑑 we can determine the values for L1 and C1, while respecting the 𝜔1 = 2𝜋𝑓1 < 𝜔. In Table 

1.10 the simulated values for L1 and C1 for the simulation model shown in figure 1.8 are 

shown for different feeding locations for GSM 1800 and LTE 7 Rx bands. For these 

simulations realistic value ranges for the capacitance and inductance were used to keep the 

feed locations realistic. The component value ranges were taken from muRata high-Q 

capacitor (GJM03) and inductor (LQW03) series components in 0603 (metric) size and the 

values for the capacitors and inductors are within 0.2-33 pF and 1-15.5 nH respectively. 

 

 

Figure 1.8 Simulation model to determine the values of L1 and C1 
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Table 1.10 Values of L1 and C1 for different tapped feed locations for GSM 1800 and LTE 7 Rx bands 

 

 

From the simulation results we can see that: 

 By increasing the distance 𝑑 the external quality factor 𝑄𝑒 decreases. 

 Increasing the 𝑓1 will decrease the L1 and increase the external quality factor 𝑄𝑒. 

 

I.5.2.2 Determining the values of elements L2 and C2 

To determine the values for the L2 and C2 elements a full filter simulations is needed as the 

distance between the distributed resonators has an impact to the coupling factor k and thus 

to the values of the L2 and C2. In the beginning of the simulations the 𝑤𝑔 is set to arbitrary 

value and the inductor L2 and capacitor C2 values are set to same with the  L1 and C1 

respectively, where L1 and C1 are obtained from the previous simulation with a given d. The 

correct values for L1, L2, C1, C2, and 𝑤𝑔 are obtained by optimization simulations where for L1, 

L2, C1, C2, and 𝑤𝑔 are varied to obtain the optimum matching and passband bandwidth. The 

center resonator have different inductor and capacitor values from the edge resonators (L2 ≠ 

L1 and C2  ≠ C1) due the different resonator topology, the feed lines on the edge resonators 

have an impact to their resonator characteristics. It’s possible to use the same values for L2 

and C2 as L1 and C1 but the distributed central resonator width and length has to be modified 

accordingly. 

In below the procedure to obtain the inductor and capacitor values are shown for the 

example combine filter shown in figure 1.7. The feed location is set to 𝑑 = 2000 𝜇𝑚 and the 

inter resonator distance to arbitrary value of 𝑤𝑔 = 400 𝜇𝑚. The inductor (L1=L2) and capacitor 

(C1=C2) values are taken from the table 1.10. The simulated wideband response of the filter 

is shown in chart 1.1 and the filter characteristics on table 1.11.  

Center frequency f0 = 1842.5 MHz f0 = 2655 MHz

d = 1900 µm L1 > 20 nH

f1 = 0.8 GHz f1 = 2.42 GHz

L1 = 14.492 nH L1 = 1.1 nH

C1 = 2.73 pF C1 = 3.92 pF

Qe = 25 Qe = 39

f1 = 0.9 GHz f1 = 2.43 GHz

L1 = 10.65 nH L1 = 1.04 nH

C1 = 2.93 pF C1 = 4.125 pF

Qe = 25 Qe = 39

d = 2200 µm L1 < 1 nH

d = 2000 µm

d = 2100 µm
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Chart 1.2 Wideband response of the simulated filter 

 

Table 1.11 Filter characteristics, 𝒅 = 𝟐𝟎𝟎𝟎 𝝁𝒎 and 𝒘𝒈 = 𝟒𝟎𝟎 𝝁𝒎 

 

 

As we can see from the simulated results and comparing them to the table 1.7 the coupling is 

not strong enough with 𝑤𝑔 = 400 𝜇𝑚 and the coupling must be increased by decreasing the 

distance between the distributed resonators (𝑤𝑔). 

For the second optimization round the distance is deceased to 𝑤𝑔 = 280 𝜇𝑚 and the values 

of the L1, L2, C1, and C2 are optimized. In the charts 1.3 and 1.4 the wideband and passband 

responses and on the table 1.12 the filter characteristics for the optimized filter are shown.  
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Chart 1.3 Wide band response of the combline filter with optimized parallel load component values 

 

 

Chart 1.4 Passband responses for a) GSM 1800  and b) LTE 7 for the optimized filter 
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Table 1.12 Filter characteristics for the optimized parallel load combline filter, 𝒅 = 𝟐𝟎𝟎𝟎 𝝁𝒎 and 

𝒘𝒈 = 𝟐𝟖𝟎 𝝁𝒎 

 

  

As we can see from the above results the filter characteristics can be controlled with 

selecting the components values correctly for the parallel load circuit, thus enabling full 

control of the passband bandwidth for each resonant frequency of the frequency agile filter. 

The passband bandwidth control is illustrated in more details in the following subchapter with 

3D EM simulations in CST. 



Jaakko KYLLÖNEN | Thèse de doctorat | Université de Limoges | 18 décembre 2019 36 

 

I.6 Frequency agile combline filter 

After the basic dimensions of the combline filter are synthesized the designing of the 

frequency agile filter can be started. First the tunability of the filter is verified in EM-

simulations. In chart 1.5 the four tuning states for the nine supported communication bands 

from the table 1.2 are verified for the basic combline design. For the lowest state 2 pF 

capacitor is needed to cover the GSM 1800/WCDMA III resonance, whereas for the LTE 7 

0.6 pF capacitor is needed, giving tuning ratio of 3.3. 

 

Chart 1.5 The tuning range of the basic combline filter  

 

After the tunability of the frequency agile filter is confirmed the implementation of the tuning 

element(s) can begin. In this thesis Ethertronics EC 686 SP4T RF switch is used as tuner for 

the frequency agile filter. It’s low Ron=0.9 Ω resistance and possibility to control each through 

(RF-port) independently makes it a good tuner candidate [14]. The low Ron resistance means 

that the losses due the tuner element are low. The independent control of the RF-ports gives 

the opportunity to combine the discrete tuning components, capacitor or inductor, and 

enlarge their value range to increase the tuning range. The EC 686 has three different 

variants. Each variant has identical RF performance but different control protocol. For this 

thesis MIPI protocol is chosen as it is well supported by the mobile phone basebands and its 

control lines are easier to route than the GPIO version. The MIPI standard requires four 
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control lines VDD, clock, data, and select. The VDD, clock, and data lines can be shared with 

the other MIPI devices. Only the select line has to be device specific if independent control is 

required. In figure 1.9 the pin layout of the EC 686 QFN-16 package is shown with the 

description of each pin [14]. 

 

 

Figure 1.9 EC 686 QFN-16 package pin description [14] 

 

In the figure 1.10 the three dimensional (3D) perspective projection of the designed 

frequency agile filter is presented. The designed filter is a three pole folded combline filter, 

with three EC 686 SP4T switches to control the each comblines independently. The filter 

dimensions are 9.5 x 8.3 x 2.4 mm including the switches. The height of the LTCC ceramic 

block itself is 1.9 mm. As seen from the figure 1.10 the combline filter structure is in two 

separate layers. This folding of the filter structure shrinks the length of the combline filter to 

almost half making the filter very compact and thus very suitable for mobile devices. Each 

resonator is formed by stripline and microstrip line sections connected by vias. 
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Figure 1.10 Perspective projection of the designed frequency agile filter with three EC868 in CST 

 

In figure 1.11 the ceramic layer stack up of the designed frequency agile filter is shown for 

the Kyocera GL330 substrate. The ceramic layer 9 (CeL9) is the top ceramic layer of the filter 

and the three EC 686 RF-switches are positioned on top of ceramic layer 9. The fired layer 

thickness for layers CeL1 –CeL9 is 0.2 mm whereas the fired thickness of the layer CeL0 is 

0.1 mm. 

 

 

Figure 1.11 Ceramic layer stack up of the frequency agile filter 

 

In the figures 1.12 to 1.17 the top view of the metallic layers, hatched in gray color, of each 

ceramic layer is presented with the ceramic outline starting from the top ceramic layer 9. The 

red dots represent the metallized vias going through or ending in the specific layer. In figure 

1.12 the top metallic layer of the folded combline filter is shown with the three EC 686 and 

the lumped tuning components, eight per switch. The shared VDD, data, and clock lines 

needed for the MIPI protocol are shown in figure 1.14 for VDD and data (left to right), and for 
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the clock signal in figure 1.15. As seen from the figures1.12 to 1.17 the combline structure is 

fully isolated from the digital control signals to minimize any interference from the digital lines 

to filter and vice versa. The isolation between the RF- and digital-signals is important. As if 

not properly shielded the RF signal inserted to the filter can couple to the digital lines and 

cause interference for the control signals. Especially RF-signal coupling to the clock and data 

signals can cause corruption of the control signals and in worst case block the control of the 

switches or make them change their state randomly.  

The dashed lines in figures 1.12 a) and 1.17 shows the gold plating areas in the top and 

bottom copper layers. 

 

 

 

Figure 1.12 The top metallic layers of a) the ceramic layer 9 and b) the ceramic layer 8 
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Figure 1.13 The top metallic layers of a) the ceramic layer 7 b) the ceramic layer 6 

 

 

Figure 1.14 The top metallic layers of a) the ceramic layer 5 and b) the ceramic layer 4 

 



Jaakko KYLLÖNEN | Thèse de doctorat | Université de Limoges | 18 décembre 2019 41 

 

 

Figure 1.15 The top metallic layers of a) the ceramic layer 3 and b) the ceramic layer 2 
 

 

 

Figure 1.16 The top metallic layers of a) the ceramic layer 1 and b) the ceramic layer 0 
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Figure 1.17 The bottom metallic layer of the ceramic layer 0 

 

The center pads on the figure 1.17 are the RF in/out pad of the filter. The pads on the right 

side of the picture are the control lines for the EC 686, starting from the top to bottom: VDD, 

data, select for switch 3, clock, select for switch 2, and select for switch 1. The five larger 

dashed rectangular areas, denoted by G1-G5, in the figure 1.17 are the locations for 

grounding areas of the filter to the main PCB. 

 

As seen from the figures 1.10 and 1.12 a), each tuning state of the EC 686 has space for two 

lumped component, one for capacitive and the second for inductive load. The theoretical 

analysis for the parallel load for a combline filter has been discussed in the preceding 

subchapter I.5.2 and the passband bandwidth control proved in calculations. In the charts 1.6 

and 1.7 the effect of the parallel inductor to the bandpass bandwidth is shown. The bandpass 

bandwidth can be controlled to desired bandwidth with the correct combination of the 

capacitor and inductor values. Decreasing the inductor value the bandwidth of the filter’s 

bandpass decreases, while the resonance frequency increases. To compensate the 

increased resonance frequency the capacitance value is increased. From chart 1.7 we can 

see that adding an ideal inductor parallel to ideal capacitor doesn’t change the level of the 

transmission coefficient. 
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Chart 1.6 Parallel load impact to combline filter bandwidth 

 

 

Chart 1.7 Parallel load impact to combline filter bandwidth with transmission response 

 

In chart 1.8 the change of the bandpass bandwidth in different resonant frequencies and the 

bandwidth compensation with the parallel inductor are shown for filter which mechanical 

dimensions are optimized for LTE 7. As we can see in the chart 1.8 b) the bandpass 

bandwidth in GSM 1900 band with capacitance load only is much wider than the needed 

bandwidth of the Rx band. With the aid of the parallel inductor the bandpass bandwidth can 

be optimized.  
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Chart 1.8 Bandpass bandwidth optimization with parallel inductor 

 

So far all the simulation results presented in this thesis are from simulations with ideal 

switches, without any losses. In reality the CMOS switches have losses due the Ron 

resistance inherent of the CMOS technology. To be able to predict the real filter performance 

the Ron resistance has to be included in the simulation model. In the figure 1.18 the filter’s 

updated simulation model of the figure 1.10 is shown with the addition of three extra ports, 

one port per switch, for modelling the Ron resistance of the CMOS switches. For a 

conventional combline filter these ports would not have been necessary to add to the model 

as the Ron resistance could have been added in series with the capacitor in the CST circuit 

simulator. But in the case of the parallel inductor load the Ron resistance is difficult to model in 
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the circuit simulator and thus the extra ports are necessary. These extra ports increase 

slightly the simulation time, as the port number increase from 8 to 11. 

 

 

Figure 1.18 The updated filter CST model to take in account the CMOS Ron resistance 

 

The addition of the extra port per switch has only very small effect to the filter’s performance 

as seen from the chart 1.9. The filter’s resonance has shifted slightly lower and the filter 

passband bandwidth slightly decreased. 

 

 

Chart 1.9 Verification of the Ron simulation model 
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The Ron resistance of the EC 686 RF-switch used in this thesis is 0.9 Ω, which is state of the 

art figure for CMOS RF-switches [14]. Even though the RF switch resistance is very low it 

has a big effect to the filter’s performance. As shown in the chart 1.10 the resistance has a 

big value on the insertion loss, especially in the lower frequencies of the frequency band in 

interest. In the charts 1.10 a) and b), for states of GSM 1800 and GSM 1900 respectively, the 

insertion loss increases 2 to 2.5 dB compared to the ideal switch. In the higher frequencies 

the effect of the Ron resistance is less significant, and the losses due the switch reduce only 

to 0.5 dB at LTE 7. 

 

 

 

Chart 1.10 The CMOS switch Ron effect to the filter’s insertion loss (in dB) 

 

The last verification before the LTCC block can be manufactured is to verify which RF-state 

of the EC 686 is used for which communication band. From the figures 1.10 and 1.11 we can 

notice that the transmission lines from the RF-states RF1 and RF2 (figure 1.9) to the parallel 

tuning loads are routed only on the top metal layer whereas for the transmission lines from 

the states RF3 and RF4 are routed between the metal layers 7 and 9. The unequal lengths 

from the RF-switch to the parallel tuning load common pads on each path have an impact to 

the filter performance. Different values of capacitance and inductance are needed to 

compensate the length difference. This is visualized in the chart 1.11 where the all the RF-

paths are simulated for two communication bands, GSM 1900 in chart a), and LTE 7 in chart 

b). In the charts the “T” denotes the capacitance in pF and “L” the inductance in nH for each 

parallel load. From the chart 1.11 a) we can see that to be able to tune the filter’s resonance 

to correct frequency, different capacitance values are needed for the four different paths. The 
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highest capacitance value is for the RF2-path which has the shortest line and the smallest for 

the two longest lines, which travels inside the ceramic substrate between metal layers 7 and 

9. Noteworthy is the inductance value of RF-path four, where higher inductance value is 

needed compared to other paths to have large enough bandwidth to support the selected 

communication protocol. In chart 1.11 b) the importance of verifying the RF-paths 

performances is well illustrated. Not all the paths are suitable for the highest supported 

frequency band. The length of the RF3 path is too long to be able to cover the LTE 7 Rx 

band with the smallest capacitor value available in 0603 (metric) size. 

 

 

Chart 1.11 RF-path effect to filter’s resonance frequency. Where T denotes the capacitance in pF and 

L the inductance in nH for each parallel load 
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In chart 1.12 all the four states with their dedicated RF-paths of the figure 1.18 filter are 

shown in one chart with the adjacent band isolation marked with the markers. The designed 

frequency agile filter covers all the four communication bands Rx bands set in the 

requirements, presented in table 1.2. The insertion loss of the low three lowest state of the 

filter, with the simulated  RF switch losses, are clearly greater than the 1.5 dB set in table 1.1. 

Only the highest state of the filter has insertion loss which is less than 3 dB.  Although the RF 

performance (insertion loss and band rejection) of the frequency agile filter does not achieve 

the level of the state of the art SAW/BAW filters, the simulated performance is in acceptable 

level when taking account that the this simulation model takes in account the switch losses 

and with this filter several filters and RF switches can replaced by single component.  

 

 

Chart 1.12 All the filter states simulated with their optimized RF-path, where T and L are the parallel 

load capacitance in pF and inductance in nH, respectively. And the R is the RON resistance of the RF 

switch in Ω   
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Table 1.13 Final mechanical dimensions of the simulated filter 

 

 

I.7 Combline filter measurements 

After the filter is designed and optimized in electro-magnetic simulation the ceramic block of 

the filter is manufactured. In figure 1.19 the top, side, and bottom views of the manufactured 

LTCC block are shown without the RF-switches and the tuning components. In figure 1.21 a) 

the gold-plated landing patterns of the three EC 686 switches and their respected tuning 

components shown where as in figure 1.19 c) the gold plated feed and control pads with five 

larger grounding pads are shown (G1-G5). The dimensions of the manufactured LTCC block 

are exactly same as in the EM-simulations (9.5 x 8.3 x1.9 mm). 

 

 

Figure 1.19 The manufactured LTCC block for the frequency agile combline filter 

 

To be able to measure the filter’s performance an evaluation PCB is also designed and 

manufactured. The figure 1.20 illustrates the evaluation PCB, made from a common FR-4 
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substrate, without the filter and the connectors. The control lines on the top of the PCB are 

connected to computer through a control PCB, shown in the figure 1.21 on left with the 

control lines to the evaluation PCB, which enable the control of the three EC 686 MIPI 

switches through USB port on the computer. The two RF-lines connected to the input/output 

pins of the filter have SMA-connectors on the edge of the evaluation PCB to be able to 

connect filter to the VNA for the measurements. 

 

Figure 1.20 The evaluation board for the filter measurements 

 

 

Figure 1.21 The control PCB and the connections to the evaluation PCB 

 

The control of the EC 686 is done with Ethertronics proprietary software which translates the 

USB series commands to MIPI commands through the control PCB. In figure 1.22 the view of 

the control software is shown with the RF-switch and RF-state selections highlighted. To set 
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the RF-state of a switch, the switch to be programmed is selected first from the switch 

selection dropdown menu. Then the wanted RF-state(s) are activated and the “Apply Config” 

button is clicked to send the command to switch.  

 

 

Figure 1.22 The view of the control software for controlling the MIPI switches from computer 

 

The first measurement of the active filter is done with the fully populated LTCC block, shown 

in the figure 1.23, the tuning capacitors are Murata’s 0603 (metric, 0201 in inch) size high-Q 

GJM series, and the tuning inductors are Murata’s high-Q LQW series also in 0603 (metric) 

size. The connector for the control cables is soldered on the back side of the evaluation PCB. 
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Figure 1.23 The tunable filter on the evaluation board with three EC 686 

 

In chart 1.13 the measured states of the LTCC block are compared to the CST simulations 

model with the 0.9 Ω resistor for simulating the RF-switch Ron resistance and with ideal 

components (capacitor and inductor). The simulations under CST also take into account the 

metallic and dielectric losses of the distributed structure. The blue lines in the charts 1.13 are 

the simulated results and the red lines are the measured results. The dashed lines are the 

insertion loss of the filter. As we can see from the results of the chart 1.13 the measured 

results do not correlate at all with the simulated filter. The measured filter’s responses do not 

shift in frequency as in the simulations and practically stays in same center frequency in all 

switch states. This is more clearly illustrated in the chart 1.14 where all the four states of the 

filter are plotted to single chart. In addition to the loss of tunability also the losses of the 

switch have increased greatly, from simulated -5 dB to -17 dB rendering the filter to useless. 

The ripples in the measurement results in reflection coefficient are probably due to calibration 

problem with the VNA used in these measurements and/or discontinuities related to 

assemble the filter on evaluation board. 

At first, to understand better why the filter center frequency is not changing while the tuning 

load is modified, two tests are carried out. The two most novel features of this frequency 

agile filter are the use of parallel load tuning with inductor and the use of the commercial 

SP4T RF-switches. Although the inductive load parallel with the more conventional capacitive 

load did not have any effect to the filter’s tunability, the use of the inductive load has been 

never tested before for the best knowledge of the author. The first test is to remove the 

inductors in the tuning circuitry to recover the tunability.  
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Chart 1.13 CST simulations versus measurements of the frequency agile filter 

 

 

Chart 1.14 All the RF-states of the measured filter 
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Figure 1.24 Frequency agile filter with only capacitive tuning loads with the EC 686 switches 

 

In figure 1.24 the test setup for the only capacitive load is shown. The inductors are removed 

from the LTCC block and capacitor values are adjusted so that the filter’s center frequency is 

close the original frequency. In chart 1.15 the results of the non-inductor test are shown. As 

the inductive load tunes the resonance frequency higher only two states are shown as 0.1 pF 

capacitor is the smallest commercially available in 0603 size (metric). 

 

 

Chart 1.15 Measured filter performance without the inductive load 

 

Removing the inductor from the tuning circuitry doesn’t fix the tunability issue of the filter but 

does improve the insertion loss of the filter. Based on this test the inductive load parallel with 

the capacitive load induces losses which were not induced in the EM-simulations. To verify 
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the findings the second novelty of this filter, the SP4T switch, is removed and the filter is 

measured with and without the parallel inductive load.  

To be able to connect the tuning circuitry to the combline filter without the SP4T switch a 0 Ω 

resistor is soldered between the switch common/input RF-pins (pins 1&2, see figure 1.9) and 

the RF1 path (pin 16, see figure 1.9) as shown in the figure 1.25. Only the RF1-path can be 

tested with this configuration as the size of the 0 Ω resistor does not permit to connect the 

other RF-paths to the switch RF input pins. This doesn’t pose a problem for testing the 

different bands as the RF1-path has similar performance in the lower and higher frequency in 

interest as shown previously in chart 1.11. The selection of the filter resonance frequencies 

are done by manually soldering the new capacitors and inductors values to the load circuit 

pads on the RF1 path.  

 

 

Figure 1.25 Frequency agile filter without the EC 686 

 

In chart 1.16 the results of the filter with the RF-switch replaced with the 0 Ω are shown. The 

tunability of the filter is recovered when the SP4T switch is replaced with the 0 Ω resistor. 

Although the tunability is recovered the losses of the filter are still 3-4 dB higher compared to 

the results of the EM-simulation model without the Ron resistance. These results indicate that 

both the parallel inductor and the SP4T switch induce more losses to the filter than 

anticipated with the EM-simulations. Also the results indicate that the use of the SP4T switch 

is the root cause for the loss of the tunability of the filter.  
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Chart 1.16 Measured performance of frequency agile filter without the three EC 686 

 

To verify if the 3-4 dB higher insertion losses without the switch are due inductor, rather than 

the LTCC ceramic substrate itself, the inductive loads of the filters without the switch are 

removed and the filter performance is re-measured only with the capacitive load. As with the 

case of the only capacitive load with the SP4T switch the capacitance values are adjusted so 

that the filter center frequencies are in the middle frequencies of the communication bands in 

interests. In figure 1.26 the test setup for the non-inductive load filter is shown. 

 

 

Figure 1.26 Frequency agile filter without the RF-switches and inductive loads 

 

In the chart 1.17 the results of the filter without the parallel inductive load and the RF-switch 

are shown. Without the inductors and the switch the measured insertion losses are superior 1 

dB to those simulated on the GSM1800/GSM1900/WCDMA1 bands. The LTE 7 center 
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frequency of the measured filter is lower compared to the simulated filter. This is due the 

missing inductive load which tunes the center frequency higher as shown in chart 1.7. The 

0.1 pF is the smallest commercially available capacitor from Murata in 0603 (metric) size and 

the center frequency cannot be tuned higher without changing the length of the combline 

transmission lines inside the ceramic substrate. Comparing the measurement results in 

charts 1.16 and 1.17 the inductive load effect to the bandwidth of the filter can be verified 

now also in measurements in addition to the EM-simulations.  

 

 

Chart 1.17 Measured performance of frequency agile filter without the three EC 686 and the inductive 

loads 

 

The effects of the parallel inductor and the RF-SP4T switch were not successfully modelled 

in the EM-simulations. The RF-switch was modelled in the EM-simulation tool as well as it 

was reasonable without the real physical model of the CMOS die of the switch. The full layout 

of the switch landing-pattern with the transmission lines from the switch to the tuning 

components were included and optimized for the filter in the simulations. The only more 

accurate model would have been including the real physical model of the switch inside the 

EM-simulation tool instead of the resistor to simulate the RON resistance.  Unfortunately it isn’t 

possible to model the behavior of FET transistors inside the 3D EM-simulation tool and the 

switch physical model in general is not feasible to simulate due the extremely small details 

inside the CMOS die, in range of nm, without a super computer. For these simulations also 

no link between the EM-simulation tool and RFIC design tool was available due to licensing 

problems during the design of the frequency agile filter. Also the benefits of the link between 

the two simulation tools are not clear. The software link from the RFIC-software doesn’t 
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necessarily give information needed to the EM-simulator, how the channel in the FET 

transistor behave when RF-signal pass through the transistors, rather than just modelling the 

losses of the transistor(s). 

The amount of losses induced by the parallel inductor load was more unexpected for the 

author than the effects of the CMOS switch to the tunability of the filter. As both the 

capacitive and inductive loads were modelled as an independent port inside the 3D EM-

simulation tool the effects of the parallel resonator to the filter performance should have been 

able to correctly modelled in the circuit simulator. The use of ideal components was the main 

root cause for this discrepancy. It was assumed during the CST simulations that the RON of 

the CMOS would be the main contributor to the losses and the losses of the high-Q lumped 

components would be negligible. This assumption was proven wrong in the measurements of 

the prototype filter.  After the prototype measurements the filter was simulated once again 

with the realistic lossy capacitors and inductors (Q-values from muRata webpage [29]) to 

confirm the findings of the prototype filter measurements. In chart 1.18 the GSM 1800 

transmission response is shown both with ideal and realistic components. As we can see 

from the results the inductor induces most of the losses of the parallel load circuit, close to 

losses of the switch itself. Thus it is important in future parallel load tuning circuits to take 

account the inductor losses in the simulations. 

 

 

Chart 1.18 Simulation comparison of ideal and realistic lossy (with realistic Q-values) components 

effect to filter performance a) return loss and b) insertion loss 
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I.8 Conclusions 

It has been shown through the theoretical study and electromagnetic simulations that it is 

possible to produce frequency agile filters with the possibility of adjusting both the center 

frequency and the bandwidth simultaneously. The proposed solution is based on the use of 

parallel resonator load on the combline filter. A combline filter has been realized and tested 

with a commercial CMOS SP4T RF switch as a tuning element. The responses obtained in 

measurements show the need to take into account the losses of the localized elements and 

all the elements of the equivalent diagram of the switch in the optimization of the filter. 
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Chapter II. Low Cost Millimeter Wave Antenna Arrays 

 

In this second chapter of this thesis a low cost antenna array is designed. In the beginning of 

this chapter the needs of the antenna arrays in mobile communication is discussed in the 

point of view of the fifth generation mobile standard (5G NR, fifth generation New Radio). 

After understanding better the need of the millimeter wave (mmWave) antenna arrays in 5G 

NR, a low cost mmWave antenna array is designed using 3D EM simulations and in the end 

of this chapter the measurement results, return loss and peak gain, of the designed antenna 

array are presented. 

 

 II.1 Millimeter wave antennas for fifth generation new radio 

The upcoming 5G NR coordinated by the ITU (International Telecommunication Union) and 

3GPP (3rd Generation Partnership Project) is an evolutionary step for the current 4th 

generation mobile communication standard, known as 4G LTE. With the 5G NR the 

telecommunication industry and regulators try to respond to the continuously increasing 

demand of mobile data usage. It is estimated that the monthly global data usage will grow up 

to 77 Exabyte by 2022 from 12 Exabyte in 2017 [1]. To cope this 7 fold expected increase of 

mobile data usage several novel mobile communication techniques are introduced in to the 

new standard, including from the use of new frequency spectrum to new encoding 

techniques [2]. In addition to accommodate the increased data traffic (data usage), the 5G 

NR also promise faster download speeds and lower latency communications than the older 

communication standards [2].  

From the antenna design point of view the two most interesting new areas are the massive-

MIMO and the use of new frequency spectrum in millimeter wave area (30 – 100 GHz). In 

massive-MIMO large antenna arrays (~ 100 antenna elements) are used in the base station 

to create user specific antenna radiation patterns to optimize signal path from the base 

station to the mobile end user and enabling the use of more aggressive encoding techniques 

and thus faster connections. The addition of the mmWave frequencies in the 5G NR to the 

old 4G LTE frequency spectrum increase available communication bandwidth at least by 

factor of two [2]. The increased bandwidth helps accommodate more users in single base 

station coverage area with faster communication speeds. 

The use of the mmWaves for mobile communication has been studied very extensively in last 

ten years by the research community in 28-, 38-, and 60 GHz frequencies [3]-[7]. Due the 

high free space (FS) path loss attenuation in mmWave frequencies successful 

communication requires high gain antennas both from the base station and the end user’s 

mobile devices. Mathematical models based on empirical measurement data gathered from 

the urban areas indicates that antenna gains up to 24.5 dBi, both in the base station and 

mobile device, are need at 28 GHz to be able to support cell sites with radius of 200 m [5]. 

Such a high gain antennas are difficult to obtain in mobile devices with their limited antenna 
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volume available. Microstrip antenna arrays are practically the only antenna type that can 

provide high gain antennas in the mobile device form factor. For mobile phones 24.5 dBi gain 

antennas are very difficult to implement even with microstrip antenna arrays and in practice 

antennas with much lower gain for mmWave frequencies have to be used in mobile phones. 

Until very recently the main focus on the mmWave antenna array research has been on the 

60 GHz ISM frequency band (61-61.5 GHz [8]), as it has been the most likely candidate for 

the 5G NR due the worldwide coverage. In 2018 the 3GPP and United State Federal 

Communications Commission (FCC) both included the 28 GHz for their 5G NR frequency 

allocations. In June 2018 3GPP published their latest technical specification, Release 15, for 

the user end radio transmission and reception [9] and [10]. In [10] the first mmWave bands 

for the 5G NR were allocated as shown in the table 2.1. In 3rd of August 2018 the FCC 

released a public notice (FCC 18-109) for the auction of two mmWave blocks at 28 GHz 

band (Block 1: 27.5-27.925, Block 2: 27.925-28.35 GHz) in addition of 7 blocks at 24 GHz 

(24.25-25.25, each block 100 MHz wide) [11]. The bidding for the 28 GHz and the 24 GHz 

blocks were closed and the results were announced in June 3rd 2019 with two FCC public 

notices (FCC DA-19-484 for the 28 GHz auction, and FCC DA-19-485 for the 24 GHz 

auction). The two auctions raised in total ~3.7 billion USD’s (United States Dollar) [12], [13]. 

With the inclusion of the 28 GHz band for both FCC and 3GPP specifications the research for 

the 5G NR mmWave antenna array will most likely move from 60 GHz to 24- and 28 GHz 

frequencies. 

 

Table 2.1 3GPP millimeter wave bands in Release 15 [10] 

 

 

 II.2 Designing of low cost millimeter wave antenna arrays 

As discussed above, majority of the mmWave antenna array studies done in the last ten 

years have been focused on the 60 GHz ISM band. Only in the last few years papers on 28 

GHz antenna arrays have been published as we can see from the sample of the papers from 

2005 to 2018 [14]-[26]. Although 28 GHz is significantly lower in frequency compared to the 

60 GHz band the challenges of designing antennas in mobile devices are similar in the both 

mmWave bands compared to the legacy 4G sub 6 GHz frequency bands. Whereas for the 

4G bands a single element antennas were sufficient, the gain of monopole-, PIFA-, and loop-

antennas, to name few well known antenna types used in 2G, 3G, and 4G communication, 
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are not sufficient for the mmWave frequencies and thus antenna arrays are needed for the 

5G NR devices.  

In addition to the change of the antenna type the mmWave frequencies brings new design 

challenges due the high frequency. In mmWave frequencies, as the name implies, the 

wavelength of the signal is in millimeter range and many mechanical dimensions of the 

antennas start to be large in electrical length wise. This leads to physical phenomena, such 

as surface waves, which didn’t have to be considered in the lower frequencies of 4G 

antennas. Surface waves if not taken account during design can reduce the antenna’s 

efficiency and have destructive effect to the antenna’s radiation pattern. 

Surface waves can occur if the thickness of the patch antenna’s substrate becomes 

electrically thick enough (d≫0.05λ0), the electric fields of the microstrip antenna induce 

surface waves to the dielectric substrate [27]. The surface waves are formed in the boundary 

layer between the dielectric substrate and air where part of the electric field in the dielectric 

reflects back. For a grounded dielectric substrate both TM- and TE- surface waves are 

excited. In high frequencies surface waves are more bounded into the substrate allowing the 

surface waves to travel in waveguide fashion [28].  

The surface waves induced by a single microstrip antenna can be mainly considered as a 

loss mechanism where part of the energy inserted to the antenna is loss to the non-radiating 

surface waves. However surface waves can be diffracted from the substrate edges and other 

discontinuities in the substrate and distort the antenna radiation pattern and polarization 

characteristics. Surface waves also can deteriorate the isolation between antennas as the 

energy in the ground plane can be coupled to other antennas [27].  

As the power of the surface wave increases when the thickness of the substrate and the 

dielectric constant are increased, low permittivity substrates are preferred for microstrip 

antennas to minimize the surface waves [27]. Other methods to reduce the surface waves 

such as air cavities under the antenna (reduced effective permittivity) and other metamaterial 

structures have been studied for millimeter wave antenna arrays as the thickness of the 

substrate becomes electrically thick easily even for physically thin substrates in higher 

frequencies [16, 21].  

Elimination of the surface waves in 60 GHz have been studied using electrical soft surfaces, 

or EBG (Electronic Band Gap). Although performance improvements between 2 to 4 dB have 

been reported in papers [22]-[23], the implementation of the EBG surfaces increases the 

complexity and the size of the design and in most of the antenna array design requires 

expensive manufacturing technologies, such as LTCC, due the via arrangement. 

 Compared to the legacy antenna designs also the manufacturing materials have to be 

reconsidered as the losses due material properties can be higher in millimeter wave 

frequencies.  Commonly used antenna substrates, such as FR-4, can induce much higher 

losses in mmWave frequencies than in the sub 6 GHz frequencies used in 4G LTE. LTCC 

(Low Temperature Co-fired Ceramic) have been widely used [14]-[23] in the mmWave 

research as it provides variety of low-loss substrates for the mmWave frequencies and have 

less design restrictions than the more common substrates, such as FR-4. The problem of 
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using LTCC as a manufacturing technology is the price. LTCC substrates are roughly 1.5 to 2 

times more expensive than the FR-4. In a cost driven market, as a mobile phones, such an 

increase of price is problematic and cheaper solution are preferable. In this fifth chapter a 

solution for low cost antenna array for 28 GHz is investigated using FPC (flexible printed 

circuit) manufacturing technology. Commercial FPCs uses polyimide (PI, with 𝜀𝑟 = 3.5  and 

tanδ = 0.0025, at 1 𝑘𝐻𝑧) [29] as substrate material between the metal layers which has 

significantly lower loss factor (tanδ) than substrate used in normal FR-4 PCB circuitry 

(tanδ = 0.025, 𝑎𝑡 10 𝐺𝐻𝑧 ). Even though the loss factor (tanδ) of the PI is reported in very low 

frequency it remains practically constant up to 45 GHz [30]. Although FPC is slightly more 

expensive than the FR-4 PCB, it is still cheaper than LTCC and other low loss PCB 

substrates and thus selected as a substrate for this thesis.  

 

II.2.1 Antenna architecture 

As the antenna arrays used in mmWave frequencies are very directive several different 

arrays inside a mobile device are needed to have good coverage of the surrounding space. 

The arrays inside the mobile device can be arranged countlessly different ways but the 

problem of transferring the data from the antenna arrays to the RF FEM (Front End Module) 

and MCU/Baseband (Micro Control Unit) still remains. In the below picture two main schemes 

to transfer data are illustrated, centralized in figure 2.1 a) and distributed in figure 2.1 b).    

 

 

Figure 2.1 a) A centralized and b) a distributed mmWave antenna architecture 
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In the distributed scheme each array has its own RF FEM module which converts the analog 

RF signal from the antennas to digital form and the digitalized signal is send to MCU for 

further processing. This approach will give the best RF performance and agility to control the 

array as each element can be easily individually controlled but have challenges with the data 

synchronization in multiple array schemes. It has also a price penalty compared to the 

centralized RF FEM as each array needs its own RF IC circuitry to convert the analog signal 

to digital. In the centralized scheme all the arrays are connected to single RF FEM module 

via RF transmission lines. This solves the data synchronization and price challenges, but has 

lower RF performances due the losses induced by the long RF connections and less agile 

control of the array as the phase shift between the antenna elements is fixed by the array 

design. Thus with the centralized scheme no beam steering is possible.  

As the distributed architecture can get easily very expensive solution in multi array systems 

due the individual FEM’s the centralized scheme is a natural choice for the data transfer 

scheme for a low cost millimeter wave antenna array. 

 

II.2.2 Low loss transmission lines for mmWave 

There are several different transmission line technologies to transfer the millimeter wave RF 

signal from the antenna arrays to the centralized FEM e.g. waveguides, co-axial cables, 

microstrip lines etc. For the mmWave frequencies the air filled waveguides have the best RF 

performance, i.e. lowest loss, of all technologies but are bulky in size and are difficult to 

integrate to small mobile devices.  A microstrip line is the cheapest and easiest transmission 

line to integrate to the RF circuitry and consume much less space/volume than the other 

transmission technologies. In a mobile device environment where available space is scarce 

microstrip lines poses problems. In a microstrip line the upper halve of the line is unprotected 

from the environment and is susceptible for interference from the mechanical parts and 

spurious signals from in- and out-side of the device.  A stripline transmission line, shown in 

figure 2.2, has a metallic ground plane on both side of the conductor which helps to isolate 

the center conductor from the interference and offers thus better solution for the mmWave 

frequencies in mobile devices than microstrip lines and waveguides.  

The characteristic impedance of the stripline transmission line can be approximated by the 

equation (2.1) [28]: 

 

𝑍0 =
30𝜋𝑏

√𝜖𝑟(𝑊𝑒 + 0.441𝑏)
 

(2.1) 

where 𝑊𝑒 is the effective width of the center conductor given by the equation (2.2) [28]: 
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Figure 2.2 Geometry of stripline transmission line. 

 

Compared to microstrip line and wave guide the stripline has more losses as the center 

conductor is submerged inside the lossy dielectric.  In [31] different rectangular co-axial 

cables manufactured using additive micro-fabrication techniques for mmWaves were tested 

and studied. One tested topology was a rectangular co-axial cable with bottom half of the 

rectangular co-axial cable, under the central conductor, was filled with the dielectric and the 

upper half was left empty i.e. filled with air. With this geometry the losses due the dielectric 

can be reduced. The data provided in the [31] starts at 35 GHz which is higher than the 28 

GHz frequency studied in this thesis. Also the rectangular co-axial cable studied in [31] has 

slightly different characteristics than the stripline topology, mainly the side wall distance to 

the center conductor, studied in this thesis. Thus a new study was done.  

In figure 2.3 the CST simulation setups are shown for the air cavity study. The stripline 

without the air cavity is the base line and the microstrip is the target for the strip lines with 

four air cavity. The substrate in all models is polyimide (PI) with 𝜀𝑟 = 3.5  and tanδ =

0.0025, at 1 𝑘𝐻𝑧) [29], [30], and all the metal surfaces are modelled as an annealed copper 

from CST library, with 𝑒lectrical conductivity of 𝜎 = 5.8𝑒+7 𝑆 𝑚⁄ . For high frequencies, like 

mmWave frequencies, the copper conductivity is highly dependable on the surface 

roughness of the copper, and depending on the roughness can be even one third of the 

optimal conductivity of the CST library value [33]. But as the copper roughness value for the 

copper used in the prototype antennas was not available the CST library value was used in 

the simulations. The electrical conductivity is frequency dependable in CST and reduced in 
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higher frequencies, but depending on the surface roughness of the used conductor the CST 

library value can be too optimistic in mmWave frequencies. The center conductors are 40 µm 

thick and their widths are presented in the table 2.2. The transmission line is excited by 

discrete face-ports placed on both end of the center conductor lines in the CST model. The 

length of the center conductor is 150 mm for all the lines, and the air cavity is made for the 

full length of the transmission line. The length of 150 mm is chosen to represents a possible 

worst case length scenario where the mmWave antenna is located in the opposite side, in 

lengthwise, from the RF FEM in a modern large screen mobile phone.  

 

 

Figure 2.3 Transmission line topologies for the CST simulation 
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Table 2.2 Center conductor widths 

 

 

In figures 2.4 and 2.5 the E- and H-fields of all the different transmission lines under study 

are plotted at 28 GHz. As we can see from the plots the E- and H-fields of the T4 stripline 

transmission line, the nominal stripline structure, are equally distributed above and under the 

center conductor. When the air cavity above the center conductor is cut out the fields in the 

air cavity are slightly stronger around the center connector but the fields are still equally 

distributed both in the air and in the dielectric. When the height of the air cavity is reduced to 

0.077 mm, almost halve of the original height, the fields in the air cavity are stronger than the 

fields in the   dielectric substrate. As most of the fields are now concentrated in the air cavity 

section of the stripline, the reduced height striplines (T6 and T8) should have the best 

performance of all the striplines and should be closest to the microstrip line performance.  
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Figure 2.4 E-field distributions in the transmission lines at 28 GHz  
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Figure 2.5 H-field distributions in the transmission lines at 28 GHz 

 

In the charts 2.1 to 2.3 the input matching, and insertion are plotted (RH= Reduced Height). 

As we can see from the chart 2.1 all the transmission lines under the study are matched 

equally in the whole bandwidth in interest and the results are thus comparable between all 

the different topologies. 
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Chart 2.1 Input matching of the transmission lines 

 

In the charts 2.2 and 2.3 the insertion loss, including the losses of the metal and the dielectric 

substrate, of all the transmission lines are plotted. In chart 2.2 the insertion losses are 

normalize to one millimeter and in the chart 2.3 the insertion loss of the whole 150 mm line is 

shown. By comparing the results of the chart 2.2 to the results of [31, figure II.25 and II.27] 

we can observe that the losses of the nominal stripline (T4) simulated in this thesis are very 

close to the results of the rectangular coaxial line with fully filled with dielectric (polyimide) at 

35 GHz and as the air cavity is added the losses are reduced in both studies. When the 

results of the charts 2.2 and 2.3 are compared to the figures 2.4 and 2.5 the insertion losses 

of the reduced height stripline transmission lines are not as predicted from the E- and H-field 

results. The T6 and T8, the reduced air cavity height samples, are more lossy than their 

normal air cavity height counterparts, T5 and T7. This is because as the fields are more 

concentrated between the center conductor and the upper copper ground plane the fields are 

more coupled to the metal ground plane. And as we can see from the charts 2.4 and 2.5 the 

losses of the copper are more dominant for T6 and T8 in the whole frequency range than the 

losses of the dielectric substrate. Although the reduced height have less losses due the 

dielectric than their normal height counterparts the losses of the copper overrides the 

benefits of concentrating the fields closer to the center connector. For better conductive 

metals, such as silver, or more lossy dielectric the height reduction and thus concentrating 

the fields could bring benefits. It should be also noted that increasing the air cavity width has 
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small benefits but the main gain is achieved with introducing the air cavity over the center 

conductor as the fields are strongest above to the center conductor. 

 

 

Chart 2.2 Insertion losses per mm of the transmission lines 

 

 

Chart 2.3 Insertion losses of the full length transmission lines 
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Chart 2.4 Losses due to the copper in the transmission lines 

 

 

Chart 2.5 Losses due to the dielectric in the transmission lines 
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II.2.3 Antenna array 3D EM simulations 

 

II.2.3.1 Unit element design 

An antenna array design starts usually from the designing of the single antenna element, or 

unit element. After the unit element is designed the antenna array is formed by arranging 

multiple unit elements in linear or planar pattern depending on the requirements of the 

antenna array performance [32]. 

For this thesis a dual polarized patch antenna, with separate feeds for vertical (y-axis) and 

horizontal (x-axis) polarizations, is chosen for the unit element, shown in the figure 2.6. With 

both polarizations the antenna can use the different polarizations for multiplexing in line-of-

sight communications or combine the two polarizations to form circular and elliptical 

polarizations if need. 

 

 

Figure 2.6 Dual polarized patch antenna with the simulation coordinates 

 

The initial dimensions of the square patch can be calculated with the layer thickness of the 

patch antenna shown in the figure 2.7. by solving equation 2.3 [32]:  
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𝑊 =
𝑐

2𝑓𝑟
√

2

𝜀𝑟 + 1
 

 (2.3) 

where 𝑓𝑟 is the wanted resonance frequency in Hz, c is the speed of the light in vacuum, and 

𝜀𝑟 is the dielectric constant of the substrate. 

Due the fringing fields, the electrical length of the patch antenna appears to be larger than 

the physical dimension. The correction factor for the length ΔW can be calculated using 

equation 2.4 [32]: 

 Δ𝑊 = 
(𝜀𝑒𝑓𝑓+0.3)(

𝑊

𝑑
+0.264)

(𝜀𝑒𝑓𝑓−0.258)(
𝑊

𝑑
+0.8)

𝑑 

(2.4) 

where d is the thickness of the substrate and effective dielectric constant 𝜀𝑒𝑓𝑓 is given by the 

formula 2.5: 

 𝜀𝑒𝑓𝑓 =
𝜀𝑟+1

2
+
𝜀𝑟−1

2
(1 + 12

𝑑

𝑊
)−

1

2 

(2.5) 

After the correction factor for the length is calculated the physical length W of the patch 

antenna can be solved using the equation 2.6 [32]: 

 𝑊 =
𝑐

2𝑓𝑟√𝜀𝑒𝑓𝑓
− 2Δ𝑊 

(2.6) 

With a FPC substrate (𝜀𝑟=3.5) the equation 2.6 gives the length (W = 2.827 mm) for the 

square patch antenna for 28 GHz.  

 

 

Figure 2.7 The stack up of the 28 GHz dual polarized FPC patch antenna 
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To be able to excite the two polarizations separately the feed points of the vertical (dy) and 

horizontal (dx) polarizations, see figure 2.8, are carefully chosen in the centerline of the patch 

[34], [35]. The distance of the feed location from the center point of the patch has an impact 

to the input impedance of the patch antenna and thus the matching of the antenna. The 

distance between the feed points determine to isolation between the two polarizations. The 

isolation between the two polarization is very sensitive for the locations of the feeds as can 

been seen from the chart 2.6 where the isolation between the two feeds of a 28 GHz patch 

antenna on FPC substrate are plotted. Even a 0.1 mm change in the optimum feeding 

location (dx, dy = 0.5 mm) has a big impact (12 dB) to the isolation at 28 GHz.  

 

Figure 2.8 Location of the feeding pins for dual polarization patch antenna 
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Chart 2.6 Isolation between the feeding probes of 28 GHz square patch 

 

After the initial size and the feeding locations of the square patch antenna are determined the 

3D EM simulation model in CST can be built and simulated. In chart 2.7 the return loss and 

isolation between the two ports are plotted for the final unit element. The resonance 

frequency of the unit element is designed to be higher in frequency to take account the 

loading of the adjacent cells in the antenna array which will tune the resonance frequency 

lower. The final dimension of the square patch is slightly smaller than the initial calculated, 

the final side length is 2.63 mm and the dx and dy distances of the feed probes are 0.5 mm.  

In the charts 2.8 and 2.9 the simulated total efficiency which is the full antenna system 

efficiency, taking account all the losses in the antenna system, and the peak gain of the unit 

element are shown for both polarization feeds/ports. As the return loss of the antenna 

indicated the peaks of the total efficiency and the peak gain are higher in frequency than 28 

GHz. The gain patterns of the unit element are shown in the charts 2.10 to 2.12at 28 GHz. 

Especially in the charts 2.10 a) and b) the difference of the vertical and horizontal 

polarizations are clearly shown in the total gain (phi and theta polarizations combined). 
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Chart 2.7 The return loss and isolation of the designed unit element of the 28 GHz antenna array 

 

 

Chart 2.8 The total efficiency of the unit element’s both polarization ports 
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Chart 2.9 The peak gain of the unit element’s both polarization ports 

 

 

Chart 2.10 The XY-cut of the gain pattern of the unit element’s both polarization ports at 28 GHz 
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Chart 2.11 The XZ-cut of the gain pattern of the unit element’s both polarization ports at 28 GHz 

 

 

Chart 2.12 The YZ-cut of the gain pattern of the unit element’s both polarization ports at 28 GHz 
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II.2.3.2 Four element linear antenna array design 

Now when the unit element is designed with 3D EM simulations in CST the design of the 

array can be started. For this thesis a linear antenna array is chosen as it has only one row of 

antenna elements it’s easier to implement in side of the thin mobile phones. The drawback of 

linear arrays compared to the planar arrays is the narrower beamwidth than a planar array.  

The final design of the 28 GHz 4 element linear antenna array is shown in figure 2.9 and 

2.10. The stack up of the whole array and the element dimensions are same as in the unit 

element simulations and the element distance, from center to center of the patch antennas, is 

5mm or 0.87λ. For minimizing the grading lobes the element spacing should be less than one 

wave length [32]. For PI substrate with  𝜖𝑟 = 3.5 the one wavelength at 28 GHz is 2.73 mm 

making the spacing of the elements less than one wavelength. In charts 2.13 and 2.14 the 

return loss of the each patch both polarization feeds and the  isolation between the all the 

feeds are shown. 

As we can now see from the return loss results the element resonance has now tune slightly 

down in frequency due the loading from the adjacent elements and all the elements are now 

well matched at 28 GHz. 

 

 

Figure 2.9 28 GHz 4 element linear antenna array on FPC  
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Figure 2.10 28 GHz 4 element linear antenna array feed locations 

 

 

Chart 2.13 Return loss of all elements of the 28 GHz 4 element linear antenna array 
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Chart 2.14 Isolation between all elements of the 28 GHz 4 element linear antenna array. 

 

In the chart 2.14 the isolation between all the ports are plotted. The short dashed lines are 

the isolation between the each patch’s vertical and horizontal polarization feeds, whereas the 

dotted lines are the isolation of the vertical polarization feeds with adjacent elements (feeds 

1-3, 3-5, 5-7) and the long dashed lines are the isolation of the horizontal polarization feeds 

with adjacent elements (feeds 2-4, 4-6, 6-8). The poorest isolation is with the adjacent 

vertical feeds with -16 dB which is sufficient isolation between the different elements. The in 

element isolation between the two polarization feeds has slightly deteriorated from the single 

unit feed but is still has sufficient minimum isolation of 24 dB between the two polarization 

feeds at 28 GHz [35].  

In charts 2.15 to 2.18 the combined, or the antenna array’s, peak gain and gain cuts of the 4 

element linear antenna array are shown for both vertical and horizontal polarization feeds. To 

get the combined results the vertical (feeds 1, 3, 5, and 7) and horizontal (feeds 2, 4, 6, and 

8) feeds are combined separately in CST microwave studio post-processing with zero phase 

shift between the ports together to get the array gain as the elements are simulated in CST 

with individual ports. These results represent the optimal performance of the antenna array 

without any losses due the feeding network which is needed in real products. 
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Chart 2.15 The peak gain of combined vertical and horizontal feeds of the 4 element linear antenna 

array 

 

 

Chart 2.16 The XY-cut of the gain pattern of the 4 element linear antenna array‘s both polarization 

ports at 28 GHz 
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Chart 2.17 The XZ-cut of the gain pattern of the 4 element linear antenna array‘s both polarization 

ports at 28 GHz 

 

 

Chart 2.18 The YZ-cut of the gain pattern of the 4 element linear antenna array‘s both polarization 

ports at 28 GHz 

 

Unlike with the unit element gain patterns the difference between the vertical and horizontal 

polarization is not evident in the total gain patterns of the two feeds in the chart 2.16. With 
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more closer look and comparing the charts 2.16-2.18 to charts 2.10-2.12 we can observe that 

the phi and theta components of the vertical feed unit element and the 4 element array are 

behaving same way in the different cuts and are clearly different than the horizontal feed phi 

and theta components. In fact the dominant component is the opposite between vertical and 

horizontal feeds both in unit element and in the full array. This confirms that the dual 

polarization performance is preserved in the full antenna array design. 

Although the distance between the antenna elements in the designed antenna arrays is 

smaller than the minimum requirement of one wavelength for linear arrays to minimize the 

side lobe levels the both polarizations have side lobes visible in the XZ gain-cut in chart 2.17. 

Although the side lobe levels are 16 dB lower than the main lobe a tighter spacing of the 

elements were tried during the array design with 3D EM simulations. The comparison of the 

final design 5 mm element spacing to 3.75 mm element spacing ( ~2 3⁄ − 𝜆) are shown in the 

below charts 2.19-2.22. As seen from the results the side lobe levels shrinks with the 3.75 

mm spacing compared to the wider spacing. But so does the peak gain and the peak gain 

bandwidth. As the designed array is limited with the peak gain compared to the gain 

requirements discussed earlier in this chapter the wider spacing is kept to maximize the gain 

of the antenna array. 

 

 

Chart 2.19 XY-cut of the gain patterns of 4 element linear antenna array with element spacing of 5 and 

3.75 mm distances (vertical polarization feed) at 28 GHz 
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Chart 2.20 XZ-cut of the gain patterns of 4 element linear antenna array with element spacing of 5 and 

3.75 mm distances (vertical polarization feed) at 28 GHz 

 

 

Chart 2.21 YZ-cut of the gain patterns of 4 element linear antenna array with element spacing of 5 and 

3.75 mm distances (vertical polarization feed) at 28 GHz 
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Chart 2.22 The peak gain of combined vertical feeds of the 4 element linear antenna array with 5 and 

3.75 mm element spacing. 

 

 

II.2.3.3 Design of antenna array in FR-4 substrate 

Before designing the full low cost FPC array with the feeding network, two 28 GHz antenna 

arrays with low cost FR-4 substrate were simulated and measured in AVX/Ethertronics 5G 

measurement system to verify the simulation results. 

For this study planar antenna array is used instead of linear array, but the number of the 

elements is kept same (4 elements). The change to planar array is done to help the layout of 

the individual fed antenna array with the restricted space.  

Two versions of the planar four element array were designed, one with individual feed lines 

for each element and polarizations and second with combined feed networks per 

polarization. The two arrays designed are shown in the figures 2.11 and their feeding 

networks in 2.12. The sizes of the antenna elements are slightly reduced to accommodate 

the changed permittivity. Also the stack up of the array has been modified to be better 

suitable for FR-4 manufacturing, shown in figure 2.13. The feeding network, shown in figure 

2.12 a), for the individual feeds has equal length for each transmission line, whereas for the 

combined feed the length of the transmission lines, shown in figure 2.12 b), are equal for 

both polarization, port 1 for vertical polarization and port 2 for horizontal polarization. The 3 

dB power divider for the combined feed is shown in figure 2.14 and the insertion loss from 

port 1 (common port) to port 2 and port 3 is shown in chart 2.23. The power divider has a 
𝜆

4
-
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length long low impedance (35.4 Ω = 
50Ω

√2
) transmission line which converts the combined 

impedance of the two parallel 50 Ω  transmission lines to the 50 Ω impedance of the common 

port (port1) [34]. The T-line power divider is not as efficient as a Wilkinson power divider, but 

is much easier to integrate with the stripline transmission line structure as no external 

impedances are needed [16]. The designed 3 dB power divider is working well at frequency 

range in interest having only 0.5 dB more losses than an ideal 3 dB power divider. 

Also the land pattern for the connector used to connect the array to the measurement system 

is shown in the figure 2.15. The 2.92 mm, also known as V-connector, connector designed by 

Anritsu is a connector especially designed for mmWave frequencies up to 65 GHz. 

 

 

Figure 2.11 2x2 FR-4 planar antenna arrays 
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Figure 2.12 2x2 FR-4 planar antenna array feeding networks 

 

 

 

Figure 2.13 The stack up of the FR-4 antenna arrays 
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Figure 2.14 The 3 dB power divider used in combined feeds feed network 

 

 

Figure 2.15 The 2.92 mm (V-connector) connector’s land pattern in CST simulations 
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Chart 2.23 Insertion loss and input matching of the power divider of the combined feed array 

 

For planar antenna arrays the elements spacing should not be more than half of the 

wavelength of the operated frequency for minimizing the side lobe levels [32]. To find out the 

best spacing for maximizing the gain a same study of the element spacing was carried out 

with the FR-4 planar array with individual feeds as it was done with the linear FPC array. In 

addition with the FR-4 substrate also element placement of 
𝜆

2
 was studied (2.5 mm in FR-4 is 

0.48 λ to be exact). In chart 2.24 the peak gain results of the study are shown for the 

combined vertical ports for the individual feed array. As it was with the linear array the 

highest peak gain is achieved with the 5 mm spacing, the lowest peak gain with the 2.5 mm 

spacing. It can be also seen that placing the element this close to each other the resonant 

frequency is tuned lower in frequency due the loading of the adjacent elements. Placing 

elements further away increase the peak gain and unlike with the linear array the side lobe 

levels do not increase as the placing distance increases as can be seen from the chart 2.25 

where the gain patterns in XZ-plane of the three arrays with different element spacing are 

shown. Although this study was done with the individual feed array they are valid also for the 

combined feed array as the phase shift between the ports is same for both of the arrays. 
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Chart 2.24 The peak gain of combined vertical ports with different element spacing  

 

 

Chart 2.25 The XZ gain-cut of the combined vertical ports with different element spacing 
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After the optimal spacing for the elements is confirmed the two arrays can be designed in 

CST. An extra caution has to be taken when designing the feeding network for the combined 

feeds network. All the transmission lines have to be exactly in same length for optimum array 

performance and to be able to achieve the equal length lines some of the transmission lines 

have to be meandered as we can see from the figure 2.12 b).  

In charts 2.26 to 2.28 the return loss and the isolation between all the ports are plotted for 

both the individual feed (8 port) and combined feeds (2 port) models. As we can see from the 

charts 2.26 and 2.28 the both array’s return losses have periodical minimums. These 

minimums appears to the return loss as the length of the transmission lines, both in individual 

and combined feeds, are multiple wavelengths long. Because these periodical resonances it 

is slightly difficult to see the antennas resonances from the return loss of the individual feeds, 

but with comparing the isolation with the resonance at 28 GHz can be confirmed. The 

antenna resonance is more clearly visible for the combined feed array although it has too 

periodical minimums just like the individual feed array. 

In the charts 2.29 to 2.35 the peak gain and the gain pattern cuts of the both arrays for both 

polarizations are visualized. Just like in the linear array case the combined peak gain and 

gain patterns of the individual feeds (8port) are calculated in the CST post-processing without 

any phase shift between the antennas, for the vertical polarization the ports 1-3-5-7 are 

combined and ports 2-4-6-8 are combined for the horizontal polarization. No results 

combining is done for the combined feed (2port) array as the vertical and horizontal 

polarization feeds are already combined in the model with feeding network. 

The 3 dB gain difference between the individual and the combined feed peak gain results is 

due the longer feeding network design with non-ideal power dividers in the combined feed 

array. Otherwise the two arrays have similar shape of the peak gain curves. The combined 

feed array’s peak gain is just 3 dB lower than the individual feed array’s. The vertical and 

horizontal polarization feeds work correctly and the strongest component (phi/theta) changes 

between the polarization feeds as we can see from the charts 2.32 to 2.35. If we compare the 

2.33 to 2.32 and 2.35 to 2.34 we notice that the back lobe levels are relatively higher for the 

combined feed. This can be explained by the longer feed network lines which are radiating to 

the back side of the array. 
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Chart 2.26 The simulated return loss of the 2x2 FR-4 antenna array with individual feeds 

 

 

Chart 2.27 The isolation between all the feeds of the 2x2 FR-4 array with individual feeds 
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Chart 2.28 The return loss and isolation of the 2x2 FR-4 antenna array with combined feeds 

 

 

Chart 2.29 The peak gain of both FR-4 antenna arrays 
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Chart 2.30 The XY-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

individual feeds at 28 GHz 

 

 

Chart 2.31 The XY-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

combined feeds at 28 GHz 
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Chart 2.32 The XZ-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

individual feeds at 28 GHz 

 

 

Chart 2.33 The XZ-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

combined feeds at 28 GHz 
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Chart 2.34 The YZ-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

individual feeds at 28 GHz 

 

 

Chart 2.35 The YZ-cut of the gain patterns for both polarizations of the FR-4 antenna array with 

combined feeds at 28 GHz 

 

After the arrays design have been finalized in the CST 3D EM simulations the sample 

antennas were manufactured on FR-4 PCB. In the figure 2.16 the manufactured combined 
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feed antenna array is shown with the 2.92 mm connectors. The individual feed array was 

manufactured also but not measured as only two pieces of 50 Ω loads were available for the 

2.92 mm connector during the time of the measurements. 

 

 

Figure 2.16 Front(patch side)- and back(feed network)-view of the manufactured FR-4 antenna array. 

 

At the time when the FR-4 based patch antenna arrays were manufactured the 

AVX/Ethertronics mmWave 5G measurement system was not yet finished, and the array 

performance had to be tested with very rudimentary gain measurement setup, shown in 

Figures 2.17 and 2.18. The two antenna arrays were placed 10 cm from each other over on 

RF absorber and the S2,1 between the two arrays was measured with the Anritsu VectorStar 

MS4647B vector network analyzer. The “gain” was calculated with a formula Gain =

 (𝐹𝑆𝑃𝐿(𝑓) + 𝑆2,1(𝑑𝐵))/2 , where 𝐹𝑆𝑃𝐿(𝑓) is the Free Space Path Loss (dB) given by the 

equation 2.7 [28].  

𝐹𝑆𝑃𝐿 = 20𝑙𝑜𝑔10(𝑑𝑟) + 20𝑙𝑜𝑔10(𝑓) + 20𝑙𝑜𝑔10 (
4𝜋

𝑐
) 

(2.7) 

where 𝑑𝑟 is the distance between the two antennas, and 𝑐 is the speed of light in vacuum 
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Figure 2.17 The gain measurement setup a) side and b) top views 

 

 

Figure 2.18 The Anritsu VectorStar MS4647B millimeter wave VNA 
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Chart 2.36 The return loss and isolation of the measured and simulated combined feed FR-4 antenna 

array 

 

 

Chart 2.37 The Simulated Peak Gains and the Co-Gain of the measured combined feed FR-4 antenna 

array 

 

In the charts 2.36 the measured antenna return loss is compared to the simulated results of 

the combined feed antenna array. The resonance of the antenna is same frequency both in 
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the simulation and measurements but there are very limited periodical resonances in the 

measured results. Also the isolation between the two polarizations is 10 dB better in the 

measurement compared to the simulated isolation. Both the improved isolation and the lack 

of the periodic resonances due the long feeding network can be partially explained with the 

slightly higher losses of the real FR-4 substrate compared to the simulated FR-4 substrate. 

The little bit higher losses of the measured FR-4 dampens the ringing and increase the 

isolation. 

In the chart 2.37 the measured co-polarization “gain” (e.g. co-polarization gain = vertical 

polarization vs. vertical polarization) of the FR-4 antenna are shown. The peak gain of the co- 

polarization of the cross-polarization are 200 MHz lower than the simulated peak gains of the 

vertical and horizontal in polarizations. The peak co-gain value is 4 dB lower than in 

simulations, but as the measurement setup is very rudimentary the gain values between the 

simulation and measurements are not comparable in magnitude. But based on the 

measurement results one can assume that the manufactured antenna arrays are working 

roughly in the frequency they were designed in the CST simulations. 

 

II.2.3.4 Low loss FPC antenna array 

After confirming that the manufactured antenna array is correlating with the simulation model 

the design of the low cost antenna array can be started. To minimize the needed 

transmission lines in the design a combined feed approach from the FR-4 antenna array is 

chosen and to connect the antenna arrays to the centralized FEM (Front End Module) a 

cavity stripline from the chapter 2.2.2 is used to minimize the losses in the array system. 

The design is started with the simplified model only including the antenna array and 

excluding the transmission lines. This way the simulation times can be kept in a reasonable 

level and after the antenna array design is finalized the transmission lines can be added to 

complete the model. 

In the figure 2.19 the designed four element linear antenna array with combined feeds in FPC 

is presented. The antenna array is combinations of the linear element array of figure 2.9 and 

2.12 b) where the element location is from the figure 2.9 and the feed network from figure 

2.12 b). The length of the transmission lines for all th e elements is same for both 

polarizations and the power divider is T-line power divider presented in figure 2.14 with the 

length and width adjusted to the permittivity of the FPC PI substrate. 
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Figure 2.19 Antenna array element of the low cost antenna array 

 

In the chart 2.38 the return loss of both polarization feeds and the isolation between the 

feeds are presented. The antenna array is matched with - 6 dB or better return loss in the 28 

GHz band, also the isolation between the two polarizations is well below -20 dB. 

The peak gain, gain cuts, and the 3D radiation patterns of both polarizations of the antenna 

array element are shown in the charts 2.39 to 2.43. From the gain-cuts patterns the dual 

polarization behavior can be confirmed. The dominant mode of the phi or theta component is 

changing between the polarization feeds as in the earlier designs. The vertical polarization 

has back lobe and side lobe levels of -10 dB and -19 dB respectively. The vertical 

polarization’s back lobe and side lobe levels are slightly deteriorated from the vertical 

polarization and -8 and -16 dB.  
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Chart 2.38 The return loss of both polarization feeds and the isolation of the FPC antenna array 

element 

 

 

Chart 2.39 The peak gain of both polarization of the FPC antenna array element 
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Chart 2.40 The XY-cut of the gain patterns for both polarizations of the low cost antenna array element 

at 28 GHz 

 

 

Chart 2.41 The XZ-cut of the gain patterns for both polarizations of the low cost antenna array element 

at 28 GHz 
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Chart 2.42 The YZ-cut of the gain patterns for both polarizations of the low cost antenna array element 

at 28 GHz 

 

 

Chart 2.43 The 3D radiation patterns for both polarizations of the low cost antenna array element at 28 

GHz 

 

Before merging the antenna array with the transmission lines the last step of the antenna 

array design is to verify that the designed array element is manufacturable with the FPC 
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manufacturing technology. A tolerance study to the antenna array element presented in 

figure 2.19 is performed, changing the copper dimensions in the feed network and antenna 

patch layer and observing the effect to the array’s resonance frequency. Also the effect of the 

PI substrate permittivity variation is taken in account. 

Based on a commercial design guide for FPC circuits a +/- 50 µm variation for the copper 

conductor width is chosen [36]. This variation is a worst case scenario for plated and non-

plated copper for up to 40 µm thick copper layers. For the FPC permittivity variation a five 

percent variation is assumed. For the copper dimension variations uniform change in X- and 

Y-axis is assumed. The nominal length of the feed lines is kept constant and only the widths 

of the lines are changed. The feed via locations are assumed to be constant as their location 

is dependent from the drilling accuracy, not from the accuracy of the lithography process 

which the copper dimensions are dependent. 

In the charts 2.44 to 2.48 the effect of the copper conductor tolerance and PI permittivity 

variance to the array’s resonance frequency are presented. In chart 2.44 only top copper side 

(antenna patch) dimensions were changed while the bottom copper side (feeding network) 

was kept constant and in chart 2.45 the top was kept constant while the bottom layer copper 

dimensions were changed.  In the chart 2.46 the top copper is enlarged by 50 µm while the 

bottom copper is varied by +/- 50 µm and in chart the 2.47 the top copper is decreased and 

the bottom copper varied. The findings of the charts are summarized in table 2.3 for both 

polarizations.  

  

 

Chart 2.44 Copper manufacturing tolerance impact to resonance frequency only on top copper 

(antenna patch side) 
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Chart 2.45 Copper manufacturing tolerance impact to resonance frequency only on bottom copper 

(feed network side) 

 

 

Chart 2.46 Copper manufacturing tolerance impact to resonance frequency on bottom copper and top 

copper enlarged 
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Chart 2.47 Copper manufacturing tolerance impact to resonance frequency on bottom copper and top 

copper deceased 

 

 

Chart 2.48 PI substrate manufacturing tolerance impact to resonance frequency 
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Table 2.3 Summary of the manufacturability test 

 

 

As expected changing the antenna’s dimensions and the substrate’s permittivity have the 

biggest impact to the array’s resonance frequency. The feeding network variation does have 

small impact to the resonance frequency but is mainly affecting the characteristic impedance 

of the feeding network, and thus the input matching of the antenna array. The detuning due 

the manufacturing tolerances is same for both polarization feeds as the feeding network 

length is same for both polarization and the change of the patch dimensions is same for both 

polarizations due the square patch. The combined effect of the metal layers variation with 0.4 

GHz maximum shift of the resonance frequency is still in the manageable range, but in the 

worst case, when the permittivity and the copper dimensions move to same direction, the 

almost 1 GHz frequency shift is large enough to detune the antenna out of the frequency 

band in interest. Thus extra care is needed in mass-production and 100% RF test for the 

antenna array is recommended. 

 

After the mass-production manufacturability of the antenna array is tested and the risks 

understood the merge of the antenna array and the transmission lines for the low cost 

millimeter antenna array can be started. In the figures 2.20 to 2.23 the metallic layers of the 

low cost antenna array are presented. The FPC antenna array consists of 3 separate 

antenna arrays as shown in the figure 2.20. The full FPC length, from Array1 to Array3, is 

160 mm simulating the length of the modern smart phone, and the array element dimensions 

are the same as for the array in figure 2.9. The array is designed so that the Array1 and 

Array3 are in the top and bottom end of the mobile phone and the middle array element, 

Array2, is located middle of the phone top of the battery. To protect the transmission lines 

from the phone’s battery and other metallic structures a stripline transmission line with air 

cavity to minimize the transmission line losses is chosen. Based on the cavity transmission 
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line simulations presented in the subchapter II.2.2 the cavity height is set to same as the 

thickness of the bottom substrate. The FPC arrays have wider air cavity than the simulated 

cavity transmission lines. This due the manufacturing tolerances of the FPC, with the wider 

air cavity the center conductor is guarantee to be in the air cavity. The center conductors of 

the stripline transmission lines are shown in the figure 2.22 and the air cavity cut-outs in the 

PI substrate are shown in figure 2.23. A PI substrate without the air cavity cut-outs is shown 

for reference in figure 2.24. The center conductors are sandwiched between metal layers 2 

and 16 shown in the figure 2.21 and 2.25. The transmission lines are connected to the patch 

element with vias through the metallic layer 2. The whole stack up of the low cost antenna 

array, with and without the air cavity, is shown in figure 2.26. Except the air cavity the two 

antenna arrays are otherwise identical. The adhesive is modelled in the simulations as 

polyimide i.e. the adhesive layer effect to the total layer thickness between the copper layers 

is taken in account but the unknown electrical properties are not. 

The RF test connector layout is shown in figure 2.27 in more details. Each array element has 

its own test connector and the polarization of the array element is chosen by a 0603 (0201 in 

imperial) sized 0 Ω SMT (Surface-Mount Technology) resistor. For measuring the isolation 

between the two polarizations of a single array element “cross connection line” can be used 

to re-route the second polarization to other array element test connector. 

 

 

Figure 2.20 Top layer (antenna patch) of the low cost antenna array (bottom view, metal layer 1) 
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Figure 2.21 Ground plane layer of the low cost antenna array (bottom view, metal layer 2) 

 

 

 

Figure 2.22 Stripline layer of the low cost antenna array (bottom view, metal layer 3) 
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Figure 2.23 PI substrate layer of the low cost antenna array with the air cavity (bottom view) 

 

 

 

Figure 2.24 PI substrate layer of the low cost antenna array without the air cavity (bottom view) 
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Figure 2.25 Bottom layer of the low cost antenna array (bottom view, metal layer 16) 

 

 

 

Figure 2.26 The stack up of the low cost antenna array with and without the air cavity 
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Figure 2.27 The array’s RF test port location and polarization selection in low cost antenna array 
(bottom view) 

 

In figures 2.28 and 2.29 the manufactured low cost antenna array’s top and bottom layers are 

shown for the array with the air cavity transmission lines.  As we can see from the both 

pictures the copper foil of the layers 1, 3, and 16 have slightly collapsed on the area where 

the PI substrate is left out to form the air cavity for the transmission line. This collapse of the 

metal layers will change the distance between the center line and the metal ground layers, 

affecting the characteristic impedance of the stripline and possible increase the transmission 

line losses as the electromagnetic fields couples more to the copper ground planes, as 

shown previously in this chapter. 

Also noticeable from the figures 2.28 and 2.29 is the missing gold plating on the patch 

antennas on the array elements. The gold plating is applied only on coppers areas where 

soldering is required as the nickel metal used in ENIG (Electroless Nickel Immersion Gold) 

gold plating induce more losses than the solder mask used in PCB and FPC production [37].  
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Figure 2.28 The manufactured low cost antenna array, top layer (top view, with air cavity) 

 

 

Figure 2.29 The manufactured low cost antenna array, bottom layer (bottom view, with air cavity) 

 

In addition to the return loss measurements the FCP antenna arrays were also measured in 

the AVX/Ethertronics mmWave 5G measurement system is shown in the figures 2.30 and 

2.31. The AVX/Ethertronics mmWave anechoic chamber has two measurements bands, one 

for 28 GHz band and second for 60 GHz band, covering the frequency range from 26-40 

GHz for the first band and 50-70 GHz for the second band. For the passive efficiency and 

gain measurements Anritsu VectorStar MS4647B vector network analyzer is used which has 

a measurement range from 10 MHz -70 GHz. For measurements four horn antennas are 

used, as can be seen from the figure 2.31, two per frequency band one for each polarization. 
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Figure 2.30 AVX/Ethertronics 5G measurement system for mmWave antennas 

 

 

 

Figure 2.31 The coordinate system and the test horns inside the AVX/Ethertronics 5G measurement 
system 
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In chart 2.49 the return losses of the array element 2 (Array2) with and without the air cavity 

stripline are shown for both simulated and measured arrays. On the simulated results (with 

dashed lines) both polarization of the antennas have resonances at 28 GHz. If the simulated 

return loss results of the full array are compared to the simulated results of the single array, 

shown in chart 2.38, the resonance frequency of the arrays is same but the matching of the 

antenna elements in the array with the stripline are not as good as the matching of the 

elements with only the array element. This is main caused by the vias at the patch elements 

and in the RF test connectors that are through the whole stack up of the FPC. These extra 

long via stubs cause discontinuity in the transmission line and have effect to the 

characteristic impedance of the line, thus affecting the antenna matching. 

When we study the measured results of the full antenna array we see that the resonance 

frequency of the both, with and without the air cavity stripline, measured arrays are tuned 

significantly lower in frequency than their simulated counterparts. The 3 GHz de-tuning 

witnessed in the measurements is three times more than the maximum de-tuning due the 

manufacturing tolerance study let us expect. This de-tuning poses a problem for measuring 

the gain of the antenna arrays as the resonance frequency of the arrays, at 25 GHz, is lower 

than the measurement range of the AVX/Ethertronics 5G measurement system as we can 

see from the peak gain results on the chart 2.50. Thus the real performance of the arrays, 

even if significantly de-tuned in frequency, cannot be verified. 

 

 

Chart 2.49 The return loss of the array 2 in simulations and measurements 
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Chart 2.50 The peak gain of the array 2 in simulations and measurements 

 

 

The de-tuning of resonance frequency of the manufactured low-cost antenna arrays is 

something very un-expected in its magnitude. Some de-tuning was expected as the 

simulation models are always an ideal case without any variation due the manufacturing 

process or materials. And as the FPC manufacturing process tolerance study did not forecast 

more than 0.9 GHz shift (in worst case), 3 GHz de-tuning was not expected.  

If the air-cavity sample would have been de-tuned alone, the inaccuracy could have been 

pointed out to the collapsed air cavities and their affect to characteristic impedance 

transmission lines. But as the array without the air cavity transmission line is also de-tuned, 

although slightly less, the root cause of the de-tuning is not only due the collapsed cavity.  

One explanation could have been that due the several resonances on the simulated return 

loss the correct resonance frequency of the low cost antenna array has not been correctly 

identified and instead of radiating at 28 GHz the real resonance frequency would have been 

between 26 and 27 GHz. The simulation results of the array element alone and the simulated 

peak gain results of the full low cost antenna array presented on chart 2.50 does not support 

this theory. The simulated peak gain of the full array occurs at the 28 GHz as does the return 

loss and the peak gain of the simulated array element in the charts 2.38 and 2.39.  

Thus either the 5% variance for permittivity of the FPC substrate is not large enough for 

taken in account the manufacturing process or the simulation model of the full array is not 

correctly taken in account all the effects of the array structure and materials used in 

millimeter wave frequencies, such as the surface roughness of the copper foil in used in the 

FPC arrays.  
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II.3 Conclusions 

It has been shown through electromagnetic simulations that it is possible to reduce the 

losses of a stripline transmission line by introducing an air cavity. This result made it possible 

to consider using a centralized mmWave antenna architecture, where the antenna arrays are 

connected to the RF FEM (Front End Module) and/or MCU/Baseband (Micro Control Unit) via 

RF-lines, for the three antenna array network inside a mobile device. Two combined feed 

antenna arrays in FR-4 substrate and FPC substrate were designed, manufactured and 

tested around 28 GHz. The obtained measurement results show offset of the operating 

frequency around 25 GHz. Unfortunately, the three antenna array FPC is too large and 

complicated test vehicle to be able to analyze and comment results, both in simulations and 

prototype measurements. 
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General Conclusions  

 

In this thesis a frequency tunable filters for sub 6 GHz bands and a low cost millimeter wave 

(mmWave) antenna arrays were investigated for the upcoming 5G NR (Fifth Generation New 

Radio) mobile devices. The thesis has been divided into two parts and so are the general 

conclusions for this thesis. The first part of this chapter is concentrated on the frequency 

agile filter and the second part to the mmWave antenna array.  

 

Part I: Frequency agile filter 

 

For the frequency agile filter a filter based on combline structure was studied using 

commercial RF SP4T (Radio Frequency, Single Pole – Four Through) switch, based on SOI 

CMOS (Silicon On Insulator, Complementary Metal-Oxide-Semiconductor) transistors, as 

tuning elements. The resonators are formed by stripline and microstrip line sections 

connected by vias. The frequency agile combline filter was designed in 3D EM (Three 

Dimensional Electromagnetic) full wave simulation software (CST) with LTCC (Low 

Temperature Co-fired Ceramic) ceramic substrate. In addition to the filter structure also the 

full control and power line network for the RF switches were integrated into the filter. The final 

designed filter included all the necessary connections inside the LTCC block to be able to 

operate the frequency agile filter without any external components other than the control 

traces in the mobile device PCB (Printed Circuit Board) as demonstrated with the prototype 

measurements. 

The combline filter structure used in this thesis is well known and the basic operation theory 

is well studied. In this thesis two new concepts are introduced for the frequency agile 

combline filter; commercial SP4T RF switch as a tuning device and parallel resonator load for 

center frequency and bandpass bandwidth controls. 

 

Bandpass bandwidth controlled frequency agile filters have been studied previously. The 

bandwidth control has been achieved using non-resonant transmission lines between the 

resonant transmission lines, distributed capacitive and corrugated couplings lines, mixed 

electrical and magnetic coupling structures, and inductors for input/output coupling. 

Excluding the use of inductors for input and output coupling the previously studied solutions 

requires complex design of coupling or decoupling lines which shape, size, and spacing are 

critical to their performance. This increase the complexity of the filter and except the non-

resonant transmission lines does not give full freedom to optimize the bandpass bandwidth to 

each resonance frequency as they offer only constant bandwidth over the whole frequency 

range. In this thesis the passband bandwidth control is implemented to combline filter with 

lumped inductor in parallel with the tuning capacitor used to tune the resonance frequency of 
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the combline filter. The lumped inductor eliminates the complexity of the non-resonant 

transmission lines, distributed capacitive and corrugated couplings lines, mixed electrical and 

magnetic coupling structures and simplifies the filter design. In addition to the simplification 

the parallel load also enables resonance frequency independent bandwidth control for all the 

resonance frequencies. The lumped inductors as a passband bandwidth controller have been 

demonstrated both in theoretical synthesis and in 3D EM simulations in this thesis.  

In the simulation ideal inductors and capacitors were used to model the tuning circuitry. It 

was assumed that the high-Q RF lumped inductors and capacitors would have only a minor 

effect to the insertion loss of the filter and that the losses of the RF switch would have the 

biggest impact to the filter losses. In the prototype measurements it was quickly find out that 

the inductor parallel the capacitor had 3dB more losses compared to the measurement 

results with capacitor only. Thus the first assumption was proven wrong on the part of the 

inductor and realistic models, such as S-parameter models, from component suppliers have 

to be used in the 3D EM simulations so that the filter performance can be modelled 

realistically in the simulation tools. Such component models are readily available from 

lumped RF component suppliers, such as AVX and muRata, webpages. 

Varactors and MEMS (Micro Electro Mechanical Systems) switches and capacitor banks are 

commonly used in the frequency agile filter research as the tuning device to change 

resonance frequency of the filter. The downside of using them is their need of high control 

voltages, up to 100 V, which are difficult to provide in a battery powered mobile devices. To 

mitigate the need of the high control voltages, commercial SP4T RF switch was studied as a 

tuning device for the frequency agile combline filter in this thesis. Commercial SP4T RF 

switches use 3V as a power and control voltage which makes them an ideal tuning device for 

frequency agile filter mobile device applications. In this thesis Ethertronics EC 686 SP4T RF 

switch, based on SOI CMOS technology, is used as a tuning device. The EC 686 supports 

different communication protocols for controlling the state of the switch. The digital SPI and 

MIPI protocols are the most convenient for multi switch configurations as the switch state 

data is communicated in series format, thus minimizing the number of control lines needed.  

In the 3D EM simulations the switch landing pattern and the transmission lines from the 

switch to the tuning components were modelled on the two top copper layers of the LTCC 

ceramic block and the switch and the tuning components as a RF ports inside the simulator. 

In the post-processing the tuning component ports were modelled as inductors and 

capacitors, and the RF switch was modelled with the RON resistance of the switch provided 

from the datasheet of the EC 686. Although this permitted to take in account the ohmic 

losses of the switch in the EM simulations it was found out in the prototype measurements 

that it didn’t modelled correctly the RF switch affect to the filter’s performance. As seen from 

the 1st chapter prototype measurements, adding the RF switch to the manufactured filter 

destroyed the filters insertion loss and frequency agility performance. This was not expected 

as the same switch has been used successfully on several antenna frequency tuning circuits. 

The performance drop witnessed is most likely because of the RF IC (Integrated Circuit) 

packaging and/or the IC internal routing and placement of the transistors. Especially the IC 

internal routings are not practical to integrate into the 3D EM simulations. As the dimensions 

inside the CMOS IC are in nanometer scale and the modelling and meshing becomes 



Jaakko KYLLÖNEN | Thèse de doctorat | Université de Limoges | 18 décembre 2019 131 

 

challenging with a normal work desktop computer. Also for all the commercial RF switches 

the layout of the transistors are company confidential information and are not available for 

designers outside the company. Thus more extensive studies are needed to understand 

better why the frequency tunability was lost with the CMOS RF switch before they can be 

used in commercial frequency agile combline filters as a tuning device.   

 

For the future work on the frequency agile filter: 

 

∙ A re-simulation of the combline filter should be done using more realistic component 

models for the parallel load inductors and capacitors. The spacing of the combline 

resonators inside the LTCC block can be optimized to minimize the losses induced by 

the parallel load inductor. 

 

∙ Also other methods to implement the parallel load inductor than the lumped 

components should be investigated to minimize the losses due the inductor. 

 

∙ The CMOS RF switch impact to the combline filter should be investigated further as 

discussed already in this general conclusion. The transistor level modelling inside the 

3D EM simulations is most likely too complicated task. But the impact of the CMOS 

RF switch packaging should be possible to carry out. A re-simulation of the combline 

filter should be done using realistic model for switch integrating capacitors and 

resistances. The values of the elements of the equivalent circuit could be validated by 

making measurements on the switch in the operating frequency band of the filter.  

Also others manufacturers CMOS switches and different switch types (e.g. SPDT) 

should be tested to confirm this thesis findings of the CMOS switch to the filters 

performance. There is no need to test MEMS or varactor as these have been already 

proven a successful tuning device for combline filters. 
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Part II: Low cost mmWave antenna array 

 

In the second part of the thesis, a low cost mmWave antenna array was studied on polyimide 

(PI) substrate used in commercial flexible printed circuits (FPC) boards. Also a low loss 

transmission line topology, based on strip line, was studied for a centralized mmWave RF 

architecture, were all the antenna arrays are connected with RF transmission lines to one 

central RF IC which takes care the filtering, down/up converting, and digitalization/ analogize 

of the in/out-coming signal and distributing the signals to different antenna arrays. 

To reduce the transmission line losses in centralized mmWave RF architecture a low loss 

shielded RF lines are needed. In the sub 6 GHz frequency range coaxial RF-cables are 

commonly used in mobile devices, but the PCB connectors used with sub 6 GHz RF-cables 

won’t work in the mmWave frequencies. Thus integrated transmission lines, such as strip 

lines, are an interesting transmission line topology for mmWave devices. Although strip lines 

are more lossy than the microstrip lines they provide better isolation from the RF interference 

and metal structures inside the mobile devices. One way to mitigate the losses of the stripline 

is to introduce an air cavity over the center conductor of the stripline. With the introduction of 

the air cavity have of the electromagnetic fields are travelling in low loss air instead of the 

more lossy substrate material, such as FR-4.  

Similar technique has been studied before in higher frequencies (above 33 GHz) with 

rectangular co-axial cables using additive micro-fabrication techniques by François David in 

his PhD dissertation “Etude de composants micro-coaxiaux à fort facteur de qualité pour 

applications en bande Q/V”. In addition to the substrate material also the rectangular shape 

used in the David’s thesis are not attractive for consumer mobile devices. Thus a new study 

was done using polyimide substrate and stripline topology, also the frequency range used in 

this study, 0-35 GHz, is more appropriate for the 5G mmWave frequencies. 

For the 3D EM simulations two different stack-ups were studied with two different widths of 

air cavities over the central conductor. Based on the E- and H-field results in 28 GHz it was 

expected that the reduced height stack-up stripline, where the center conductor has non-

equal distance to the two ground planes, would have had lower insertion losses compared to 

the “normal”, equal distance, stack-up striplines. With the reduced height stack-up the E- and 

H-fields were more concentrated in the air cavity region, compared to the equal distance 

stack-up, and thus higher percentage of the electromagnetic-field would traverse in lower 

loss medium. But the insertion loss results showed that this assumption was not correct and 

the copper conductor losses, albeit of optimistic conductivity parameters, over ruled the 

benefits gained from concentrating the fields in the air cavity region. 

Based on the simulation results the width of the air cavity is not as critical parameter as the 

stack-up of the stripline for the air-cavity, as long as the width of the air-cavity is larger than 

the width of the center conductor. 

Overall this new study confirms the findings on the “Etude de composants micro-coaxiaux à 

fort facteur de qualité pour applications en bande Q/V” in lower frequencies and shows that 
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with introducing an air-cavity in to a stripline the losses of the stripline transmission line can 

be reduced. The reductions of the losses are significant with longer length of transmission 

line, 2-3 dB in 150 mm length stripline. As the size of the consumer mobile phones have 

been increased the air-cavity stripline can bring clear benefits for low cost mmWave antenna 

arrays. 

 

After the performance of the air-cavity stripline at 28 GHz on polyimide was confirmed a low 

cost antenna array was designed on polyimide substrate. The antenna array consist of four 

co-linear patch antennas with dual polarization feeds, one for vertical and one for horizontal 

polarization. The antenna element spacing and the power divider network was optimized in 

CST for maximum peak gain performance. Also the manufacturability of an mmWave 

antenna array on polyimide was tested with parametric simulations on 3D EM simulator. The 

copper layer manufacturing tolerance and the permittivity fluctuation (εr +/- 5 %) was taken 

account on the parametric simulations. The manufacturability simulations indicated that the 

permittivity is the most sensitive parameter, i.e. it had the biggest impact, to the antenna 

resonance frequency. In a worst case scenario, when the substrate permittivity change 

enhances the frequency detuning due copper dimension change, a 1 GHz frequency shift is 

possible. Thus extra cautions is needed during the manufacturing of the antenna arrays on 

polyimide and if possible try to minimize these effects during the design process.  

Based on the air-cavity stripline and antenna array simulations a prototype antenna array 

was designed with three separate antenna arrays on single large FPC, one array in the 

middle and two at the adjacent ends of the FPC. Two sets of arrays were manufactured, one 

with the air-cavity striplines and one with normal stripline stack-up i.e. without air-cavity. 

Unfortunately both of the samples were detuned in frequency (around 25 GHz) out of the 

measurement range of the AVX/Ethertronics 5G mmWave chamber (26-40 GHz) and thus no 

reliable antenna performance results were acquired. 

Upon the visual inspection it was observed that the top ground plane layer of the air-cavity 

line was partially collapsed over the center conductor on the prototype antenna array with the 

air-cavity stripline and a clear indentation was visible throughout the length of the stripline 

with the air-cavity. Due the collapse of the top ground plane the characteristic impedance of 

the stripline is no longer optimal. And as the electromagnetic fields are coupling stronger to 

the ground plane also the insertion losses are higher. The collapse of the top ground plane 

metal is not the only reason why the antenna array was tuned out of the band, as the 

antenna array without the air-cavity was also, although not as much as the array with the 

cavity, de-tuned lower in frequency. It is not clear what caused the de-tuning of the array. 

One culprit could be higher than expected permittivity of the adhesive layer which was 

modelled as a normal polyimide layer in the 3D EM simulations. 
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For the future work on the low cost mmWave antenna array: 

 

∙ The air-cavity stripline’s mechanical structure has to be redesigned so that the 

drooping of the top layer ground plane can be eliminated or at least minimized. This 

can be achieved by adding support structures inside the air-cavity. A balanced trade-

off between the support and the removal of the substrate should be studied. 

 

∙ After a mechanical solution for the air-cavity has been found new study for the air-

cavity transmission line has to be done to verify the possible benefits compared to 

traditional stripline transmission line. 

 

∙ The dielectric properties (𝜀𝑟  and 𝑡𝑎𝑛𝛿) of the multi-layer substrate should be reliably 

characterized around the 28 GHz in order to introduce them into the electromagnetic 

simulations. 

 

∙ A simplified antenna array with a modified air-cavity transmission line should be 

designed and manufactured on polyimide. The three antenna array FPC is too large 

and complicated test vehicle to be able to get good and reliable test results, both in 

simulations and prototype measurements. 
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