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1  INTRODUCTION 

The first substrate integrated waveguide (SIW), proposed by Dominic Deslandes in 

2001 demonstrated that a structure of shorting pins arranged to a set of two mutually 

parallel rows in a dielectric substrate shows similar properties as a conventional 

rectangular waveguide. Since then, SIWs became very broadly used in the microwave 

designs. 

 The main advantage of the SIWs in comparison to the conventional waveguides 

is low weight since a microwave substrate, covered by thin metal layers on top and 

bottom is used, instead of thick metal walls. In effect, also material costs of such 

a structure are reduced. To manufacture a SIW, no special approach is needed, existing 

and refined printed circuit board technology is reused, making the SIWs widely 

accessible to various institutions and audience. The SIW technology also allows to 

easily create various shapes and network interconnects that would be rather difficult, if 

not impossible, to realize with the conventional waveguides. The most important 

examples are the transitions between the microstrip line and grounded coplanar 

waveguide (GCPW). Those transitions allowed natural integration of the waveguide 

structures to microwave electronics, resulting in increased efficiency and space 

savings. 

 Among the disadvantages we can include higher losses in comparison to 

conventional waveguides and radiation leakage through the side walls, which are made 

of the shorting pins. However, the advantages of the SIWs by far outweigh their 

disadvantages in most of the applications. 

 One of the areas, where the SIWs became very popular, is antenna and antenna 

array design. It is very convenient that the antenna elements can be integrated to the 

SIW, like it is usual for classical waveguides. An obvious limitation is, that only top 

and bottom wall can be utilized for this purpose. This way, the radiating elements are 

part of the transmission line, therefore an integrated and space saving solution is 

obtained. With all the above mentioned advantages, the SIWs are ideal for integration 

of the antenna structures to the systems. 

 Not only simple, but also stacked multilayer antenna structures can be based on 

a SIW. This further increases their level of utilization in the area. An example can be 

a patch antenna on the top layer, excited by a coupling slot on the bottom layer to 

whom the energy is delivered by a SIW. This particular set up excels in modularity and 

customizability. Simply by varying the shape of the patch and its position, linearly or 

circularly polarized antennas can be obtained without the need to redesign the whole 

structure. A stack up of two layers can be used for design of arbitrarily large antenna 

arrays, using smaller blocks as building modules. 

 As the current trend is to increase the operation frequency of systems up to the 

band of millimeter waves, such a setup is very suitable for use in the research and it is 

precisely the objective of this thesis. 
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2  STATE OF THE ART 

Brief introduction into the field of substrate integrated waveguides and circularly 

polarized patch antennas is given in this chapter. The focus is drawn to the 

electromagnetic modes that can be created inside the substrate integrated waveguides. 

Next, operational principles of a circularly polarized patch antenna are described. 

 

2.1 SUBSTRATE INTEGRATED WAVEGUIDES 

Until 2001, conventional waveguides were used in microwave designs. To 

approximate a conventional waveguide by two sets of parallelly placed rows of 

shorting pins in a metalized microwave substrate was for the first time proposed in [1]. 

Since the SIWs had been introduced, interest of the researches in this technology grew 

rapidly. Good reference materials can be found in [2]. 

 The basic operation of a SIW is very analogous to operation of a classical 

rectangular waveguide. If the SIW is excited by an EM wave, whose frequency is 

higher than the SIW’s cutoff frequency, then the wave propagates through the SIW 

almost without attenuation [1]. This cutoff frequency is given by the width of the SIW 

(distance between the rows of shorting pins) and the dielectric constant of the used 

microwave substrate. To obtain a so called equivalent SIW (to a classical rectangular 

waveguide), also the diameter of the shorting pins and their spacing need to be 

considered in the calculations [2]. 

 Many microwave structures have been designed, using the SIW technology. 

Microstrip line to SIW or GCPW to SIW transitions are used to connect the SIW to 

traditionally used transmission lines and connectors [1, 3]. In principle, the SIWs are 

not subject to any standardized sets (WR waveguides), therefore various types of 

unique power dividers and couplers can be designed [4, 5, 6]. Microwave filters are 

also devices, where the advantages of SIWs bring considerable improvements in 

customization [7, 8, 9]. Finally, antennas and antenna arrays based on SIW were 

presented [10, 11, 12, 13]. Though, modular designs have not been discussed in the 

known literature. The SIWs therefore offer a complex set needed to integrate the 

microwave part of the system to the printed circuit board. 

 In the known literature, the current maximum operation frequency on which the 

SIW structures have been designed on conventional microwave substrates is 94 GHz 

[14, 15, 16]. 

 

2.1.1 Electromagnetic modes in the substrate integrated 

waveguides 

Comparing to a classical rectangular waveguide, the number of mode types that can 

propagate through a SIW, is considerably reduced. Because the side walls are 

composed of shorting pins, therefore there are not solid, TM modes cannot propagate 

through the structure without significant attenuation [17]. Since the height of a SIW is 

usually much lower than its width, the cutoff frequencies of TE0x modes are much 

higher than the cutoff frequencies of TEx0 modes. Therefore, the SIWs practically 
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operate with TEx0 modes only. Since the most microwave waveguide designs operate 

under the condition of the exclusive existence of TE10 mode (single mode band), this 

property is not limiting and can be viewed rather as an advantage.  

 Since the only limitations are the cutoff frequencies of TE10 and TE20 modes 

and the bandwidth required by the particular system, the SIWs offer great 

customizability in terms of their width. This allows to tune the guided wavelength in 

continuous way and precisely adapt it to the needs of the design. 

 

2.2 CIRCULARLY POLARIZED PATCH ANTENNAS 

The principles on which the patch antennas operate, are very well explained in [18]. 

A typical patch has the shape of a rectangle, however other shapes are also applicable. 

The first resonant frequency (mode) of a patch antenna is a frequency whose half-

wavelength corresponds with the length of the patch. Under this condition, the field 

distribution within the patch creates a regular radiation pattern with the main lobe 

maximum directed perpendicularly to the antenna structure. Such an antenna radiates 

a linearly polarized wave. A patch antenna can also operate with the circular 

polarization under the condition of exciting two orthogonal modes within the patch 

with mutual phase shift of 90 degrees [18]. Currently, circularly polarized patch 

antennas are in the known literature described up to the frequency of 60 GHz [19, 20].  

 

2.2.1 Feeding options of a patch antenna 

A patch antenna can be fed by various techniques. The most common is microstrip line 

and coaxial probe [18]. The feeding point is located with respect to the impedance of 

the antenna so it would be matched with the characteristic impedance of the 

transmission line used for feeding. Exciting the patch by a coupling slot has been 

described in [21]. Such a configuration combines the advantages of both previously 

mentioned solutions – the patch is not disrupted by the transmission line and therefore 

its properties are not degraded (feeding by coaxial probe) while preserving the ease of 

constructing antenna arrays with no significant increase of the structure’s profile. In 

such case, a SIW can be used as the transmission media, creating a multilayer structure 

[22]. 

 

2.2.2 Extending axial ratio bandwidth of the patch antennas 

The conditions for generation of a circularly polarized wave with a patch antenna are 

typically met only for a narrow interval of wavelengths. Since the increasing data rate 

is closely related to the required bandwidth of the system, wider bandwidths are also 

demanded in case of the antennas. In effect, techniques how to increase the axial ratio 

bandwidth have been proposed [23, 24, 25, 26]. However, for some applications, the 

bandwidth is still insufficient. 

 



 

 8 

3  OBJECTIVES 

The previous, state of the art section of this thesis described the properties of two 

technologies – substrate integrated waveguides and patch antennas. The attention was 

mostly focused on versatility and customizability of both solutions, resulting in a good 

potential of utilizing these structures for construction of antenna array systems in the 

millimeter wavelength band. Based on this analysis, the main objectives of this 

dissertation thesis are formulated in this section. The objectives can be divided into 

two main research areas.  

Objective 1: Design a circularly polarized 2x2 antenna array of patch antennas fed 

by substrate integrated waveguide. 

 The design of the array will be realized ascendingly at two frequency setpoints: 

17 GHz and 60 GHz. The results will be compared, and sensitivity analysis will be 

performed in order to assess feasibility of the solution at the 60 GHz frequency 

setpoint with respect to the accuracy of the existing manufacturing methods and 

available materials. Power division network based on substrate integrated waveguides 

will use suitable elements to ensure proper phase distribution of the signal within the 

array. Cutoff frequencies and corresponding dimensions of the substrate integrated 

waveguides will be analyzed in order to optimize parameters of the array. The array 

should serve as a base building block to create larger arrays therefore, the design 

should show modular properties. A suitable transition to the substrate integrated 

waveguide will be analyzed for each frequency setpoint. Focus will be also drawn to 

maximization of the level of integration resulting in minimization of needed layers of 

the microwave substrate and used area. Existing improvement techniques of extending 

the axial ratio bandwidth will be incorporated in the array design. Guidelines and 

methodology will be the result of the first objective. 

 

Objective 2: The research of possibilities of increasing the axial ratio bandwidth of 

circularly polarized patch antennas 

 

Exploitation of parasitic patches, placed above the original antenna array structure, 

to increase the axial ratio bandwidth of the array, will be introduced as a new 

technique to considerably improve the characteristics. Verification will be done by 

simulations and measurements. Parametric sweep will be performed in order to 

identify the key parameters, which influence the properties of the system. Description 

of the new technique and methodology will be the result of the second objective. 
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4  ANTENNA ARRAY DESIGN AT 17 GHZ 

4.1 INTRODUCTION 

The array is required to have the following properties: 

• Center frequency of 17 GHz. 

• Modularity – the array should serve as a base building block to create larger 

arrays. 

• Circular polarization. 

• Patch radiating elements. 

• Maximum utilization of the substrate area. 

4.2 DESIGN OF THE ARRAY 

The array consists of two layers of Cuclad 217LX with relative permittivity εr = 2.17 

and height h = 1.524 mm. 

Power flow within the structure is shown in Fig. 4.1. In the top layer 

a grounded coplanar waveguide to substrate integrated waveguide transition is 

exploited to provide means of connecting an SMA connector, which is necessary to 

conduct the measurements [27]. Further on there is a power divider, which splits the 

power with the same amplitude and phase into two arms using a shortening pin. At the 

shortened end of each arm a coupling slot (A) is used as a transition into the bottom 

layer [28]. 

The coupling slot (A) also plays role of another power divider which divides the power 

with the same amplitude but the opposite phase to a set of two substrate integrated 

waveguides in the bottom layer whose purpose is to distribute the power to the 

radiating elements. The phase inversion is here necessary to obtain a radiation pattern 

with the maximum located in the direction perpendicular to the structure. At both 

shortened ends of each substrate integrated waveguide there is a coupling slot (B), 

which excites the radiating element in the top layer. Considering the fact that 

the coupling slot (A) cannot be located in the middle of the substrate integrated 

waveguide in the top layer, the structure is not axially symmetrical in the horizontal 

direction. Otherwise, the coupling slot (A) would have to be moved and an additional 

and unwanted phase shift would be introduced into the structure due to different 

distances to the coupling slots (B) resulting in divergence of the main lobe from the 

direction perpendicular to the structure. 

The rectangular-shaped patches in the top layer are the radiating elements of 

the array. The patches were rotated by 45° in order to obtain circularly polarized wave. 

Around each patch a via fence was added to reduce coupling between the patches, 

resulting in wider axial ratio bandwidth [30]. Vias, which form the inner part of the 

fence around the bottom patches, serve also as walls of the substrate integrated 

waveguide power divider. Finally, metallization around the array was added to 

improve symmetry of the radiation pattern and axial ratio bandwidth. 
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Fig. 4.1 Power flow within the array structure 

 

Width of the substrate integrated waveguide in the top layer has been reduced to 

minimize the distance between the patches in the horizontal direction. Therefore, the 

cutoff frequency of this waveguide is close to 17 GHz which is the center frequency of 

the array. Width of the substrate integrated waveguide in the bottom layer has been 

increased to reduce guided wavelength and minimize the distance between the patches 

in the vertical direction. As a result, area of the array has been minimized. 

The ratio between the sides of the rectangular patches has been optimized to 

maximize axial ratio bandwidth. 
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Fig. 4.2 Layout of the bottom layer 

 

 
Fig. 4.3 Layout of the top layer 
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The dimensions of the array are summarized in Table I. Refer to Fig 4.2 and Fig 4.3 

to see how each parameter corresponds to the design of the array. Unless denoted 

otherwise in the figures, all dimensions related to the SIWs are referenced to the 

centers of the vias. 

 

Table I Dimensions of the array for the center frequency of 17 GHz 

parameter dimension (mm) parameter dimension (mm) 

L 65.00 W6 1.00 

L1 32.40 W7 0.30 

L2 7.50 W8 3.00 

L3 6.50 W9 5.00 

L4 3.92 D1 7.20 

L5 5.00 D2 12.80 

L6 3.50 D3 7.25 

L7 13.60 D4 8.35 

L8 11.60 D5 0.70 

W 57.27 D6 2.50 

W1 10.00 D7 0.90 

W2 0.30 Dv 0.60 

W3 0.60 DS 1.01 

W4 5.08 R 45.00° 

W5 7.20   

 

The final structure is suitable to be used as a base building block for larger 

arrays as the feeding network is designed to be easily connectable by SIW 

interconnects that have the same configuration as within the base building block. Such 

an array will then have a fractal-like configuration since the same pattern is applied for 

each iteration and the design elements within the base building block serve as the 

construction template. The time required to design this kind of an array is therefore 

greatly reduced. A 4x4 array shown in Fig. 4.4 can serve as an example. 
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Fig. 4.4 Example of a 4x4 array assembled from four 2x2 base building blocks 

4.3  SIMULATIONS AND MEASUREMENTS 

In the initial step, solid side walls of the waveguides, perfect electric conductivity of 

all metallic surfaces and lossless dielectrics have been considered to reduce simulation 

time. At the advanced stage of the design, ideal properties of the materials were 

changed to realistic models and solid side walls of the waveguides were replaced 

by vias. Optimization has been performed to obtain an equivalent substrate integrated 

waveguide. 

In addition, by omitting the rotation of the radiation elements, the array can 

easily be modified to radiate a linearly polarized wave. 

 

Photograph of the fabricated array is shown in Fig. 4.5. 

  

 

Fig. 4.5 Manufactured array 
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Impedance characteristics of the array are shown in Fig. 4.6. Resonance frequencies of 

the simulated array appear at 16.82 and 17.23 GHz. The fabricated array shows 

resonance at 16.77 and 17.27 GHz. The absolute value of the reflection coefficient of 

the fabricated array is higher due to finite precision of the manufacturing process and 

imperfect SMA connector mounting, which has been done by hand. The connection 

therefore does not reach the ideal quality assumed in the simulation model.  

 
Fig. 4.6 Frequency response of the magnitude of reflection coefficient at the input 

of the antenna array: measured (solid), simulated (dotted). 

 

Impedance bandwidth of the simulated array (the condition |S11| < −10 dB) is from 

16.64 GHz to 17.55 GHz (5.1 % relatively). The low frequency limit of the measured 

array appears at 16.65 GHz, and the upper one is at 17.46 GHz.  
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Fig. 4.7 Frequency response of the axial ratio in the main lobe direction 

of the antenna array: measured (solid), simulated (dotted). 

 

Polarization properties of the designed antenna are characterized by axial ratio (see 

Fig. 4.7). The circular polarization bandwidth (the condition |AR| < 3 dB) 

of the simulated array is from 16.4 GHz to 17.58 GHz. The low frequency limit of the 

measured antenna appears at 16.45 GHz, and the upper one is at 17.65 GHz. 
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Fig. 4.8 Radiation patterns of the array in YZ and XY plane: measured (solid), 

simulated (dotted). 

 

Radiation patterns of the antenna are shown in Fig. 4.8. The main lobe is oriented 

perpendicularly to the surface of the substrate. The beam width (3 dB decrease of gain 

with respect to main lobe direction) is 27.1° in the xy plane and 30.1° in the yz plane. 

Minor pattern distortion of the manufactured array is caused by the fact that some 

of the vias were not ideally manufactured. Ratio between diameter and height of the 

vias was beyond safe limits of the used technology for the chosen material therefore 

manufacturing without defects was not guaranteed. 

4.4 DESIGN METHODICS 

The design process can be summarized into the following list: 

1. Define the desired center frequency of the array structure and choose a suitable 

material for the substrate. 

2. Design and optimize classical rectangular waveguides to be used for signal 

delivery in the first iteration of the model. 

3. Design and optimize the power division and phase shifting elements to achieve 

the desired transformations of the input signal. 

4. Calculate and optimize the positions of the coupling slots that feed the radiating 

elements. 

5. Identify and design a suitable method of feeding the array structure with respect 

to the defined center frequency. 

6. Optimize the dimensions of the radiating element (rectangular patch) and the 

ratio of its dimensions to achieve the desired polarization properties at the 

defined center frequency. 

7. By using a simplified model, consisting of only a simple rectangular waveguide, 

the radiating element and the feeding coupling slot, optimize the dimensions of 
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the coupling slot and its relative position to the radiating element to achieve 

optimal performance with the radiating element. 

8. By assembling the designed components, create the base building block 

consisting of four radiating elements and by using optimization methods, fine 

tune its properties to provide maximum performance at the defined center 

frequency. 

9. Design and optimize equivalent substrate integrated waveguides to replace the 

classical rectangular waveguides. 

10. Confirm properties of the array with substrate integrated waveguides. If needed, 

further optimize the structure. 

4.5 CONCLUSION 

In the chapter, design of a modular circularly polarized patch antenna array for the 

center frequency of 17 GHz is described. 

 

The design brings the following improvements: 

 

• The feeding network geometry has been designed in such way that the array 

can be considered as a base building block to create larger arrays. The array 

therefore shows modular properties. A 2x2 matrix of the building blocks (see 

Fig. 4.4) forms a 4x4 array. The only task for the designer is to connect the 

blocks by an interconnect network that utilizes the same pattern as the base 

block. The base building block then also serves as the template to realize the 

larger array – the design is self-documented. Structural regularity is a natural 

property of such an array and the time needed to design it is greatly reduced 

because the critical part is ready to use. Resulting array structures resemble 

fractals and the number of radiating elements can be theoretically extended 

infinitely while maintaining the constant number of layers and the level of 

complexity. Open literature does not deal with structures that incorporate this 

kind of modularity. 

 

• In open literature, similar arrays consist of three layers [30]. This design 

reduces the number of layers to two by increasing the level of integration, 

utilizing the walls of the substrate integrated waveguides (SIWs) as part of the 

via fence. This way, all the available area gets utilized, reducing space and 

material requirements. 

 

• Disproportion of reflective surfaces around the radiating elements cause 

distortion of the radiation pattern and narrows down the axial ratio bandwidth 

[29]. Metallization around the array structure has been added to compensate for 

those effects. 
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5  CONVERSION TO 60 GHZ 

The requirements for the array are the same as listed in chapter 4.1, except for the 

center frequency, which is in this case 60 GHz. 

 

The converted antenna array is built on the same microwave substrate (Cuclad 

217LX), however the height was reduced to h = 0.508 mm. In the first step, all the 

components were scaled down with respect to the shortened wavelengths. After that, 

the model was optimized by the same workflow as for 17 GHz to obtain properties as 

similar as possible. First, using the solid side wall model, later the fully realistic model. 

 

The final model for 60 GHz setpoint was created by addition of the WR15 to SIW 

transition to the converted antenna array structure’s SIW input (see Fig. 5.1).  

 

 

Fig. 5.1 Final model for 60 GHz 

5.1 MEASURED RESULTS 

Manufactured array can be seen in Fig. 5.2. 
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Fig. 5.2 Manufactured array for the center frequency of 60 GHz 

  

 

Fig. 5.3 shows comparison of the simulated and measured frequency response of the 

reflection coefficient. As can be seen, impedance bandwidth of the measured array is 

smaller (59.72 – 62.86 GHz, 5.2% relatively) in comparison to the simulated array 

(58.9 – 62.4 GHz, 5.8% relatively). In addition, the characteristic is shifted towards 

higher frequency. 
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Fig. 5.3 Frequency responses of the magnitude of reflection coefficient for the simulated 

and measured antenna array. 

 

Fig. 5.4 shows comparison of the simulated and measured frequency response of 

axial ratio. Only minimal match between the simulated and measured data can be 

identified between 58 – 59 GHz and between 62 – 63 GHz, where the measured 

characteristic reaches its minimum magnitude. The |AR| < 3 dB bandwidth of the 

simulated array is from circa 57.5 to 62.5 GHz (8.3% relatively) and the bandwidth of 

the measured array is only from 58.5 to 58.9 GHz (0.7% relatively) and from 62.3 to 

62.5 GHz (0.3 % relatively). 
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Fig. 5.4 Frequency responses of the magnitude of axial ratio for the simulated and 

measured antenna array. 

 

Based on the reflection coefficient and axial ratio characteristics it was determined 

that the array does not function as expected. Manufacturing defects of the vias that 

form the substrate integrated waveguides were identified as the probable cause since 

their diameter is relatively small (0.2 mm) and also the ratio between the diameter and 

the height of the vias was beyond the recommended limit. As a result, it was 

investigated if the array can utilize vias with a larger diameter that would allow more 

reliable manufacturing. 

 

5.2 RESULTS OF THE ARRAY WITH THE LARGER VIA 

DIAMETER 

In this array, the diameter of the vias was increased from 0.2 mm to 0.6 in order to 

lower the chance of the defects associated with their manufacturing. 

 

The same WR15 to SIW transition as in case of the array with smaller via diameter 

was utilized. As an improvement, 3D printed elements (black) were designed and 

manufactured to better align and fix the two substrate layers, from which the array 

comprises, as a convenient custom-made solution. 
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Fig. 5.5 shows comparison of the simulated and measured frequency responses of 

the reflection coefficient for the simulated and manufactured array. As can be seen, 

a better match with the simulations was obtained, compared to the array with the 

smaller via diameter.  By using the data obtained by the sensitivity analysis, it was 

identified, that deviations from the ideal dimensions of the coupling slots between the 

substrate layers and/or misalignment of the substrate layers in the manufactured array 

are likely responsible for the differences. The characteristic is consistent with the 

situation where the length of the coupling slot is increased by 0.05 mm and the width 

of the slot is decreased by 0.075 mm. The impedance bandwidth of the simulated array 

is 57.6 – 62.4 GHz, 8% relatively. The impedance bandwidth of the measured array is 

58.9 – 64 GHz, 8.5% relatively. 

 

 
Fig. 5.5 Frequency responses of the magnitude of reflection coefficient for the 

simulated and measured array with the larger via diameter. 

 

Fig. 5.6 details comparison of the simulated and measured frequency responses of 

axial ratio for the simulated and manufactured array. As can be seen, a better match 

with the simulations was obtained also in this case. Since the dimensions of the 

coupling slots between the substrate layers do not influence the axial ratio 

characteristics, the observed differences cannot be accounted to those manufacturing 

imperfections. As the sensitivity analysis showed that the dimensions of the patches 

are the only parameters that effectively influence the axial ratio characteristics, a fit 

was searched by varying these dimensions. The closest fit was obtained for the 
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situation where the width of the patch is increased by 0.1 mm, while the length of the 

patch remains the same. The resulting curve still has only limited match with the 

measured data. It is probable that the rest of the differences is accounted to imperfect 

via manufacturing where not all of the vias were correctly created despite the enlarged 

diameter. Unfortunately, it is not feasible to simulate these effects due to the number of 

combinations of via manufacturing errors that could possibly occur. The axial ratio 

bandwidth of the simulated array is from 56.5 to 61.5 GHz (8.3% relatively). The axial 

ratio bandwidth of the measured array is from 57.6 to 59.3 GHz (2.8% relatively). 

 
Fig. 5.6 Frequency responses of the magnitude of axial ratio for the simulated array 

with smaller and larger via diameter. 

 

Fig. 5.7 shows comparison of the radiation patterns for the simulated and 

manufactured arrays with the larger via diameter in xy (up) and yz (down) planes. 

A good match with the simulated and measured characteristics was obtained for both 

planes. Beam width of the simulated array is 22° in the xy plane vs. 20° in case of the 

measured array. Beam width of the simulated array is 23° in the yz plane vs. 18°in case 

of the measured array. Minor deviation of the main lobe direction is observed in both 

xy and yz plane characteristics for the measured array. 
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Fig. 5.7 Comparison of the radiation patters of the simulated and measured array with the 

larger via diameter in xy (up) and yz (down) planes. Shown in realized gain (dB). 
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Final dimensions of the array with the larger via diameter are summarized in Table 

II. Refer to Fig 4.2 and Fig 4.3 to see how each parameter corresponds to the design of 

the array. Parameters that relate to the transition between the GCPW and SMA 

connector (L5, L6, W6, W7, W8, W9, D7) are ignored in this case since this section is 

replaced with a SIW in the design for the center frequency of 60 GHz. Unless denoted 

otherwise in the figures, all dimensions related to the SIWs are referenced to the 

centers of the vias. 

 

Table II Final dimensions of the array for the center frequency of 60 GHz (the 

larger via diameter). 

parameter dimension (mm) parameter dimension (mm) 

L 21.000 W4 1.428 

L1 9.600 W5 2.316 

L2 2.175 D1 2.316 

L3 2.200 D2 4.000 

L4 0.984 D3 1.950 

L7 3.850 D4 2.550 

L8 3.450 D5 0.016 

W 18.732 D6 0.300 

W1 3.408 Dv 0.600 

W2 0.200 DS 1.150 

W3 0.200 R 45° 

 

5.3 CONCLUSION 

In the chapter, conversion of the original design from the center frequency of 17 GHz 

to the center frequency of 60 GHz is described. A good match of the simulations with 

the measurements was achieved. Conversion to the higher center frequency is 

challenging mainly from the manufacturing point of view. The following findings were 

derived: 

 

• The attainable precision of the manufacturing method needs to be thoroughly 

considered and assessed. Sensitivity analysis suggests that a manufacturing 

method that can offer production precision with less than +/- 0.1 mm variance 

of the dimensions around the center (ideal) value is needed. 

 

• It needs to be considered that manufacturing of the vias is generally more 

difficult in case of the microwave substrates like Cuclad 217 LX since drilling 

leaves residual material in the drilled holes that complicates the metallization 

processes. This issue becomes more significant with decreasing diameter of the 

vias. As a result, this diameter needs to be carefully chosen so acceptable 

production quality of the vias with respect to the manufacturing technology 

could be guaranteed. 
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• Since the width of the coupling slots between the substrate layers is reduced to 

0.2 mm, precise alignment of the substrates is critical. It is desirable to include 

additional alignment points to the design in order to increase the precision. 

 

6  EXTENDING AXIAL RATIO BANDWIDTH  OF 

THE ARRAY BY PARASITIC PATCHES 

6.1 PRINCIPLE 

A matrix of parasitic patches, carried by an air-like substrate, is placed above 

the original antenna array in a certain distance. Coupling and phase shift between the 

patches allows to equalize the magnitude of the rotating electric field intensity vector. 

Parameters of the parasitic patches (dimensions, position in x and y axis and the 

orientation) are identical to the patches in the original array. 

 

6.2 EXTENSTION OF THE ARRAY BY PARASITIC PATCHES 

The array was extended with the parasitic structure as can be seen in Fig. 6.1 and 6.2. 

Based on the simulation results, the substrate ARLON FoamClad (the height 

h = 5.64 mm = 3 x 1.88 mm, the dielectric constant r = 1.25) was chosen as the 

carrier. The distance between the antenna array and the array of parasitic elements is 

d = 3 mm (z axis).  

 

 
Fig. 6.1 Side view on the geometry of the structure. 
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Fig. 6.2 Antenna array with parasitic patches (bounded in red). 

 

The array was simulated for the center frequency of 17 GHz and a fully realistic model 

of the structure was used as it was in case of the original array (see Fig. 6.2). The 

parasitic structure was then manufactured and fitted to the already existing antenna 

array prototype (shown in Chapter 4) to conduct the measurements. 

 

 

Fig. 6.3 Manufactured antenna array with parasitic patches.
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6.2.1 Simulations and measurements 

Frequency responses of axial ratio were computed for the main lobe direction, 

which is perpendicular to the antenna array. 

 
Fig. 6.4 Frequency response of the axial ratio in the main lobe direction of the 

simulated antenna array without parasitic patches (red) and with parasitic patches 

(green). Frequency of operation: 17 GHz. 

 

Fig. 6.4 shows that the axial ratio bandwidth (the condition |AR| < 3 dB) is 16.45 GHz 

to 17.59 GHz (1.14 GHz, i.e. 6.7 % relatively) for the original array, and 16.56 GHz to 

19.40 GHz (2.84 GHz, i.e. 16.7 % relatively) for the array with parasitic patches. 
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Fig. 6.5. Frequency responses of the reflection coefficient of the simulated (dotted 

line) and measured (solid line) antenna array with and without parasitic patches. 

 

Fig. 6.5 shows frequency responses of the reflection coefficient of the simulated and 

manufactured array fitted with the parasitic structure compared to the original array. 

The results are in agreement and consistent with the data obtained earlier with the 

original array. Impedance bandwidth of the simulated array is from 16.69 GHz to 

17.49 GHz (4.7 % relatively). The low frequency limit of the measured array appears 

at 16.69 GHz, and the upper one is at 17.58 GHz. The results indicate that addition of 

the parasitic structure does not significantly influence the impedance bandwidth of the 

array. The overall magnitude has risen by approximately 3 dB in comparison to the 

original array. The rise of the measured curve above the -10 dB limit near the center 

frequency is neglected due to re-usage of the prototype from Chapter 4. The same rise 

in the magnitude, caused by inaccurate SMA connector mounting, can be observed for 

both variants as a result. 
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Fig. 6.6 Frequency responses of the axial ratio of the simulated (red line) and 

measured (blue line) antenna array with parasitic patches. 

 

Fig. 6.6 depicts comparison of the simulated and measured frequency responses of the 

axial ratio of the array with parasitic patches. The results show good match though 

there is a constant offset added to the measured line. This degradation is caused by 

manufacturing imperfections which are mostly accounted to the structural limits of the 

used Foamclad substrate, which is very prone to deformation. As a result, airgaps have 

been created between the three stacked layers of the substrate and also the distance 

between the parasitic and original structure isn’t constant – a parameter that is 

identified as critical for the performance of the system. With a more precise 

manufacturing method, better results can be achieved.  
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Fig. 6.7 Comparison of the simulated and measured radiation patterns of the array 

with parasitic patches (LHCP, realized gain). Top XY plane, down YZ plane. 

 

Fig. 6.7 shows the comparison of the simulated and measured radiation patterns of the 

array with parasitic patches in YZ and XY plane. The results are in agreement. The 

measured array exhibits lower gain than the simulated due to higher measured 

reflection that was discussed earlier (see Fig. 6.5). 
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6.3 ADAPTATION OF THE ARRAY TO 60 GHZ 

 

At 60 GHz, the model was simplified to reduce simulation time requirements: 

• Vias, forming the SIW distribution network, were replaced by solid side walls. 

• The SMA connector and the grounded coplanar waveguide to SIW transition 

were removed. 

• Conductive materials were represented by perfect electric conductor. 

 

In order to convert the antenna to the higher frequency, height of the FoamClad carrier 

substrate was reduced to h = 1.88 mm, and the distance between the antenna and 

the parasitic layer was changed to d = 0.8 mm. 

In the 60 GHz model, adaptive mesh refinement was used to guarantee accuracy of the 

results. In the realistic model at 17 GHz, accuracy requirements are safely met thanks 

to the requirements for meshing of the vias, which form the SIW feeding network. 

 

6.3.1 Simulations and measurements 

 
Fig. 6.8 Frequency response of the axial ratio in the main lobe direction 

of the antenna array without parasitic patches (red) and with parasitic patches (green). 

Frequency of operation: 60 GHz. 

 

Fig. 6.8 shows that the axial ratio bandwidth (the condition |AR| < 3 dB) is 57.88 GHz 

to 62.49 GHz (4.61 GHz, i.e. 7.6 % relatively) for the original array, and 58.31 GHz to 

69.78 GHz (11.47 GHz, i.e. 19.1 % relatively) for the array with parasitic patches. 

 

Obviously, there is agreement between results at 17 GHz and 60 GHz (see Chapter 

6.2). For the center frequency of 60 GHz, parameters of the array were swept to 
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demonstrate the influence of the distance d between the original structure and the array 

of parasitic patches, to the properties of the studied structure.  

 

Measured results 

 
Fig. 6.9 Frequency response of the axial ratio of the simulated and measured array 

extended with the parasitic patches. 

Fig. 6.9 depicts comparison of the simulated and measured frequency responses of 

axial ratio of the array equipped with the parasitic patches. As can be seen, the 

measured characteristic is not in agreement with the simulation. This is caused by the 

imperfect axial ratio properties of the original array described in Chapter 5.2 (added to 

the figure for convenience), which was used for the experiment and extended with the 

parasitic structure. Its inherent sub-optimal axial ratio properties are superimposed to 

the result, not allowing the parasitic structure to make any visible effect on the 

characteristic.  

6.4 CONCLUSION 

In the chapter, the concept of parasitic patches, placed above the radiating elements at 

defined distance, as means of extending axial ratio bandwidth is presented. The 

analysis and verification were performed on the original antenna array described in 

sections 4 and 5, which was extended by the parasitic structure. Two frequency 

setpoints were investigated – 17 and 60 GHz. 

The results for 17 GHz show a good match between the simulations and the 

measurements, confirming validity of the concept. The measured results for 60 GHz 

differ from the simulations due to the inherited imperfections of the antenna array used 

for the experiment, concluding that obtaining optimal properties of the base antenna 
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array is critical to achieve a good performance of the parasitic structure. Requirements 

for manufacturing precision are therefore increased. 

 

7  SUMMARY 

The dissertation thesis presents, characterizes and derives the methodology for a new 

concept of circularly polarized patch antenna arrays based on the substrate integrated 

waveguide technology. The concept focuses on modularity and usability of the array as 

a base building block for creation of larger arrays. The design of the base building 

block also serves as a template for extension. The array was simulated and 

experimentally verified at the center frequencies of 17 GHz and 60 GHz. The results 

show good agreement between the simulations and measurements and between the 

frequency setpoints. 

 

Together with the new concept, also a new technique of extending axial ratio 

bandwidth of the array by utilizing parasitic patches, placed above the original 

radiating elements at defined distance, was presented, and studied at the same center 

frequencies of 17 and 60 GHz. The obtained results are in agreement for the center 

frequency of 17 GHz, the results for the center frequency of 60 GHz show only limited 

match, indicating that limitations of the available manufacturing technology do not 

allow production with the required precision. 

 

Subsequent research in this area could focus on the following areas: 

• Techniques to reduce the requirements put on manufacturing precision 

• Possibility to integrate additional optional elements into the SIW power 

delivery network that would add new levels of modularity and enhance 

the capabilities of the system (beamforming, side lobe level suppression 

etc.) 
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ABSTRACT 

This dissertation thesis presents a new concept of SIW-based circularly polarized 

antenna arrays. The main property of the concept is modularity where the base 

building block can be utilized to create more complex antenna arrays and at the same 

time it serves also as the template to design the more complex structure. The antenna 

array was simulated and experimentally verified for the frequencies of 17 and 60 GHz. 

Based on the obtained results, design methodology was derived, and key design areas 

were identified. 

 

Next, the thesis introduces a technique of increasing axial ratio bandwidth of circularly 

polarized antenna arrays by utilizing parasitic patches, which are placed above the 

radiating elements at defined distance. The antenna array from the first section of the 

thesis was used in the simulations and experimental verification for the frequencies of 

17 and 60 GHz, where this array was extended with the parasitic structure, adding 

another level of modularity into the concept. 

 

ABSTRAKT 

 
Tato disertační práce prezentuje nový koncept kruhově polarizovaných anténních řad 

na bázi vlnovodu integrovaného do substrátu. Hlavní devízou konceptu je modularita, 

kdy je základní stavební blok řady použitelný pro tvorbu komplexnějších řad a tento 

blok zároveň slouží jako šablona pro návrh komplexnější struktury.  Anténní řada byla 

simulována a experimentálně ověřena pro frekvence 17 a 60 GHz. Na základě 

dosažených výsledků byla odvozena metodologie pro návrh a identifikovány klíčové 

oblasti návrhu. 

 

Následně práce představuje techniku zvýšení šířky pásma osového poměru kruhově 

polarizovaných anténních řad pomoci parazitních flíčků, které jsou umístěny nad 

zářiče v definované vzdálenosti. Anténní řada z první části práce byla použita 

v simulacích a experimentálním ověření pro frekvence 17 a 60 GHz, kdy byla tato řada 

rozšířena o parazitní strukturu, přidávajíc další vrstvu modularity do konceptu. 

 


	Contents
	1  Introduction
	2  State of the art
	2.1 Substrate integrated waveguides
	2.1.1 Electromagnetic modes in the substrate integrated waveguides

	2.2 Circularly polarized patch antennas
	2.2.1 Feeding options of a patch antenna
	2.2.2 Extending axial ratio bandwidth of the patch antennas


	3  Objectives
	4  Antenna array design at 17 GHz
	4.1 Introduction
	4.2 Design of the array
	4.3  Simulations and measurements
	4.4 Design methodics
	4.5 Conclusion

	5  Conversion to 60 GHz
	5.1 Measured results
	5.2 Results of the array with the larger via diameter
	5.3 Conclusion

	6  Extending axial ratio bandwidth  of the array by parasitic patches
	6.1 Principle
	6.2 extenstion of the array by Parasitic patches
	6.2.1 Simulations and measurements

	6.3  Adaptation of the array to 60 GHz
	6.3.1 Simulations and measurements
	Measured results


	6.4 Conclusion

	7  Summary
	References
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications
	List of Author’s Publications

