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SUMMARY  
 

 
To support the growing demand for high data rates, the telecommunication industry is 
moving to higher frequency ranges where broader bandwidths are available. However, at 
these frequencies, to achieve reasonable communication ranges, antenna systems featuring 
high-gain characteristics have to be adopted. Furthermore, aforementioned antenna systems 
should be able to synthesize multiple beams simultaneously to support different users at the 
same time and should be able to scan each beam independently in such a way as to track the 
various users while they are moving. Antenna arrays can meet these requirements. However, 
the cost of mm-wave components and circuitry needed in the integration of array 
beamforming networks is significant, this representing a major drawback. On the other hand, 
there are several applications, for example, communication systems for geostationary 
satellites or for point-to-multipoint backhauling and sub-urban coverage, where full three-
dimensional beam scanning is not required. For these applications, the antenna array can be 
designed adopting sub-array based architectures, which enable a favorable reduction in the 
number of active components. An additional reduction of the array complexity can be 
achieved by adjacent sub-arrays overlapping. 
In the framework of this study, novel antenna array architectures have been developed. In the 
proposed array topologies, each sub-array consists of one directly fed antenna element and 
several passive reactive-loaded elements. The feeding of the passive elements is achieved by 
exploiting a free-space coupling instead of more conventional schemes based on a complex 
distribution network. This results in a drastic reduction in the complexity of the array feeding 
structure. Furthermore, the passive elements of the individual sub-array are re-used in 
adjacent sub-arrays, this enabling a significant enhancement of the radiation pattern 
characteristics. The design of the considered class of array structures using brute-force 
numerical approaches based on full-wave electromagnetic simulation is extremely time-
consuming even when a relatively small number of radiating elements are considered. To 
tackle this problem, we have developed an effective semi-analytical design methodology 
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useful to synthesize antenna arrays with a predefined radiation pattern of the individual sub-
array. This design tool allows, also, the introduction of additional controls on the reflection 
coefficient of the active ports as well as on the coupling between them. 
At first, a linear array of rectangular metal waveguides has been designed and optimized in 
such a way as to achieve suitable radiation pattern characteristics for satellite applications. 
The proposed array structure features reduced mass and volume compared to alternative on-
satellite antenna solutions. Metal waveguide technology has been chosen so to achieve 
durability in a harsh outer-space environment. The designed array consists of sub-arrays with 
one central directly fed waveguide radiator and a large number of passive waveguide 
elements which are short-circuited at a particular distance from the radiating aperture. The 
position of the short-circuits controls the reactance of the individual passive waveguide 
element. By properly tuning the reactance distribution, one can control the radiation pattern 
characteristics as well as the active scattering parameters of the array. The developed linear 
array has been, also, extended to a planar configuration. This radiating structure exhibits high 
gain and is able to scan over a wide angular range in one plane while the scan range is 
narrower along the orthogonal plane. The proposed array can be used as a 5G base-station 
antenna in suburban and rural areas or as an antenna for point-to-multipoint backhauling.  
The designed array displays two important limitations, namely, narrow operational 
bandwidth and support of a single polarization. To overcome these limitations, a new design 
solution has been developed. Such a solution consists of an array of square dielectric radiators 
integrated on a reactive impedance surface, which is implemented by means of short-
circuited dielectric-filled square waveguides. Due to its square geometry, the individual 
radiating element supports two orthogonal modes, so that radiation with two orthogonal 
polarizations can be obtained. Furthermore, an enhanced energy coupling between passive 
elements is achieved, this enabling better control of the array radiation pattern. First, a linear 
array with significantly enhanced operational bandwidth has been designed using the 
aforementioned radiating elements. Finally, we have realized a planar sub-array with broad 
operational bandwidth, two orthogonal polarizations, and a large scanning angle both in 
elevation and azimuth. This sub-array can be used as a building block to realize an array 
operating in a multi-beam multi-color regime.  
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INTRODUCTION 
 

 
In this chapter, we will introduce the need for high-gain millimeter-wave (mm-wave) 
antennas and some important challenges which antenna designers are facing. Next, the state-
of-the-art as proposed in the literature will be presented and the remaining limitations of these 
solutions will be discussed. Finally, we introduce the previous work used as the initial point 
for the design technique developed in this thesis. The chapter will close with the outline of 
the thesis as well as the most important research outcomes. 
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 The need for high-gain antenna concepts 

The mobile data traffic forecast of one of the largest telecommunication equipment 
manufacturers is presented in Figure 1-1 and shows the expected massive increase in data 
traffic in the upcoming years, more than 300% [1]. To support the growing demand for high 
data rates, the mobile network needs to utilize higher frequency bands where larger 
operational bandwidths are available [2] (see Figure 1-2). 
 

 
Figure 1-1. Global mobile data traffic (Exabytes per month). Source Ericsson [1] 

 
Figure 1-2. Wireless backhaul bands. Source Ericsson [2] 
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However, at mm-wave frequencies, the propagation loss of radio-wave signals increases 
significantly, thus severely limiting the communication range. One way to deal with the 
increased path losses is to compensate those by enhancing the antenna gain using antenna 
arrays with electronic beamforming [3]–[5]. An alternative solution consists in the use of 
multibeam antennas which reduce the overall system footprint and can enhance, 
significantly, the system capacity [6]. For such applications where good scanning 
performance is required, active antenna arrays represent an attractive solution thanks to their 
versatility and electronic scanning capability [6]. However, the cost of electronic components 
required for the development of such complex antenna systems increases dramatically as the 
frequency of operation becomes higher. Therefore, only small-size antenna arrays with 
moderate gain have been developed until now. For example, in Figure 1-3 the required 
antenna gain is illustrated using various semiconductor technologies and a number of antenna 
elements so to achieve an Effective Isotropic Radiated Power (EIRP) of 60 dBm at the central 
working frequency of 28 GHz. It is clear that as the output power of the power amplifier (PA) 
decreases, the number of array elements as well as the antenna gain increases. Therefore, as 
we go higher in frequency with lower PA efficiency, more antenna elements are required to 
support the targeted link budget [7].  
  

 
Figure 1-3. Antenna gain vs. output level requirement of a power amplifier [8] 
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On the other hand, there are plenty of applications that require a very high antenna gain but 
only over a limited field of view (FoV). Examples in this respect are given by satellite 
communications, point-to-point or point-to-multipoint backhaul links, and antennas for sub-
urban coverage. For such applications, one can use array elements characterized by a large 
aperture and, therefore, high antenna gain [9]. This allows reducing the number of radiating 
elements needed to achieve the required antenna gain levels. In turn, this translates into a 
reduced number of active components, design complexity, power consumption, and 
manufacturing costs of the feeding network. However, the use of radiating elements with 
large apertures leads to the appearance of grating lobes in the visible region. The distance 
between the main lobe and the grating lobes is inversely proportional to the distance between 
sub-array centers. Therefore, the inter-element spacing should be selected in such a way as 
to keep the grating lobes outside the field of view for all the scan angles. To this end, the 
aperture size should be restricted to certain dimensions. A useful design approach to 
overcome this drawback, and which is implemented in this research study, is based on the 
use of overlapping radiating apertures, i.e., the use of the same aperture for multiple feed 
points. The overlapping also results in a reduction in the overall array aperture that is required 
to achieve a specified level of antenna gain, thus maintaining a good structural compactness. 
Even though overlapping techniques allow keeping grating lobes outside the FoV, the 
presence of grating lobes still has, per se, certain adverse effects on the side-lobe 
characteristics of the overall array. More specifically, in transmit mode, those can result in 
energy leakage along undesired directions that, in turn, can cause a waste of power and 
potential electromagnetic interferences. In the receive mode, grating lobes can cause the 
reception of spurious radio signals from undesired directions and, thereby, a degradation of 
the signal-to-interference ratio. Therefore, appropriate measures have to be taken so to 
minimize the detrimental impact of grating lobes.  

 Consolidated architectures 
In the past, various techniques have been proposed for overlapping antenna apertures. A 
straightforward approach is to have a complex feeding network, which distributes signals 
from multiple beam ports to multiple radiating elements. In this way, the same radiating 
elements are used to generate multiple beams. However, the complexity of the feeding 
network limits the application of this technique. An example of an array organized in 
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overlapped subarrays used as a feed for a reflector that can generate multiple beams is shown 
in Figure 1-4, [10]. 
 

 
Figure 1-4. Medusa feed system developed by Airbus GmbH [10] 

An overview of various additional antenna configurations using overlapping at the feed level 
can be found in [11]. Another approach consists in the use of a partially reflective surface 
placed above the radiating elements. Some examples of antennas utilizing such configuration 
are discussed in [12], [13]. In particular, dielectric substrates or frequency-selective surfaces 
(FSS) can be employed as partially reflecting surfaces. The drawbacks of these solutions are 
the limited frequency bandwidth and the strong coupling between contiguous feeding 
elements, which affect the input reflection coefficient of the array and can generate deep nulls 
in the active radiation pattern which will lead to blind scan angles [14]. In addition, filters 
might be required to protect the adjacent elements [12]. An example of such a structure based 
on Electromagnetic Band Gap (EBG) surfaces is shown in Figure 1-5. 
Except for the proposed architectures, the extra degrees of freedom associated with the array 
topology may be suitably exploited to reduce grating-lobe-related problems. More 
specifically, sparse or thinned arrays [15], and polyominoes sub-arrays [16] can be employed 



 
Introduction 14 

 
for this purpose. In sparse arrays, the spatial density of the elements is used to mitigate the 
grating lobes and to achieve an equivalent tapering useful to limit the sidelobe level. 

 

 
Figure 1-5. EBG based multibeam antenna structure [12] 

In polyominoes-based arrays, one or more types of subarrays are used to fill up an assigned 
radiating aperture while changing the relevant orientations. Even though the individual 
subarrays are identical, the position of the relevant phase centers is irregular, and this 
guarantees a reduction and control of grating and side lobes. 
Aperiodic arrays with high efficiency, up to 90%, have been recently reported in in [17] and 
[18].  Sparse or thinned arrays are not compact, and the energy associated with the grating 
lobes is distributed in the relevant side lobes, this causing a reduction of the aperture 
efficiency. 
The aforementioned classes of arrays require the integration of usually more complex feeding 
networks. In the case of polyominoes arrays, different radiating elements are typically 
adopted, this causing a further increase of the system complexity. 

 Research Goal 
The main research question addressed in this thesis concerns the suppression of the grating 
lobe radiation while enabling high-gain characteristics at the array element level and keeping 
a compact, lightweight, low-complexity antenna array architecture. The solution presented 
in this thesis relies on the spatial filtering of the grating lobes by properly shaping the 
embedded radiation pattern featured by the individual array element [9], [19]. To this end, a 
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novel class of overlapped sub-arrays based on reactively loaded antenna elements is 
developed. The overlapping is achieved by free-space coupling, therefore the complexity of 
the feeding network can be significantly reduced. Furthermore, the coupling level between 
adjacent active elements can be finely optimized during the design stage. More details on 
reactively loaded arrays are presented in the next section. 

 Reactively loaded array 
In general, a reactively loaded array is a special array topology consisting of a reduced 
number of actively fed radiating elements surrounded by reactively coupled passive 
structures. In such a construction, the excitation of the passive elements is achieved by free-
space coupling with the actively radiating elements. 
Reactively loaded structures have been first proposed in [20] in order to control the radar 
scattering properties of passive devices. In [21], [22], a procedure sharing the same 
theoretical foundation has been developed for antenna pattern synthesis and control. In [23], 
Skobelev puts attention on the design of reactively loaded antenna arrays realized in parallel-
plate waveguide technology. The optimization of the radiation pattern of the considered 
arrays is carried out by properly setting the position of short-circuit sections along the 
parasitic waveguides that are used to load the active elements. In this way, one can control 
the phase of the secondary radiated field contributions arising from the various waveguide 
sections, the superposition of which results in the desired pattern mask.  
In our research study, we have generalized this technique proposed by Skobelev and extended 
it to address constraints on impedance matching and coupling characteristics of the targeted 
radiating structure.  
By applying the proposed methodology, we designed and realized several arrays of 
waveguide antenna sub-arrays featuring flat-top radiation pattern characteristics. In the 
considered designs, the reactive loads of the parasitic waveguides are implemented by 
terminating them in a short circuit and by controlling the relevant length. In this way, one 
can shape the radiation pattern of the individual sub-arrays while controlling the 
corresponding port scattering parameters.  

 Outline of the thesis and scientific contributions 
This thesis presents the following original scientific contributions: 

• Development and validation of an antenna array concept based on reactively loaded 
overlapped sub-arrays. The overlapping in this design is achieved by re-using the 
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passive reactively loaded antenna elements in multiple sub-arrays. The excitation of 
the passive elements is achieved via free-space wave coupling so no complex 
overlapping network is required, this significantly reducing the complexity of the 
feeding network. Presented in [J.1] 

• Development of a semi-analytical design procedure based on [23] and its extension 
to the design of arrays of overlapped sub-arrays. Further improvement of the design 
algorithm was done in such a way to enable the introduction of additional design 
goals on the coupling level and impedance matching characteristics of the active 
ports of the various sub-arrays. A design technique with a detailed mathematical 
framework is presented in [J.1] 

• Design of a linear overlapped sub-array using metallic waveguides as individual 
radiating elements. The extension of this design to the planar topologies is presented 
as well. A number of linear sub-arrays were designed and presented in international 
conferences and journals: a high-gain reactively loaded array in [C9], a sub-array 
with isoflux [C.8] and flat top [C.7],[C4], [J.1] radiation pattern, the use of the 
proposed topology for the design of reflector feed antennas was presented in [C.5], 
[C6]. The extension of the designed linear sub-array topology to a planar array was 
presented in [C.2] and analyzed in detail in [J.2]. 

• Introduction of a novel radiating element, based on waveguide filled with a 
dielectric material, that enables an enhanced bandwidth in combination with dual-
polarization characteristics. The designs of linear and planar arrays based on the 
proposed element are detailed in [J.3] and [C.3] respectively. 

• Investigation of the coupling characteristics between waveguides with a super-
elliptical cross-section as a function of the relevant super-ellipticity, which was 
presented in [C.10] and [C.11] 

• Introduction of a bandwidth enhancement technique based on phase variation 
compensation. 

The performances of the designed sub-arrays were theoretically verified in full array 
configurations, assuming the use of phase shifters with ideal performance. However, the use 
of practical phase shifters is expected to degrade the achieved performance. 
The main part of the thesis is structured as follows: 

• Chapter 2 starts with the presentation of a novel technique for the design and 
optimization of reactively loaded arrays. The technique is validated by application 
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to the synthesis of overlapped sub-arrays of rectangular waveguides featuring flat-
top radiation patterns. Based on  [J.1] 

• Chapter 3 applies the technique proposed in Chapter 2 to the design of a planar 
antenna array composed of linear sub-arrays. The embedded radiation pattern of the 
realized antenna sub-array provides a limited scan range along the sub-array main 
axis (E-plane) but a substantially larger coverage along the orthogonal axis (H-
plane). The array presented in this thesis operates at Ka-band at 28.0 GHz, where 
several emerging wireless applications are being developed [24] but can be easily 
scaled to any desired frequency, subject to any available manufacturing processes 
and semiconductor technology for electronic beam steering. Based on [J.2] 

• Chapter 4. The array structures presented in Chapter 2 and Chapter 3 suffer from 
two essential limitations; they display a reduced operational bandwidth and can only 
support a single linear polarization. In Chapter 4, we introduce a new antenna 
concept that overcomes aforementioned limitations. The presented radiating 
structure consists of square dielectric-loaded waveguides which can support two 
independent linear polarizations while enabling a broader bandwidth of operation. 
Based on these characteristics a linear array of overlapped sub-arrays with enhanced 
bandwidth is developed and thoroughly analyzed. In addition, for the first time, a 
design of a planar array supporting a flat top radiation pattern in two orthogonal 
polarization is introduced. Based on [J.3] and [C.3]. 

The thesis is closed with conclusions and two appendices. 

• Appendix A presents a study of the coupling behavior between waveguide elements 
with super-elliptical cross-sections. The key parameter which dictates the amplitude 
of the secondary electromagnetic field contributions radiated by the parasitic 
waveguide elements is the coupling level between each other. One trivial way to 
control this process is by changing the distance between waveguides. However, the 
major drawback associated with this approach is the large distance range needed in 
order to achieve a meaningful dynamic range of coupling levels. On the other hand, 
as it is shown in Appendix A, the coupling level between the various antenna 
elements can be controlled by properly selecting the cross-section profile of super-
elliptical waveguide elements, placed along a uniform, compact grid. 

• Finally, Appendix B presents a simple way to calculate the Non-Foster load able to 

increase significantly the bandwidth of the reactively loaded arrays. 
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DESIGN OF OVERLAPPED SUB-ARRAYS BASED ON 

APERTURE REACTIVE LOADING1 
 

 
A novel technique is presented for the design and optimization of waveguide antenna arrays 
based on overlapping sub-arrays for limited field-of-view applications. Each sub-array 
consists of one directly-fed antenna element and several passive reactive-loaded elements. 
The proposed overlapping scheme exploits free-space reactive coupling instead of more 
conventional schemes based on complex beamforming networks. This results in a drastic 
reduction in the number of waveguide components required in the feeding network. The 
optimization of the considered class of array structures by means of full-wave 
electromagnetic (EM) solvers is extremely time-consuming even in the presence of sub-
arrays with a reduced number of passive elements. To tackle this problem, we developed an 
effective semi-analytical design algorithm. Using this algorithm, we synthesized a sub-array 
with a predefined radiation pattern. The designed sub-array is inherently matched and 
features low coupling between contiguous sub-arrays. In particular, an array consisting of 38 
sub-arrays has been analyzed with a particular focus on the effect of the sub-array pattern on 
the total array characteristics. To validate experimentally the sub-array overlapping scheme, 
an array composed of 3 overlapped sub-arrays has been built and measured. With such a 
demonstrator, a scan range in the field of view of [-4o; 4o] has been achieved in combination 
with a grating lobe suppression level of 15dB. 
This chapter is organized as follows. In Section 2.1, we present a detailed description of the 
developed semi-analytical design technique. Next, in Section 2.2, we apply this technique to 
the optimization of a reactively loaded sub-array, whose properties are then investigated in 
an array configuration in Section 2.3. Finally, in Section 2.4, we have validated the 

 
1 This chapter is based on [J1] 
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aforementioned sub-array design by experimental measurements collected on a physical 
prototype. 

 

 Theory 
For an active array of N radiating elements the overall radiated electric field can be computed 
using: 
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 denote, respectively, the excitation coefficient and the embedded 

radiated electric field distribution relevant to the n-th radiating element. In (2.1), θ and φ are 
the conventional elevation and azimuth angles. 
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Figure 2-1. Schematic of a reactively loaded antenna array. 

In our study, the antenna array consists of Na excited open-ended waveguide radiators and Np 
load-terminated open-ended waveguides (see Figure 2-1). In such configuration, no direct 
excitation is applied to the passive loading elements; therefore, the excitation coefficients an 
(n=1,2,…, N) appearing in (2.1) are equal to the amplitudes of the incident waves at the 
aperture of each waveguide structure (see also Figure 2-1). Using a suitable vector notation, 
the expression (2.1) can be rewritten in the following form: 
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with the superscript T denoting matrix transposition, and where: 
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In (2.2)-(2.4), the subscripts a and p refer, respectively, to the directly fed and the load-
terminated open-ended waveguides. 
For the computation of the equivalent excitation coefficients, an (n=1,2,…,N=Na+Np), we 
developed a dedicated numerical procedure based on the formulation described by Skobelev 
in [23]. The presented design methodology was adapted to finite arrays with arbitrary 
radiating elements, and it can handle different constraints on the embedded reflection 
coefficients of the active elements, as well as the relevant parasitic coupling level. The 
following sections present the developed synthesis methodology in detail. 
 
2.1.1 Computation of Equivalent Excitation Coefficients 
The computation of the equivalent excitation coefficients is performed by regarding the N–
element antenna array as an N – port microwave network with scattering matrix: 
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so that we can write: 
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denote the vectors of reflected waves at the apertures of the active and loading waveguide 
structures, respectively, and with:  
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being the scattering sub-matrices induced by the considered array partitioning.  
In the following, we set the reference impedance at each port of the equivalent network to 
coincide with the corresponding waveguide characteristic impedance. Upon denoting the 
complex propagation constant and length of the i-th passive waveguide as γi and hi, 
respectively, it is straightforward to verify that: 

 
 2 i ih

i ii ea bγ−Γ= , (2.11) 
 
for i=Na+1, Na+2,…, Na+ Np. In (2.11), Γi is the reflection coefficient of the load which 
terminates the i-th passive waveguide. By virtue of (2.11), we can re-write (2.6) as: 
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where the following matrix notation is used: 
 

 { }1diag Γ , ,Γ
pp N= …Γ , (2.13) 
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 { }1diag , ,

pp Nγ γ= …γ , (2.14) 

 { }1diag , ,
pp Nh h= …h . (2.15) 

 
From (2.12), after some simple algebraic manipulations, it follows immediately that: 
  

 
12 1( ) T

p ce
−− ⋅ − ⋅ − ⋅ ⋅ = ha S S ap p

p p a
γΓ , (2.16) 

 
this relating the incident waves of the load-terminated waveguides to those of the active 
elements. 
 
2.1.2  Antenna Array Characteristics 
To derive the expression of the total electric field radiated by the array under analysis, we 
substitute (2.16) in (2.2) and obtain, in this way: 
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A key result is derived from the first row of (2.12) in combination with (2.16), namely: 

  
 aa a′= ⋅b aS , (2.18) 

 
where, 
 

 
12 1)( T

a a c p ce
−− ⋅ −′ = +  ⋅ ⋅ − ⋅ 

hS S S S Sp p
p

γΓ , (2.19) 

 
is the Na×Na scattering matrix of the directly-fed waveguides in the presence of the passive 
load-terminated elements. 
The design steps of the considered class of arrays using equations (2.17)-(2.19) can be 
summarized as follows: 

1. Compute, using a full-wave electromagnetic solver, the scattering matrix and the 
embedded radiation patterns of the array elements. 

2. Choose an optimization algorithm and select the optimization parameters. 
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3. Use (2.17) to define the objective radiation pattern and, where required, introduce 

additional constraints on the antenna ports impedance matching and coupling 

characteristics by imposing constraints on the elements of a′S  computed by (2.19).  

As it is apparent from (2.17), the main design optimization parameters are ( pΓ , pγ , ph ), 

which define geometry and loading profile of the antenna array and, therefore, the relevant 

radiation properties. 
The accuracy of the proposed design technique has been validated by a few test cases, a 
relevant one is being detailed in the following sections 

 Design 
In an array, the separation d between antenna elements controls the position of grating lobes. 
In broadside arrays (with the main lobe directed along the direction θ0=0o) grating lobes 
appear at angles θp given by [25]:  

 

 0sin p
p
d
λ

θ = , (2.20) 

 
where p = ±1, ±2,… is chosen in such a way as to define an angle with real-valued sine, 
|sin(θp)| ≤1, and where λ0 denotes the operating wavelength in free space. 
Typically, array elements are placed at half-wavelength (or smaller) separation in order to 
avoid the appearance of grating lobes in the visible region. However, there are specific 
applications, such as satellite communications, where arrays have to operate in a limited field 
of view (FoV). In this case, the inter-element spacing can be increased, thus resulting in 
grating lobes appearing in the visible region of the array factor. One way to deal with this 
situation is to filter grating lobes by adopting array elements with tailored radiation patterns. 
In this case, the maximum antenna separation is determined by the FoV and the roll-off of 
the element pattern [9]. 
The radiation pattern of an array consisting of identical subarrays can be decomposed as 
follows: 

 
 TAF AF SF EF= × × , (2.21) 
 
where: 
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• TAF is the total array pattern; 
• AF is the array factor;  
• SF is the sub-array factor;   
• EF is the element factor, namely the embedded radiation pattern of the individual 

antenna elements. 
In such array configurations, grating lobes can be filtered by proper design of the sub-array 
and element factors. We will illustrate the application of this design technique to the synthesis 
of an array pattern for geostationary (GEO) satellite applications. 
 

 

 
Figure 2-2. Sub-array factor filtering effect (red line): (a) ideal pattern, (b) realistic pattern with 
larger grating lobes separation. By scanning the main lobe from θ0 (solid black line) to θe (dashed 
black line) the grating lobes are moved from the initial position ±θp (solid blue lines) to ±θ’p 
(dashed blue lines) 

The desired antenna performance is summarized in Table 2-I. 
 

Table 2-I. Design Requirements 

 
 
 

D([-8.5o 8.5o]) ≈ 13 dBi (flat) 

SLL  < -15 dB 

Γin < -10 dB @20GHz 

Port coupling <-20dB @20GHz 

θp

Directivity, D

Elevation 
angle, θ  θe-θp -θ'p θ'pθo

θp

Directivity, D

Elevation 
angle, θ  θe-θp -θ'p θ'pθo

a)

b)
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The field of view for GEO satellites is approximately 17o. In such context, to filter array 
grating lobes, one would ideally need antenna elements that feature a rectangular pulse-like 
radiation pattern with flat gain in the angular range [-8.5o; 8.5o] and negligible radiation level 
outside the aforementioned interval (see Figure 2-2a). Under such ideal conditions and in the 
presence of an antenna with negligible beam-width, the minimum separation allowed 
between the main lobe and first grating lobe is precisely 17o, resulting in a maximum sub-
array separation d=3.42λ0 according to (2.20). However, as known from theory, pulse-like 
radiation pattern characteristics cannot be synthesized by making use of finite-sized antennas. 
Therefore, in order to increase the angular separation between the main lobe and the first 
grating lobe, the dimension of each subarray is reduced to 2.607λ0. This spacing forces the 
first grating lobe to appear at θp = 22.56o. In the case of a maximum scan angle of 8.5o, the 
angular direction of the nearest grating lobe is -θ'p = -14.06o, this giving a margin of 7.56o 
for filtering (see Figure 2-2b). 
 
2.2.1 Sub-Array Design 
A sketch of the designed sub-array antenna element is shown in Figure 2-3. It consists of 
Nw=13 open-ended waveguide radiating elements operating on their fundamental TE10 mode. 
In this sub-array, only the central waveguide is directly fed while all the other elements are 
terminated by short circuits at suitable positions along the waveguides. The number of 
waveguide elements embedded in each sub-array has been selected taking manufacturing 
constraints into account. As a matter of fact, a larger number of elements would have required 
narrower waveguide apertures, this posing issues in terms of manufacturability. On the other 
hand, we can stress that a finer sampling of the radiating aperture is beneficial because it 
would enable a more accurate control on the array characteristics.  
 The radiating aperture of the active element has dimensions l=0.6λ0 and wa= 0.3λ0, whereas 
the aperture of the passive waveguides has dimensions l=0.6λ0 and wp=0.12λ0. The wall 
thickness of all the waveguides is λ0/15. The dimensions were chosen in such way to obtain 
the overall array aperture length calculated in the previous sub-section, L= 2.607λ0. The 
length of the waveguides (z-direction) is initially set to 0.5λg, where λg denotes the guided 
wavelength of the TE10 mode (λg= 29.518mm) calculated by: 

 
 2 /gλ π β= , (2.22) 
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where β is the propagation constant of the passive waveguide calculated numerically. In the 
presented study, coupling effects occurring in real-life array implementations are controlled 
in such a way as to achieve sub-array overlapping. For this reason, the sub-array layout has 
been optimized in the presence of the adjacent sub-arrays terminated with matched loads. 
As the first step in the adopted design procedure, the embedded element patterns and 
scattering parameters of the considered 3-subarray linear array are determined. To this end, 
one can use any available full-wave electromagnetic solver. In our research study, we have 
made use of the Finite Element Method (FEM) solver implemented in CST Microwave 
Studio [26]. 
 

l

wp wa

L

 
Figure 2-3. Waveguide antenna sub-array topology. 

 In the second step, the positions of the shorting walls along the passive waveguide elements 
are selected in such a way as to achieve the most accurate approximation of the desired sub-
array radiation pattern under assigned design constraints. At this stage, the antenna quantities 
calculated during the first step are imported into a dedicated design tool that implements the 
technique described in the previous section.  
In particular, the evaluation of the positions of the shorting walls along the passive waveguide 
is carried out by means of the global search optimization technique [27]. This technique 
combines the scatter search, a population-based metaheuristic optimization algorithm with a 
local optimizer. It uses the scatter search algorithm to generate trial points that are candidate 
start points for a local optimizer. In order to reduce the number of starting points, two filtering 
techniques are applied [28]. 

In the proposed study, the design optimization has been carried out with the goal of achieving 

a flat radiation pattern in the field of view [-8.5o 8.5o], in combination with low-side lobe 
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levels (SLL<-15dB). The optimized design aims to minimize the reflection coefficient of the 

active ports ( 11,aS′ < -10 dB) at the frequency of operation f0 = 20 GHz.  
These requirements are combined in the following objective function: 
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 , (2.23) 

 

where 11,aS ′  denotes the reflection coefficient at the input port of the active waveguide 

element with the remaining ports being terminated on matched loads. The three terms within 

brackets measure the flatness of the radiation pattern up to θe=8.5o, the relative directivity at 

the critical angle θc=14o, and the SLL for 𝜃𝜃 ∈ [𝜃𝜃𝑆𝑆𝑆𝑆 , 90o] with θSL=20o. Since our waveguide 

structure is symmetric, we can limit the optimization within the angular range 𝜃𝜃 ∈ [0, 90o]. 

Utilizing the objective function defined in (23), the design procedure is turned into the 

solution of the following minimization problem: 
 
 ( )0

0 0.5
arg min ,

p g
O pf

λ≤ ≤
Ψ

h
h .  (2.24) 

 

Due to the symmetry of the array, the number of design parameters is equal to half the number 
of passive waveguides. The resulting optimal positions of the short-circuits along the passive 
waveguides are listed in Table 2-II, where the waveguides have been numbered starting from 
the one which is closest to the central active element. As it can be seen from Table 2-II the 
4th and 5th waveguides have zero length, so no waveguides will be introduced at their 
positions.  
 

Table 2-II. Optimal lengths of the passive waveguides 

Section Length h1 h2 h3 

Value in λg 0.19341 0.20436 0.18127 

Section Length h4 h5 h6 

Value in λg 0.00000 0.00000 0.19841 
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Figure 2-4 shows the angular distribution of the radiation pattern of the optimized array 
structure along the E-plane (φ=90o). For comparison, the radiation patterns of an individual 
sub-array in a stand-alone configuration as well as of the array with a larger number of 
adjacent sub-arrays are also included. Furthermore, for validation purposes, the radiation 
pattern obtained by using the proposed design algorithm (implemented in Matlab) is also 
reported.  
As it appears from Figure 2-4, the developed design methodology yields accurate results 
compared to the full-wave EM solver. The maximum directivity of the designed radiating 
structure, Dmax = 13.67dBi, is observed along the broadside direction. The directivity level at 
the edges of the field of view is D(θe) = 12.23dBi. Therefore, the gain flatness featured by 
the array is 1.44dB. On the other hand, the side lobe level is found to be SLL = -18.49dB. 
The calculated radiation efficiency of the designed array is high due to the metallic nature of 
the antenna. At the operational frequency f0 =20 GHz it is 97.6%.  
As it can be noticed in Figure 2-4, the radiation properties of the designed sub-array structure 
are mostly affected by the closest adjacent sub-array elements. This is a measure, also, of the 
achieved sub-array overlapping and enhancement of the effective aperture of the individual 
sub-array. Figure 2-4 also shows the embedded sub-array radiation pattern in the case of an 
array structure consisting of 5 or 7 sub-array elements. We can observe that sub-arrays further 
away from the central sub-array have a minor impact on the characteristics of the central sub-
array. In Figure 2-5(a), the input impedance matching properties of the designed sub-array 
are analyzed for different numbers Nsub of sub-arrays integrated in an array configuration.  
Similarly to what has been pointed out above in relation to the radiation pattern, the circuit 
characteristics of the considered structure are mostly affected by the adjacent sub-array 
elements which partly share the relevant radiating aperture. The embedded input reflection 
coefficient of the sub-array, as computed with the developed design tool, is also shown in 
Figure 2-5(a). One can readily notice that the agreement with the full-wave numerical solver 
is excellent, with a marginal deviation being observed at high return loss levels because of 
numerical tolerances which the developed design procedure is subject to.  
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Figure 2-4. E-plane radiation pattern of the designed sub-array for different numbers of adjacent 
sub-arrays; working frequency f=20 GHz. 

 

 

a) 
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b) 

Figure 2-5. Input reflection (a) and coupling (b) coefficients of the designed subarray for a 
different number of adjacent subarrays. 

It is apparent from Figure 2-5 that the presented structure is inherently well-matched at the 
working frequency f0 = 20 GHz, with the coupling level between adjacent sub-arrays being 
about -22 dB. The small impedance matching bandwidth featured by the sub-array is a result 
of the rapid variation of the equivalent excitation coefficients with frequency. As it is shown 
in Appendix B the bandwidth can be increased by compensating this variation by proper 
passive waveguide loads. According to Foster reactance theorem [29], the reactance of any 
passive lossless network monotonically increases with frequency. Hence, to compensate for 
this behavior, suitable active non-Foster terminations should be adopted for the loading 
waveguides. Non-Foster circuit elements have a positive phase slope and can compensate for 
the negative phase slope associated with the change in electrical length of the waveguide 
elements over frequency. In [30], [31] some examples of antennas with parasitic elements 
loaded with non-Foster circuits are presented. The application of such a design solution is 
out of the scope of this work, but relevant results will be presented in future studies.  
As a first step, we analyze the array of 3 sub-arrays as an array of 13×3=39 directly-fed 
elements. In Figure 2-6, the magnitude and phase of the excitation coefficients of the various 
elements are presented.  



 
Design of Overlapped Sub-Arrays Based on Aperture Reactive Loading 32 

 
2.2.2  Sub-Array Analysis 
As it can be observed in Figure 2-6, the magnitude of the excitation coefficients does not 
decay monotonically from the center towards the edges of the array but is modulated with 
the corresponding phase, changing rapidly from element to element. 
The actual power accepted by each port can be calculated using the following expression: 
 

 2 2ac
i i iP a b= − ,  (2.25) 

where 2
ia  and 2

ib  are the incident and reflected power levels at the i-th waveguide, 

respectively. The outgoing wave, in turn, can be computed by: 
 
 ,i in i ib a= Γ ,  (2.26) 

 

where Γin,i is the active input reflection coefficient of the i-th waveguide defined as: 
 

 ,
1

N

in i ij j
j

S a
=

Γ = ∑ .  (2.27) 

 
Figure 2-7 shows the power level accepted by each element as computed by (2.25) when we 
inject 1W into the central element. The power accepted by the loads represents the dissipated 
power within the structure and it is negligible due to the low ohmic losses along the metal 
walls of the waveguides.  
Figure 2-8 shows the electric field distribution along the vertical cross-section of the 
considered array structure (see Figure 2-8a), as well as along the radiating aperture (see 
Figure 2-8b)  
In Figure 2-8 one can easily notice the significant strength of the electric field excited in the 
passive waveguide elements embedded in the adjacent sub-arrays, this confirming the 
overlapping between sub-arrays. Furthermore, it is worth highlighting the strong field 
intensity at the waveguides located next to the central element. Aforementioned waveguides 
contribute substantially to the formation of the radiation pattern as it can be seen in Figure 
2-9 
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a) 

 

b) 
Figure 2-6. Amplitude (a) and phase (b) of the equivalent excitation coefficients of a 39-
waveguide-element antenna array; working frequency f = 20 GHz. 

 

 
Figure 2-7. Accepted power level per array element; working frequency f0=20 GHz. 
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a) 

 
b) 

Figure 2-8. Normalized electric field distribution a) yz plane b) xy plane (radiating aperture), f=20 
GHz 

 
a) 

 
b) 

Figure 2-9. Normalized power density distribution a) yz plane b) xy plane (radiating aperture) 

 Total Array Factor 
As a next step, we have used the designed sub-array as an element in an array of Nsub=38 sub-
arrays. The array synthesizes a pencil-beam radiation pattern with a half-power angular width 
of approximately 0.5o. The normalized radiation pattern of this array, labeled as total array 
factor (TAF), is shown in Figure 2-10. For comparison, in Figure 2-10, the normalized 
radiation pattern of the individual sub-arrays are also shown, labeled as element factor (EF), 
as well as the normalized radiation pattern of an array consisting of ideal isotropic radiators, 
labeled as array factor (AF).  
In Figure 2-10, we can observe that thanks to the spatial filtering process produced by each 
sub-array, the radiated power associated with the grating lobes is at least 25 dB lower than 
that along the main lobe. The first side lobe displayed by the array is within the field of view 
and its level is about -13 dB, which is expected due to the uniform excitation of the sub-
arrays. To assess the scanning capability of the array we have evaluated the TAF of the array 
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for three scan angles (see Figure 2-11 ): broadside (θ=0ο), extreme scanning (θ=8.5ο), and 
the direction for which the grating lobe is 15dB lower than the main lobe (θ=4.0ο). As it can 
be noticed in Figure 2-11, the grating lobes are highly filtered when the array is radiating 
along the broadside direction. However, as we scan away from the broadside, the rejection 
level of the grating lobes quickly decreases because of the sub-array radiation pattern shape. 
Along the angular direction θ=4.0ο we still have a good rejection level of 15.02 dB with a 
very small (-0.16 dB) degradation of the main lobe level. Finally, at the maximum scan angle 
θ=8.5ο the filtering level of the first grating lobe is limited to 7.37 dB and the degradation of 
the main lobe level further increases to -1.74 dB. The array radiation characteristics are 
summarized in Table 2-III. 
 

 
Figure 2-10. Element Factor (EF), Array Factor (AF) and Total Array Factor of a Nsub=38 
element array of sub-arrays designed in Section 2.2.1. 

Table 2-III. Radiation pattern characteristics for various scan angle,  f=20 GHz. 

Scan angle, 
θ [o] 

Main lobe 
[dB] 

Grating Lobe 
[dB] 

SLL 
[dB] 

0 0.0 -26.77 13.24 

4.0 -0.16 -15.02 13.17 

8.5 -1.74 -7.37 12.75 
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Figure 2-11. Total Array Factor of a Nsub=38 element array of sub-arrays designed in Section 
2.2.1 for three scan angles: θ=0ο, θ=4.5ο and θ=8.5o. 

In order to assess the scanning capability of the proposed array structure, the relevant realized 
gain GA(θ) has been evaluated versus the scan angle θ at the central working frequency 
f0=20GHz. In this respect, the following expression applies[25]: 
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where G(θ) denotes the sub-array gain, and Γin,n(θ) is the active reflection coefficient of the 
n-th sub-array element when scanning along the θ direction. In the case of an array consisting 
of radiating elements excited with the same amplitude and different phase, the active 
reflection coefficient is given by: 

  

 ( ) sin sin
,

1

subN
jknd jkmd

in n nm
m

e S eθ θθ −

=

Γ = ∑ .  (2.29) 



 
Design of Overlapped Sub-Arrays Based on Aperture Reactive Loading 37 

 

 
Figure 2-12. Active reflection coefficients versus scan angle of a 7 sub-array-element array. The 
numbering starts from the central element. Working frequency f = 20 GHz. 

 
Figure 2-13. Realized gain versus scan angle of an array of Nsub=38 sub-arrays. 
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 Experimental Validation 

Figure 2-14 shows a cross-section of the array demonstrator which has been built to validate 
the design detailed in Section 2.2. The prototype includes a feeding structure that consists of 
suitable SMA adapters integrated along the active waveguides of the various sub-arrays. The 
position of each adapter is optimized in such a way as to ensure a reduced magnitude of the 
reflection coefficient at the central operating frequency. During the manufacturing process, 
the actual array dimensions might deviate from the nominal ones and this could lead to a 
performance mismatch. In order to mitigate and compensate for such non-ideality, adjustable 
tuning screws with a radius of 1.0 mm were integrated in the proximity of the feed points. 
Finally, six holes with a radius of 2.0 mm are used to enable an easy mounting of the 
demonstrator to the measurement setup. The main dimensions and geometrical parameters 
of the prototype are reported in Table 2-IV. 
 

Table 2-IV. Main dimensions and geometrical parameters of the array demonstrator. 

Length l1 l2 l3 l4 

Value in mm 118.30 12.76 43.90 10.00 

Length l5 l6 l7 l8 

Value in mm 13.90 15.77 16.07 45.87 

Length l9 l10 l11 l12 

Value in mm 15.30 6.98 23.94 11.3 

 
The simulated input reflection and coupling coefficients of the prototype are shown in Figure 
2-15 and Figure 2-16, respectively. It can be observed that, at the central working frequency 
f0 = 20 GHz, the magnitude of the input reflection coefficients at the active ports of the array 
is smaller than -10 dB, whereas the coupling level between sub-arrays is impacted by the 
feeding structure only in a very marginal way.  
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Figure 2-14. Prototype array with relevant feeding structure. 

Figure 2-17 shows the E-plane radiation pattern of the array inclusive of the feeding structure. 
It is apparent that the integration of the feeding network has a negligible effect on the 
radiation pattern characteristics of the array. However, the feeding structure reduces the 
radiation efficiency of the antenna, which is now 94.1%. Figure 2-18 shows photographs of 
the manufactured array demonstrator. It is made out of aluminum, with the relevant active 
and reactively loading waveguide elements being realized by means of a suitable Zinc-
erosion process. This process was chosen due to the high manufacturing accuracy required, 
at least 50μm. This is due to the small bandwidth of the structure and will be addressed in 
Chapter 4. On the other hand, the various holes for the SMA adapters are realized by milling. 
The antenna is connected to the measurement setup through an R125414000 SMA connector 
with an extended frequency of operation up to 27 GHz.  
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Figure 2-15. Reflection coefficient of the designed array inclusive of the feeding structure. 

 

 
Figure 2-16. Coupling coefficient of the designed array inclusive of the relevant feeding structure. 
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Figure 2-17. E-plane radiation pattern of the designed array with and without feeding network.  

The scattering parameters and radiation pattern measurements were performed in the 
anechoic chamber of Eindhoven University of Technology (see Figure 2-19). The 
measurements were performed by using an NSI-MI medium vertical planar scanner in 
combination with an N5225A vector network analyzer (VNA). For radiation pattern 
measurements, a suitable WR-42 open-ended waveguide probe has been used. 
In Figure 2-20 the measured reflection coefficients of the various sub-arrays are plotted and 
compared to the simulated ones. A frequency shift of about 100 MHz is observed with respect 
to the numerically predicted frequency response of the structure. Furthermore, an impedance 
mismatch has been measured at port #3 in the nominal array configuration. However, by 
properly adjusting the aforementioned tuning screws, a satisfactory reflection coefficient 
level smaller than -10dB has been achieved. 
This small difference is caused by discrepancies in the waveguide dimensions and distance 
between adjacent elements due to manufacturing tolerances. The frequency shift between 
simulation and measurement results is 100 MHz, which is about 0.5% in relative terms with 
respect to f0. 
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The coupling between the central port and the adjacent elements is pretty much the same as 
around the central frequency even though the matching conditions of port #2 and port #3 
differ substantially. The measured results show a 2dB reduction in the coupling level 
compared to the simulated results. On the other hand, the measured coupling level between 
ports #2 and #3 is much smaller as compared to numerical simulations. Furthermore, as 
expected from theory, a better impedance matching of port #3 results in a larger coupling 
between that port and the adjacent ones. 

 

Radiating Aperture

Port#1
Excited

Port#3
Matched

Port#2
Matched

Tuning 
Screws

 
Figure 2-18. The manufactured array demonstrator. 

 

 
Figure 2-19. The array demonstrator in the antenna test facility. 
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Figure 2-20. Measured and simulated reflection coefficients of the prototype of Figure 2-18. The 
tuned case refers to the structure with matched port #3. 

 

 
Figure 2-21. Measured and simulated coupling coefficients of the prototype shown in Figure 2-18. 
The tuned case refers to the structure with matched port #3. 
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In Table 2-V, the main dimensions of the modeled antenna array and manufactured prototype 
are compared. In addition to these dimensions, the depth of the passive waveguide elements 
were also measured, and a nominal difference of 0.016mm was noticed. Furthermore, a 
deviation on the actual shape of the manufactured waveguide cross-sections, compared to the 
simulation model, has been observed. 
 

Table 2-V. Modeled and measured dimensions of the three sub-array prototyped structure 

 Modeled 
[mm] 

Measured 
min [mm] 

Measured 
max [mm] 

Passive aperture width  9.000 9.015 9.047 

Passive aperture lengths 1.800 1.822 1.853 

Distance between 
apertures 1.000 0.960 0.979 

Active Aperture width 9.000 9.033 9.052 

Active Aperture Length 4.500 4.437 4.454 

Adjacent Active Length  56.663 56.605 56.620 

Adjacent Connector 
Position 38.561 38.154 38.659 

Central Active Length 112.335 112.45 

Central Connector 
Position 94.454 94.433 

 
The measured normalized radiation pattern in the E-plane is shown in Figure 2-22 and 
compared with simulations. The low side-lobe level and flat-top radiation pattern 
characteristics are achieved in addition to a small decrease of the roll-off of the main beam. 
The measured and simulated pattern characteristics are compared in Table 2-VI. 
 

Table 2-VI. Measured and simulated normalized radiation characteristics of subarray at the 
center frequency. 

 Dnorm ( 8.5o ) Dnorm ( 14.06o ) SLL 

Simulated -1.81dB -8.2dB -18.44dB 

Measured -1.63dB -6.6dB -18.44dB 
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Figure 2-22. Measured and simulated E-plane normalized radiation pattern at the center 
frequency. 

 Conclusion 
In this chapter, a novel array structure based on overlapping sub-arrays is presented. A 
dedicated semi-analytical technique has been developed for effective design of the proposed 
class of sub-arrays. To verify proposed technique, a sub-array has been designed in such a 
way as to synthesize a flat-top radiation pattern in combination with good impedance 
matching characteristics and reduced spurious coupling levels around the working frequency 
f0 = 20GHz. A detailed analysis of the array behavior has been carried out in order to gain 
insight in the sub-array overlapping process. The attributes of the designed sub-array were 
validated by measurements taken on a physical demonstrator. 
Finally, the spatial filtering effect of the embedded sub-array pattern on the overall array 
pattern has been successfully demonstrated. A [-4o; 4o] scan range with 15dB grating lobe 
suppression was achieved. A broader scan range in [-8.5o; 8.5o] can be considered upon 
accepting a reasonably small degradation of the grating lobe suppression level.  
However, the designed array is one-dimensional, supports one linear polarization, and has 
limited bandwidth; therefore, its practical application is limited. In the next chapters, we first 
will extend the proposed design to planar arrays and as a second step, we will introduce new 
radiating elements supporting two orthogonal polarizations and enhanced bandwidth. 
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HIGH-GAIN PLANAR ARRAY OF REACTIVELY 

LOADED ANTENNAS2  
 
In the presented research study, we apply the technique proposed in the previous chapter to 
the design of a planar antenna array composed of linear sub-arrays. The embedded radiation 
pattern of the realized antenna sub-array provides a limited scan range along the sub-array 
main axis (E-plane) but a substantially larger coverage along the orthogonal axis (H-plane). 
The array presented in this chapter operates at Ka-band at 28.0 GHz, where several emerging 
wireless applications are being developed [24] but can be easily scaled to any desired 
frequency. 
The chapter is organized as follows. In Section 3.1, we describe the design framework. In 
Section 3.2.1, we present an overlapping sub-array structure featuring an embedded flat-top 
radiation pattern. Next, in Section 3.2.2 we use the designed subarray as a building block for 
the development of a high-gain antenna array. The chapter closes with the main conclusions 
and future directions. 

  

 
2 This chapter is based on [J2] 
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 Method 

On the basis of the equations derived in the previous  Chapter 2 the design of the proposed 
type of arrays can be performed using the following procedure:  
1. Decide on the array topology and the minimum number of sub-arrays NS useful to 

approximate a large array environment for the central sub-array. 
2. Decide on the number of elements per sub-array. 
3. Obtain the scattering matrix and the embedded element patterns for all the elements of 

the (NS × NE) × (NS × NE) array. 
4. Choose an optimization algorithm and select the optimization parameters. 
5. Define the objective function on the basis of Expressions (2.17) and (2.19). 
6. After optimization, increase the array size by adding sub-arrays until there is no change 

in the embedded radiation pattern of the central sub-array. 
7. Use the obtained pattern as the embedded element pattern for the design of arrays of any 

size. 

As it is apparent from (2.17) and (2.19), the main optimization parameters are: the reflection 

coefficient of the load, pΓ ; the complex propagation constant, pγ ; and, the lengths of the 

waveguides ph , which define the electrical length of the passive waveguides and their 

loading profile. The proposed design procedure has been implemented in Matlab [27]. 

 Design 
3.2.1  Sub-Array Design 
In this chapter, we design a planar array built up from linear sub-arrays. The sub-arrays have 
to support a wide scan range in the H-plane with a reduced scanning capability in the E-
plane. The design starts from the structure of Figure 3-1a, where a linear antenna sub-array 
of NE = 13 open-ended waveguides is placed in an NA = 9 × 3 array configuration. The length 
of the sub-array, L = 2.653λ0, with λ0 denoting the free-space wavelength, was chosen in such 
a way as to achieve a FoV of about ±8o. The choice of the length, lw = 0.6λ0, of the waveguides 
is governed by the cut-off condition of the fundamental TE01 mode, that is lw > 0.5λ0. The 
width of the passive waveguides, wp = 0.12λ0, the thickness of the walls, t = 0.0679λ0, as well 
as the relevant rounding radius of 0.8 mm were chosen so as to simplify the manufacturing 
process. Finally, the width of the central waveguide, wa = 0.3λ0, is optimized in a way to 
achieve good impedance matching characteristics. At the initial design step, the length of all 
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the waveguides is set to 0.1λg, where λg denotes the guided wavelength of the fundamental 
TE01 mode of the passive waveguides. At the working frequency, f0 = 28.0 GHz, and for the 
specified waveguide dimensions, we get λg = 21.104 mm. 
In a linear array, the angular position of the grating lobes is a function of the separation d 
between antenna elements and the scan angle θ0, and is given by: 
 

 0
0sin sinp

p
d
λ

θ θ= + , (3.1) 

where p = ±1, ±2,… is chosen in such a way as to define an angle with real value, as per the 
condition |sinθp|≤ 1. The maximum scan angle of the array factor before the appearance of 
the first grating lobe in the field of view is θp = −θ0. 
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Figure 3-1. a) Planar NA = 9 × 3 array configuration using high-gain sub-arrays of open-ended 
waveguides. The central sub-array is highlighted in green, whereas the relevant geometrical 
parameters are reported in b). 
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Using (3.1), we can evaluate the maximum theoretical scan range in the two main planes of 
the array of sub-arrays in Figure 3-1, which is ±10.86o along the Ε-plane and ±48.47o along 
the H-plane. Therefore, theoretically, in order to maximize the gain flatness and minimize 
the radiation to the undesired directions, the sub-array embedded radiation pattern has to have 
a high gain flat-top shape in the calculated scan range and should have a low gain outside 
this range. However, a radiation pattern with such a jump discontinuity in the relevant gain 
distribution cannot be synthesized using a limited-size array, unless we introduce a transition 
region which, however, reduces the maximum scan range.  
Therefore, based on such observation, the flat-top region has been set to ±8.0o  and ±40.0o 
along the E-plane and the H-plane, respectively. Additional design goals are enforced so as 
to achieve maximal directivity along the boresight, low side-lobe levels (SLL < −15 dB) 
along the E-plane, and high return loss combined with low coupling coefficients at the active 
ports of the array at the central operating frequency. Equation (3.2) shows the objective 
function used for the optimization: 
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 (3.2) 

where the first term is to minimize
1 ,j aS ′  , j = 1,2,…, Na, and, in this way, optimize the 

scattering parameters of the central sub-array. The second term maximizes the broadside 
directivity. The next two terms are introduced to maximize the flat-top region along the H-
plane and E-plane, respectively. Finally, the last two terms are useful to minimize the 
directivity outside the field of view along the E-plane, the relative directivity at the critical 
angle θc = 14o, and the SLL for 𝜃𝜃 ∈ [𝜃𝜃𝑆𝑆𝑆𝑆 , 90o] with θSL = 20o. The designed sub-array is 
symmetrical with boresight radiation pattern characteristics along the z-axis. Therefore, we 
can confine the optimization process to the angular range 𝜑𝜑 ∈ [0o, 90o]. Figure 3-2 shows 
graphically the defined angular regions.  
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Figure 3-2. Graphical representation of the array radiation pattern mask along the (a) E-plane 
and (b) H-plane. 

Utilizing the objective function defined in (3.2), the design procedure is turned into the 
solution of the following minimization problem: 
 

 ( )0
0 0.5
arg min ,

p g
O pf

λ≤ ≤
Ψ

h
h . (3.3) 

 
Due to the symmetry of the considered sub-array structure, the number of design parameters 
is equal to half the number of passive waveguides embedded in each individual sub-array. 
The optimization procedure starts with the calculation of the embedded element patterns and 
scattering matrix of an array of 9 × (3 × 13) elements. To this end, a suitable full-wave 
electromagnetic solver is used [26]. The obtained results are then imported into an in-house 
developed dedicated software that implements the proposed design procedure. Using (2.17) 
and (2.19), the objective function (3.2) is defined. Then, the Global Search Optimization 
routine embedded in Matlab [27] is adopted to address the minimization problem described 
by (3.3). The Global Search Optimization technique combines a global pattern-search-based 
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optimizer with a local gradient-based optimization algorithm. Details of the Global Search 
Optimization algorithm can be found in [28].  
 

Table 3-I. Passive waveguides lengths of the optimized structure. 

Section Length h1 h2 h3 h4 h5 h6 

Value in λg 0.196 0.205 0.193 0.0000 0.098 0.206 

 
The optimal positions of the short-circuits along the passive waveguides are listed in Table 
3-I, where the waveguides have been numbered starting from the closest one to the central 
active element. As it can be seen from Table 3-I the 4th waveguide has zero length, so no 
waveguide will be introduced at its position. A cross-section of the resulting array is shown 
in Figure 3-3. 

P1 P2P3  
Figure 3-3. Cross-section of three sub-arrays along the sub-array main axis. The waveguides are 
shown in blue. 

The electromagnetic characteristics of the designed sub-array structure have been 
successfully validated by using a full-wave solver [26]. After the optimization procedure, the 
number of sub-arrays has been gradually increased until the radiation pattern of the central 
sub-array does not change significantly any longer. Figure 3-4 shows the three main cuts 
(along the E-, H- and D-planes) of the embedded radiation pattern of the central sub-array 
when integrated in 9 × 3, 11 × 5, and 15 × 9 array configurations.  
In Figure 3-4, one can notice a non-negligible change in the embedded radiation patterns 
along the E- and D-planes when the array size is increased from 9 × 3 to 11 × 5 sub-array 
elements. More specifically, even though the half-power beam-width does not vary along the 
H-plane, it differs significantly along the other planes, by 0.3° along the E-plane and by 1.3° 
along the D-plane. Furthermore, a large deviation of about 7.8 dB is observed in the sidelobe 
level along the E-plane. No meaningful performance variations occur for further increases of 
the array size, i.e., to 15 × 9 elements. As a matter of fact, the maximal difference in the half-
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power beam-width along the various planes is about 0.1°, whereas the deviation in terms of 
the sidelobe level is negligible. 

 

a) 

 

b) 
Figure 3-4. Embedded element pattern comparison of the central subarrays: (a) 9 × 3 and 11 × 
5; (b)11 × 5 and 15 × 9 at the design frequency f0 = 28.0 GHz. 
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a) 

 
b) 

Figure 3-5. Active reflection coefficient versus scan angle θ0 of the central element for a) φ = 0° 
and b) φ = 90° at the design frequency f0 = 28.0 GHz. 

An additional investigation has been performed on the active reflection coefficient of the 
central sub-array element in the 9 × 3, 11 × 5, and 15 × 9 array topologies. As it appears in 
Figure 3-5 the active reflection coefficients featured by the central elements of the 11 × 5 and 
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15 × 9 arrays show rather similar behavior but differ quite significantly from the one obtained 
for the 9 × 3 array. On the basis of the reported results, the radiation pattern of the central 
element of the 11 × 5 array has been selected as the embedded sub-array pattern, whose main 
parameters are detailed in Table 3-II. 
 

Table 3-II. Embedded radiation pattern characteristics of the 11 × 5 array. 

Cuts D(0o) [dBi] BW(−3dB) [o] BW(−0.5dB) [o] SLL [dB]] 

H-plane 15.7 ±25.7 ±14.9 −18.2 

E-plane 15.7 ±9.3 ±5.9 −17.8 

D-plane 15.7 ±12.9 ±8.5 −17.8 

 
From  Figure 3-4b and Table 3-II, it can be concluded that the scan range along the E-plane 
is close to the optimization objective, whereas a gap is observed in relation to the scan range 
along the H-plane. The sub-array directivity for θ0 = 0o is 15.7 dBi, which is 2.3 dB higher 
than the nominal directivity calculated on the basis of the physical aperture area Aap of the 
individual sub-array, that is: 
 

 2
0

4 13.4 dBiap apD Aπ
λ

= = . (3.4) 

 
We can conclude that the sub-array directivity has been enhanced thanks to the overlapping 
with adjacent sub-arrays. This increase in directivity can be translated into a 41% reduction 
of the required transmit power or, equivalently, a 23% reduction in the number of required 
sub-arrays. The calculated radiation efficiency of the designed antenna is 94.5%. In order to 
provide an insight into the process that is responsible for the enhancement of the directivity, 
the electric field distribution over the radiating aperture of the 11 × 5 array is reported in 
Figure 3-6 when only the central sub-array is active and the other sub-arrays are terminated 
on matched loads. 
From Figure 3-6, it can be seen that the electric field propagates in a very effective way 
towards adjacent sub-arrays virtually in all directions. Effectively, all the sub-arrays 
contribute, to some extent, to the electromagnetic field radiation process. This mechanism 
enables the sub-array overlapping and, from there, the mentioned directivity enhancement 
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and capability of synthesizing complex-shaped radiation patterns. It should be noted however 
that, while propagating, the electromagnetic field gradually decays and eventually displays a 
limited intensity along the edge elements of the array. This is the reason why a further 
increase in the number of sub-arrays (beyond the size of 11 × 5) does not significantly affect 
the central sub-array characteristics.  
 

 
Figure 3-6. Calculated electric field distribution of the central sub-array when all other sub-
arrays are matched in the 11 × 5 array at the design frequency f0 = 28.0 GHz. 

In Figure 3-7, the embedded radiation pattern of the central sub-array of the 11 × 5 element 
array is presented in the uv-plane, where u = sinθcosφ and v = sinθsinφ. Figure 3-7 shows 
that the areas where the SLL is larger than −15 dB are outside the region defined by the 
vertical dotted lines. This region identifies the angular sector where the grating lobes would 
occur assuming that the considered sub-array is used in a uniform planar array configuration. 
The performance of such an array can be estimated by analyzing the embedded sub-array 
pattern presented in Figure 3-7. Along the H-plane, the grating lobes are outside the visible 
region over the entire scan range. However, along the E-plane, the grating lobes are inside 
the visible region. In order to achieve a 10 dB grating-lobe rejection level, we have to limit 
the scan range to ±8.7o. On the other hand, if a 15 dB grating-lobe rejection level is enforced, 
the scan range shrinks further to ±6.5o. 
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Figure 3-7. Embedded element pattern of the optimized sub-array at the center of the 11 × 5 
array, displayed in the uv-plane, where u = sinθcosφ and v = sinθsinφ. The black and white solid 
lines encircle areas with a level higher than −15 dB and −3 dB compared to the maximum value. 
All presented results are obtained at the design frequency f0 = 28.0 GHz. 

 
a) 
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b) 
Figure 3-8. Active reflection coefficient versus frequency and scan angle for (a) H-plane and (b) 
E-plane of the central sub-array of the 11 × 5 array. 

The active reflection coefficient versus frequency and scan angle of the central sub-array of 
the 11 × 5 array configuration is shown in Figure 3-8. 
Figure 3-8 shows that the designed sub-array is intrinsically matched, though the relevant 
impedance matching band shifts with the scan angle. The maximum scanning range can be 
obtained on the basis of application-specific requirements for active reflection coefficient 
and active bandwidth. In this case, where broadband behavior is needed, the integration of a 
suitable impedance matching network can be explored. The design of such a matching 
network is outside the scope of this work. 
 
3.2.2 Array Design 
In this section, we use the designed sub-array to realize an antenna array that features a 
rotationally symmetric mainbeam with a high directivity level of at least 46 dBi. To achieve 
these goals, a planar array of 65 × 19 elements is required. The simplest approach to the 
design of such an array would be to adopt the same embedded radiation pattern of the central 
sub-array analyzed in the previous section for all the array elements. However, this approach 
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would not account for the fact that the edge elements experience different surroundings and, 
therefore, are characterized by different embedded radiation patterns. 
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                           a)                                                                                   b) 
Figure 3-9. Schematic representation of the transformation from a) small array with 11 × 5 sub-
array elements to b) a large array of 65 × 19 elements. In a) each block represents a sub-array 
placed in the specific location. In b) the various blocks represent sub-domains (with dimensions 
indicated into brackets) synthesized using the relevant embedded sub-array patterns in a). The 
green blocks are 1 × 1 sub-arrays. 

A more accurate design approach consists in the use of the embedded radiation pattern of the 
edge elements of the small array as an approximation of the one relevant to the edge elements 
of the large array, as illustrated schematically in Figure 3-9. 
The transformation from the 11 × 5 to the 65 × 19 array configuration is performed as follows: 
1. The radiation pattern of the central element of the 11 × 5 array (red element in Figure 

3-9a is used to synthesize the central 55 × 15 sub-array (highlighted in red in Figure 
3-9b). 

2. The elements highlighted in orange in a are used to synthesize the corresponding 
domains with 55 × 1 sub-arrays highlighted in orange in Figure 3-9b. 

3. Similarly to step 2, the blue elements in Figure 3-9a are used to synthesize the domains 
of 1 × 15 sub-arrays highlighted in blue in Figure 3-9b.  

4. Finally, the remaining green elements in Figure 3-9a are used as is to complete the 65 × 
19 array in Figure 3-9b. 

The scan characteristics along the two principal planes of the resulting 65 × 19 array are 
illustrated in Figure 3-10. The achieved boresight directivity level is 46.5 dBi, which is 0.1 
dBi smaller than that displayed by the 65 × 19 array when the embedded radiation pattern of 
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the central sub-array is used for all the elements and, therefore, the edge effect is neglected. 
It is worth noting, also, that the edge effect causes faster decay of the array mainbeam with 
the scanning angle, as can be observed in Figure 3-10. In the absence of the edge effect, the 
array mainbeam would follow the profile of the central sub-array pattern. This non-ideality 
is responsible for a reduced scan range, which can be quantified as 7.5o in the E-plane, and 
24.2o in the H-plane. 
To show the impact of the edge effect on the side-lobe level characteristics, the array 
radiation pattern evaluated using the proposed design approach for the scan angles of 25o and 
7.5o along the H- and E-plane, respectively, has been compared against the corresponding 
one obtained when the radiation pattern of the central sub-array is used for all elements of 
the array; therefore, the edge effects are neglected (see Figure 3-11). 
the sidelobe level of the embedded sub-array pattern is very high in some specific directions, 
as is shown in Figure 8, the radiation pattern of the total array has a sidelobe level below −30 
dB, at the specified directions. This performance is achieved thanks to the fact that the array 
scanning is restricted to the angular region defined by the contour line at a –3 dB level. 
Therefore, it has been shown that the requirement on the sub-array sidelobe level can be 
relaxed for certain directions which are defined by the scan range of the full array. 

  

    
a) 

 
b) 

Figure 3-10. The radiation pattern of the 65 × 19 array for various scan angles along the a) H-
plane and b) E-plane. The figure also includes the embedded radiation pattern of the central sub-
array of the 11 × 5 array, sub-array factor (SF). 
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a) 

      
b) 

Figure 3-11. Comparison of the radiation pattern of the 65 × 19 calculated by the proposed 
approach (solid line) versus an approach that assumes identical embedded radiation (dotted line) 
for the (a) H-plane and (b) E-plane. The figure also includes the embedded radiation pattern of 
the central sub-array of the 11 × 5 array (SF).  

As it can be noticed in Figure 3-11, neglecting the edge effect leads to an overestimation of 
the main-beam directivity, by 0.7 dB in the H-plane, and by 1.6 dB in the E-plane, 
respectively. The deviation along the E-plane is more noticeable because of the smaller 
number, 19, of sub-arrays in that direction, as compared to the number of elements, 65, along 
the H-plane. Another effect of the edge elements that can be observed in Figure 3-11 is 
relevant for the increase of the sidelobe levels, by about 14.6 dB for 𝜃𝜃 ≃−25.0o along the H-
plane, and by about 7.5 dB for 𝜃𝜃 ≃−7.5o along the E-plane. The performed comparison 
clearly shows the importance of including the edge effects in the analysis of the array 
performance.  
The filtering effect of the sub-array factor for various scan angles is visualized in Figure 
3-12e–h. For comparison, the array factor of a 65 × 19 array is presented in Figure 3-12a–d. 
Figure 3-12a–d shows the array factor of a 65 × 19 array for various representative scanning 
angles. The array elements are excited with uniform amplitude, whereas the phase tapering 
is optimized so to steer the array beam along the desired direction. Because of the large 
distance between array elements along the u-axis, grating lobes appear.  
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Figure 3-12. Array factor (a–d) and the radiation pattern (e–h) of the 65 × 19 array for various 
scan angles, where u = sinθcosφ and v = sinθsinφ. The −3 dB contour of the central sub-array 
radiation pattern of the 11 × 5 array is also shown. 

On the other hand, the array element separation along the v-axis is smaller than 0.6λ0 which 
is instrumental in keeping the grating lobes outside the visible region, as per (3.1), for the 
targeted scanning range. Figure 3-12e–h shows the filtering effect on the sub-array radiation 
pattern that is useful in the suppression of undesired grating lobes. It is worth mentioning 
that even though 
Finally, due to the uniform amplitude excitation, the side-lobe level of the total radiation 
pattern is about −13.27 dB. 
If further sidelobe level reduction is required, a suitable amplitude tapering scheme of the 
array excitation has to be adopted [25] 

 Conclusions 
In this chapter, we have proposed a novel antenna array architecture based on high-gain linear 
sub-arrays. An array structure has been designed so to achieve a directivity of 46.5 dBi, which 
is 2.2 dB higher than the corresponding 100% aperture efficiency limit. This performance 
has been obtained by exploiting the overlapping of multiple linear sub-arrays. The individual 
sub-array has a length of 2.653λ0 which might lead to the appearance of grating lobes while 
scanning. This non-ideality, however, has been properly taken into account during the design 
stage. As a matter of fact, the grating lobes are filtered by proper shaping of the embedded 
element pattern of the sub-array. It has been, also, demonstrated that, for an accurate 
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prediction of the array characteristics, it is key to properly model the edge effects. The 
inclusion of the edge effect limited the array scan range from ±9.3o to ±7.5o along the E-plane 
and from ±25.7o to ±24.2o along the H-plane, respectively. We have shown that the antenna 
array is intrinsically matched, though the relevant impedance matching band shifts with the 
scan angle. To mitigate this drawback, the integration of an external impedance matching 
network can be considered. The proposed design supports a single linear polarization. 
Although this might be sufficient in several operative scenarios, there is a large number of 
applications where simultaneous support of two polarizations is required. To achieve dual-
polarization operation, suitable radiating elements have to be utilized. One example of such 
an element is the square dielectric-filled waveguide operating in TE01 and TE10 modes 
simultaneously. Another area for further improvement is the extension of the bandwidth of 
the proposed design. One way to achieve such an extension is to investigate alternative 
choices for the radiating elements. Another option, especially if a wide-band operation is 
required, is to use active non-Foster loads as waveguides terminations [30], [31]. By enabling 
dual-polarization and broadband behavior, one can develop multibeam/multicolor arrays 
based on the proposed reactively loading approach. In this case, the coloring can be 
performed on the basis of polarization and frequency separation [32]. 
Some general properties and implementation schemes for linear and planar arrays organized 
in overlapped subarrays can be found in [33].  
Finally, it is worth mentioning that the actual prototype was not made due to the large cost 
involved. On the other hand, the designed antenna has exactly the same waveguide elements 
and distances between them as the one in Chapter 2. Therefore, we could expect the same 
good agreement between simulation and measurements.  
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COMPACT REACTIVELY LOADED ARRAYS OF 

DIELECTRIC-BASED WAVEGUIDE ANTENNAS3  
 

 
This chapter proposes a dielectric-based antenna design for the implementation of reactively 
loaded arrays. The antenna element proposed in this chapter enhances the operational 
bandwidth of the array and enables dual-polarization operation. To validate the benefit in 
terms of broader bandwidth, a linear array of overlapping sub-arrays featuring flat-top 
radiation pattern characteristics is designed and realized. Measurements at 20 GHz show that 
an operating fractional bandwidth of 2.5% with a flat top radiation pattern can be achieved. 
This chapter is organized as follows. Section 4.1.1 introduces the theoretical framework for 
the reactively loaded array concept and motivates the choice of the antenna element and 
related sub-array design. In Section 4.1.2 and Section 4.1.3 an overlapped sub-array is 
designed and matched, Next, in Section 4.2 a large array based on the previously designed 
sub-array is introduced. Next, in Section 4.3 we present a 3-sub-array prototype and compare 
its performance with the theoretical study. Finally, in Section 4.4, the initial design of a planar 
array that can support two independent linear polarizations is performed. The optimized two-
dimensional structure exhibits a [-25o; 25o] flat-top radiation pattern, supports two 
polarizations, and is inherently matched. 

  

 
3 This chapter is based on [J3] and [C1] 
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 Design 

4.1.1 Radiating Element 
The choice of the radiating element plays a significant role during the antenna array design. 
First of all, in order to preserve favorable radiation characteristics while scanning, the 
separation between array elements has to be smaller than λ0/2 with λ0 being the free-space 
wavelength. In Chapter 2 and Chapter 3, we used, as radiating elements, air-filled rectangular 
waveguides operating in their fundamental TE01 mode. This allowed us to keep one of the 
waveguide dimensions small and, in this way, achieve a rather compact size at the array level. 
Although we were able to design sub-arrays with nicely shaped radiation patterns and 
reduced active reflection coefficients at the selected working frequency, the considered 
concept displays two significant drawbacks: it supports one linear polarization only and 
features a limited bandwidth. To overcome these limitations, different radiating elements 
should be used. The easiest way to support two polarizations is to use waveguides with a 
doubly axis-symmetrical cross-section that can operate on two orthogonal modes. For a 
rectangular waveguide, such operational modes are, obviously, TE10 and TE01. The 
simultaneous excitation of these modes requires, however, the increase of the waveguide 
dimension in the direction of the array axis. This would typically lead to a rougher 
discretization of the array aperture and, consequently, to reduced control over the relevant 
radiation pattern. One way to reduce this problem while preserving good scanning capability 
at the array level is to fill the waveguides with a dielectric material with high permittivity 
(see Figure 4-1b). The challenge related to this design approach is the high intrinsic wave 
reflection at the air-waveguide interface, which is responsible for poor return loss and 
reduced power transfer to free space. Furthermore, the ringing effect associated with the 
aforementioned reflection process would significantly limit the achievable bandwidth. In 
order to overcome this problem, we extend the dielectric rods outside each waveguide 
element, as shown in Figure 4-1c. The length of the dielectric rods in the air region is 
optimized in such a way as to achieve a large return loss level. For comparison reasons, the 
air-filled rectangular waveguide antenna array structure is also shown in Figure 4-1a. The 
rounding of the corners of the air-filled waveguide cross-sections is optimized so to achieve 
the same cut-off frequency of the dielectric-filled waveguides. This was done in order to 
make a fair comparison since, as shown in [34] and Appendix A, there is a strong correlation 
between the cut-off frequency and the achievable coupling level between adjacent 
waveguides. In all the analyzed configurations, the operating waveguide mode is TE01. 
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Figure 4-2 shows the coupling level between the central radiator, labeled as “0”, and the 
adjacent elements on one side of the sub-array. By virtue of the symmetry of the sub-array 
structure, the coupling levels with the elements on the other side of the sub-array are identical. 
In Figure 4-2 we can observe that, even though the coupling level to the first adjacent element 
is lower in the presented concept as compared to the air-filled rectangular waveguide design, 
the coupling level to all the other elements is significantly larger. Furthermore, the proposed 
waveguide elements with extended dielectric rods are characterized by a reduced input 
reflection coefficient which, in turn, translates into a smaller quality factor of the short-
circuited “resonators” used as loading elements. On the other hand, from Figure 4-2, it is 
clear that the dielectric-filled waveguides without extended rods have a sub-optimal 
performance, both in terms of high input reflection coefficient and low coupling level. 
 

2.85mm 0.5mm

9.0mm

 
a) 

2.85mm 0.5mm

3.85mm

 

b) 

3.1 mm

5.05 mm

 
c) 

Figure 4-1. 13×1 antenna array of a) air-filled waveguides (top view) b) dielectric-filled 
waveguides (side view). c) dielectric-filled waveguides with extended dielectric rods (side view). 
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Figure 4-2. Coupling coefficients between the central element and the 5 elements of one side of an 
11×1 antenna array for air-filled waveguides (solid line), dielectric-filled waveguides (dashed-
dotted line), and dielectric-filled waveguide with extended dielectric rods (dashed line) at 
frequencies fL=19.7 GHz, f0=20.0 GHz, and fH=20.2 GHz. 

4.1.2 Sub-Array Design 
The design procedure starts with the choice of the number NS of sub-arrays that will be used 
in the subsequent optimization step. Obviously, in order to model the overlapping between 
adjacent sub-arrays, it has to be NS≥3. The next step is to decide on the number of active and 
passive elements per sub-array. The simplest sub-array configuration which can be adopted 
is the one where an individual central directly-fed element is integrated with multiple passive 
elements symmetrically placed on both sides. The total number of elements depends on the 
sub-array length and the element size. In turn, the sub-array length depends on the targeted 
FoV. In this study, we target a FoV θFoV = ±8.5o around the broadside in combination with 
an operational bandwidth BW = 500 MHz (19.7-20.2 GHz). To ensure that the grating lobes 
are outside the FoV for all the scan angles, the sub-array spacing has to be 3.42λ0 or smaller 
wherein the roll-off of the relevant radiation pattern is properly accounted for. Using the 
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dielectric-loaded waveguide elements presented in the previous section while aiming for 
maximal separation of about 2.5λ0, we end up with a sub-array consisting of 11 elements and 
having a length L = 2.48λh, where λh is the wavelength at the highest frequency of operation. 
The selected separation places the first grating lobe at ±23.8o degrees when the array is 
radiating along the broadside direction and at -15.3o for the maximum scan angle θ = 8.5ο 
[25]. 
 

 
a) 

 
b) 

Figure 4-3. Schematic of the 3×11 array structure: (a) longitudinal cross-section, (b) top view. 

The next step is to evaluate the radiation pattern and the scattering matrix of the 3×11 element 
array as illustrated in Figure 4-3. To this end, we used the Finite Element Method solver 
implemented in the commercially available software CST Microwave Studio [26]. 
Next, the radiated electromagnetic field distributions relevant to the various ports and the 
scattering matrix S  of the 3×11 array are evaluated and imported into a dedicated 

optimization tool relying on the implementation of the constitutive relationships (2.17) and 
(2.19). The lengths of the passive waveguide elements are chosen as design parameters for 
the sub-array optimization based on the following objective function: 
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where D denotes the array directivity and 11,aS ′  is the input reflection coefficient of the active 

element in the central sub-array when the adjacent sub-arrays are terminated with matched 

loads. In (4.1), the two terms into brackets control the optimization of the array radiation 

pattern in terms of sidelobe level (SLL) for  𝜃𝜃 ∈ [𝜃𝜃𝑆𝑆𝑆𝑆 , 90o] with θSL=20o and in terms of 



 
Compact Reactively Loaded Arrays of Dielectric-Based Waveguide Antennas 70 

 

flatness within the FoV for 𝜃𝜃 ∈ [0o,𝜃𝜃𝑒𝑒] with θe=8.5o. Since the considered array is 

symmetric, we can confine the analysis to the angular range 𝜃𝜃 ∈ [0o, 90o]  

 

P2 P1 P3

2.48λh

ActiveMatched Matched  
Figure 4-4. Schematic of the 3×11 reactively loaded waveguide antenna array structure. 

Upon focusing on the three (lower, middle, upper) frequencies fL = 19.7 GHz, f0 = 20.0 
GHz, and fH = 20.2 GHz, the design procedure is turned into the solution of the following 
minimization problem: 

 

 ( ) ( ) ( )0
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λ≤ ≤

 −Ψ − Ψ − Ψ h
h h h , (4.2) 

 

where λg= 10.1mm is the guided wavelength corresponding to the TE01 mode at the working 
frequency f0 = 20 GHz. Thanks to the symmetry of the sub-array structure, the number of 
design parameters is equal to half the number of passive waveguides. The resulting structure 
is shown in Figure 4-4, and the relevant optimized waveguide lengths are listed in Table 4-I, 
where the numbering starts from the element immediately adjacent to the central waveguide. 
As it can be seen from Table 4-I, the 5th waveguide has zero length, so no waveguide will be 
introduced at its position, and the dielectric element will be put directly on the metallic 
aperture of the array 
 

Table 4-I. Passive waveguide lengths of the structure in Figure 4-4. 

h1 [mm] h2 [mm] h3 [mm] h4 [mm] h5 [mm] 

0.85 0.03 3.81 1.09 0.00 

 
In Figure 4-5, the input reflection coefficient of the central sub-array and the coupling 
coefficients to the adjacent sub-arrays of the optimized 3-sub-array configuration are shown. 
Due to the complete symmetry of the structure, the corresponding behavior can be 
characterized by means of a reduced number of scattering parameters. 
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Figure 4-5. Reflection coefficient and coupling level between sub-arrays of the 3×11 reactively 
loaded waveguide antenna array structure in Figure 4-4. The port numbering is according to 
Figure 4-4. 

Figure 4-5 shows that the coupling level between sub-arrays is lower than -20dB nearly 
across the entire band. The magnitude of S11 is somehow higher at low frequencies, which 
can be improved by using a dedicated impedance matching circuit (see Section 4.1.3). Figure 
4-7 shows the E-plane directivity at the three frequencies of interest. As it appears from 
Figure 4-7, the targeted flat-top characteristics are successfully achieved, though with some 
marginal degradation in the lower part of the band. The significant influence of the adjacent 
sub-arrays demonstrates the effective re-use of the relevant apertures. In Table 4-II, the main 
radiation pattern properties at the three frequencies of interest are illustrated. For comparison 
reasons, we have included, also, the value of the maximum directivity obtained when directly 
exciting all the elements of the sub-array with the same amplitude and phase. As it can be 
noticed, the maximum directivity obtained with the array structure under consideration is 
similar to the one achieved with the uniformly excited aperture. The calculated radiation 
efficiency of the antenna is around 90% ( 90.0% @ 19.7GHz, 90.8% @ 20.0GHz and 89,7% 
@ 20.2 GHz). It is reduced compared to purely metallic structure as now the losses of the 
dielectric rods have to be taken into account. As it was shown in [19], a larger directivity 
level may be synthesized by compromising on bandwidth. 
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Finally, to assess the overlapping effect, the electric field distribution has been analyzed at 
different frequencies (see Figure 4-6). Figure 4-6 clearly shows a strong field coupling across 
neighboring sub-arrays, especially at the highest end of the operational band. This is in good 
agreement with the improved control of the radiation pattern achieved at higher frequencies. 
4.1.3 Sub-Array Impedance Matching 
The impedance matching of the active element of the sub-array can be improved by using a 
proper feeding network. The simplest feeding network consists of a pin integrated into a 
short-circuited waveguide parallel to the electric field of the TE01 mode. The position of the 
pin along the waveguide and its length are optimized in such a way as to enhance the 
impedance matching across the entire frequency band. The schematic of the feeding structure 
is shown in Figure 4-8. 
 

Table 4-II. Directivity across the frequency band of interest. 

f [GHz] Duniform 
[dBi] 

D(θ=0ο) 
[dBi] 

D(θ=8.5ο) 
[dBi] 

D(θ=15.3ο) 
[dBi] 

SLL [dB] 

19.7 11.63 11.04 9.79 4.50 -12.50 

20.0 11.74 11.24 10.27 4.30 -15.81 

20.2 11.80 11.15 10.51 4.14 -16.28 

 

a)

b)

c)  
Figure 4-6. Electric field distribution along the cross-section of the 3-sub-array structure when 
the central sub-array element is excited at (a) fL  = 19.7 GHz, (b) f0  = 20.0 GHz, and (c) fH  = 20.2 
GHz. 
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a) 

 

b) 
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c) 

Figure 4-7. E-plane directivity of the sub-array in standalone configuration (dashed line) and 
integrated as the central element in a 3-sub-array configuration at (a) fL=19.7 GHz, (b) f0=20.0 
GHz, and (c) fH=20.2 GHz. 

The dimensions of the optimized feeding structure are listed in Table 4-III. In order to control 
the input impedance after manufacturing, two additional 0.5-mm holes have been realized so 
to make use of suitable tuning screws. The distance between the waveguide aperture and the 
center of the screw hole and the connector is 4.97 mm and 9.97 mm, respectively. The final 
optimized 3-sub-array structure inclusive of the feeding network is presented in Figure 4-9. 
The internal details of the array, such as the embedded dielectric rods, can be appreciated. In 
Figure 4-10, the input reflection coefficient of the active element of the central sub-array and 
the relevant coupling coefficients to the adjacent sub-arrays are shown and compared when 
considering arrays of 3, 5, and 7 identical sub-arrays. As it can be noticed, a good impedance 
matching has been achieved across the entire frequency range of operation, with a small 
degradation at the lower sub-band.  
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Table 4-III. Dimensions of the feeding structure. 

L1 [mm] 19.20 L11 [mm] 5.00 

L2 [mm] 15.70 L12 [mm] 6.00 

L3 [mm] 14.20 L13 [mm] 2.90 

L4 [mm] 9.55 L14 [mm] 1.90 

L5 [mm] 4.70 L15 [mm] 1.50 

L6 [mm] 2.85 R1 [mm] 4.06 

L7 [mm] 2.00 R2 [mm] 0.50 

L8 [mm] 1.30 R3 [mm] 1.28 

L9 [mm] 4.85 R4 [mm] 2.60 

L10 [mm] 2.26 R5 [mm] 6.06 

Ø R1L1

Ø R2

Ø R2

L3

L5

L4

Ø R3

L8

L6

L7

L9

L5

L13 L14

L10

L2

L2

Ø R5

L12

Ø R4
L11

a)

b) c)

L15

 
Figure 4-8. Different cut sections of the array feeding structure: (a) yz-cut, (b) xz-cut, and (c) xy 
cut. 
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P2P1P3

 
Figure 4-9. The optimized 3-sub-array structure including the feeding sections. 

Furthermore, Figure 4-10 shows that the input reflection coefficient remains practically 
unaffected when additional sub-arrays are integrated, thanks to the low coupling between 
sub-arrays. On the other hand, as the number of sub-arrays increases from 3 to 5, a reduced 
impact on the S21 coefficient is observed. A further increase in the number of sub-arrays, 
however, does not cause any noticeable change in the coupling level between the central sub-
array and the immediately adjacent one. Here it is worth mentioning that in the 7-sub-array 
configuration the coupling level to other sub-arrays which are further apart from each other 
is well below -35 dB. This reduction in the coupling level clearly indicates that the surface 
wave does not propagate further than the first adjacent sub-array. 
In Figure 4-11, the E-plane radiation pattern of the central sub-array is analyzed in a 3-, 5-, 
and 7-sub-array configuration. One can readily observe that the integration of the first two 
sub-arrays next to the central one has just a marginal impact on the radiation pattern. 
However, the integration of additional sub-arrays does not produce any noticeable effect. 
Therefore, the radiation pattern of the central sub-array in the 7-sub-array configuration can 
be used as the embedded radiation pattern to synthesize arrays of arbitrary size and its main 
characteristic are reported in  Table 4-IV  
The inclusion of the feeding structure reduces the radiation efficiency of the sub-array to 
around 80% ( 79.5% @ 19.7GHz, 82.3% @ 20.0GHz and 78,3% @ 20.2 GHz). 

 

Table 4-IV. Radiation pattern characteristics of the central sub-array of the array consisting of 
7 sub-arrays across the frequency band of interest. 

f [GHz] Diniform 
[dBi] 

D(θ=0ο) 
[dBi] 

D(θ=8.5ο) 
[dBi] 

D(θ=15.3ο) 
[dBi] 

SLL [dB] 

19.7 11.63 10.99 9.72 4.24 -12.21 

20.0 11.74 11.01 10.59 3.68 -15.43 

20.2 11.80 10.96 10.53 4.89 -15.84 



 
Compact Reactively Loaded Arrays of Dielectric-Based Waveguide Antennas 77 

 

 
Figure 4-10. Input reflection coefficient and coupling level between sub-arrays in different array 
configurations. The port numbering is according to Figure 4-9. 

 

a) 
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b) 

 

c) 

Figure 4-11. E-plane directivity of the central sub-array integrated in different array 
configurations at (a) fL=19.7 GHz, (b) f0=20.0 GHz, and (c) fH=20.2 GHz. 
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 Case Study: Array of 57 Sub-Arrays 

In this section, we will illustrate the case study concerning the design of a linear array 
featuring a half-power beamwidth of 0.5o around the broadside direction in the relevant E-
plane. To achieve such directional behavior, NS=57 sub-arrays have to be integrated. In order 
to properly account for the edge effects during the array design stage, the technique 
implemented and presented in [35] is used here, and to this end, the considered 57-sub-array 
structure is segmented as illustrated in Figure 4-12. 
In Figure 4-13, the directivity of the array is shown for three relevant scan angles and at three 
frequency points, fL = 19.7 GHz, f0 = 20.0 GHz and fH = 20.2 GHz. It is apparent that the 
grating lobes are filtered effectively in the case of broadside illumination. However, as the 
scan angle moves away from the direction θ=0ο, the first grating lobe moves closer to the 
boresight, this causing a decrease of the relevant rejection level in the measure of the sub-
array element pattern. Table 4-V summarizes the array behavior at the considered 
frequencies. 
 

L2 L1 C R1 R2

a)

b)

R3L3

L2 L1 C (1× 51) R1 R2 R3L3

 

Figure 4-12. Schematic representation of (a) 7 sub-array and (b) 57 sub-array array structures 
inclusive of the relevant edge elements. 

From Table 4-V, we can conclude that the boresight directivity is nearly constant over the 
entire frequency range of interest. On the other hand, the main lobe level decreases while 
scanning by 1.68 dB, 0.84 dB, and 0.86 dB at 19.7 GHz, 20.0 GHz, and 20.2 GHz, 
respectively. In addition to this, one can notice that the second grating lobe level is less than 
-15 dB at 20.0 GHz and 20.2 GHz, and less than -10 dB at 19.7 GHz. Finally, the rejection 
level of the first grating lobe decreases significantly while scanning and reaches a worst-case 
value of -4.85 dB at 20.2 GHz. In practical applications, the scan range can be limited so to 
ensure a minimal rejection level over the entire frequency band of operation. 
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c) 

Figure 4-13. E-plane radiation pattern of the array of 57 overlapping sub-arrays of dielectric-
loaded radiating structures at (a) fL = 19.7 GHz, (b) f0 = 20.0 GHz, (c) fH = 20.2 GHz. The 
embedded radiation pattern of the central sub-array at the considered frequencies is included as 
well. 

Table 4-V.  Radiation pattern characteristics of the 57-sub-array array. 

Frequency 
f [GHz] 

Scan Angle 
θ [o] 

Main Beam 
Directivity 

[dBi] 

1st Grating 
Lobe Level 

[dB] 

2nd Grating Lobe 
Level [dB] 

19.7 

0.0 28.56 -14.71 -13.36 

4.0 27.89 -11.56 -12.11 

8.5 26.88 -5.67 -11.77 

20.0 

0.0 28.58 -14.61 -16.91 

4.0 28.10 -12.45 -15.70 

8.5 27.74 -6.49 -16.42 

20.2 

0.0 28.52 -17.42 -18.62 

4.0 28.13 -12.92 -16.25 

8.5 27.66 -4.85 -17.22 
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 Prototype 

To validate the design concept proposed in this research study, an array of three overlapping 
sub-arrays has been constructed and measured. The relevant model is presented in Figure 
4-14. 
To improve manufacturability and to properly account for the effect of the support structure 
needed during measurements, the original model of the radiating structure underwent the 
following modifications: 

1. Holes with a radius of 1 mm were realized at the center of the short circuit walls of 
the passive waveguides. This allows air to escape from the waveguides during the 
press-fitting of the dielectric rods. The considered holes were used, also, to fix the 
dielectric rods inside the various short-circuited waveguides in a reliable way. For 
this reason, dielectric pins with a 1-mm radius and 1-mm length were added at the 
bottom sides of each rod. 

2. The radius of the holes for the impedance tuning screws was increased up to 0.5 
mm. This was done to allow the use of thicker screws which are more robust 
mechanically. 

3. The terminations of the feeding elements were modified in order to enable an easy 
installation of the array in the measurement chamber. 

The mounting structure integrated with the array is shown in Figure 4-14b. It consists of two 
metal pillars having a length of 108.95 mm and a tapered profile with thickness varying from 
20 mm down to 2 mm. The array feeding elements are directly attached to the supporting 
pillars which, in turn, are fixed on a metal plate with dimensions of 97.85 mm × 106 mm × 
5 mm. In Figure 4-15, the scattering parameters of the structure in Figure 4-14 are shown and 
compared to the equivalent parameters featured by the original structure in Figure 4-9. In this 
way, one can notice that the impact of the modifications illustrated above on the circuit 
characteristics of the array is almost negligible. To be more precise, the overall array 
performance is slightly improved. After checking the dimensions of the manufactured 
prototype, we found out that L13 is actually 0.4 mm smaller than the nominal value reported 
in Table 4-III, while the length of the internal pin L5 is according to specifications. In the 
light of this observation, the array model has been modified as indicated in Table 4-VI using 
an adapted length for the pins (L5+L8) and for the dielectric cover of the pins (L5-L13). Figure 
4-15 shows the S-parameters relevant to such a modified array model. 
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a) 

 

b) 

Figure 4-14. Model of the manufactured array demonstrator: (a) 3-sub-array cross-section, (b) 
isometric view of the array inclusive of the mounting structure. 

Table 4-VI. Actual dimensions of the connectors in the realized prototype. 

 pin [mm] cover [mm] 

Original, all 6.0 2.8 

Port #1 5.91 3.2 

Port #2 6.08 3.4 

Port #3 5.92 3.23 
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a) 

 
b) 
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c) 
Figure 4-15. Scattering parameters relevant to the original array structure in Figure 4-9 (solid 
line), of the array demonstrator inclusive of the mounting structure shown in Figure 4-14 (dashed 
line), and of the array model with the actual dimensions of the connectors integrated in the real-
life prototype (dash-dotted line). 

As it appears from Figure 4-15a, the aforementioned error in manufacturing affects primarily 
the impedance matching at the input port, while the coupling coefficients are mostly 
unchanged (see Figure 4-15b). Figure 4-16 compares the E-plane radiation pattern of the 
original array structure of  Figure 4-9 the two models described previously in this section. 
The inclusion of the mechanical supporting structure slightly affects the radiation pattern, 
especially in the lower sub-band of the operational frequency range. On the other hand, the 
errors introduced in the feeding structure do not have any noticeable effect on the radiation 
pattern. This was expected considering their limited impact on the input reflection 
coefficient. 
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a) 

 
b) 
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c) 

Figure 4-16. E-plane directivity of the central sub-array integrated in different array models at 
(a) fL=19.7 GHz, (b) f0=20.0 GHz, and (c) fH=20.2 GHz. 

 
 

Figure 4-17. Prototype of the array with three overlapping sub-arrays of dielectric-loaded 
waveguide antennas mounted on a mast inside the anechoic chamber. 
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Figure 4-17 shows the manufactured prototype when mounted inside the anechoic chamber. 
The metallic part of the array is made out of aluminum with the short-circuited waveguides 
being realized by a computer numerical control (CNC) milling process. The feeding 
waveguides have been manufactured separately and then mounted to the main structure by 
using screws. The supporting pillars have been also realized out of aluminum whereas the 
base plate is made out of stainless steel. The dielectric rods are milled out of a dielectric sheet 
with relative permittivity εr = 10.0 (±5%). 
The radiation pattern of the prototype was measured in a fully anechoic chamber. During the 
measurement process, a 200-MHz shift of the operational frequency band was observed. The 
reason for such shift is due to the tolerance range of ±5% in the permittivity of the adopted 
dielectric-based radiating elements. For a fair comparison, we adapted the dielectric constant 
used in our numerical model so to fit the measurement results. The resulting value of the 
fitted relative permittivity is εr = 10.23. The measured scattering parameters of the array 
demonstrator are shown in Figure 4-18 and compared to those of the modified model with 
the adapted dielectric constant. An obvious deviation between measured and simulated S11, 
S22, S33 parameters can be observed. The main reason for such non-ideality is due to the 
manufacturing inaccuracies in the feed structure, concerning primarily the holes in the 
dielectric core of the feeding waveguides and the air gaps between these and the connectors. 
The increased coupling level at the higher frequencies is due to the lower magnitude of the 
input reflection coefficients displayed by the manufactured prototype. The measured and 
simulated radiation patterns are reported in Figure 4-19. The achievement of flat-top 
characteristics is clearly and successfully demonstrated over almost the entire frequency band 
of operation, though some differences can be observed at the highest frequency. This is most 
likely due to the manufacturing inaccuracies and undesired air gaps between different parts 
of the physical prototype. Next to this, glue with unknown electric properties had to be used 
to fix the pillars to the metallic structure of the array; that was not included in the numerical 
simulations. On the other hand, the difference in the matching conditions cannot be 
neglected. 
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a) 

 

b) 

Figure 4-18. Measured (solid line) and simulated (dashed line) scattering parameters of the array 
of 3 sub-arrays of dielectric-loaded waveguide antennas. The simulation model is based on 
dielectric parts with relative permittivity εr=10.23. 
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            b) 
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           c) 

Figure 4-19. E-plane radiation pattern at (a) fL=19.5GHz, (b) f0=19.8GHz, and (c) fH=20.0GHz. 

 Initial design of planar sub-array 
In order to show the potential of the design concept proposed in the chapter, a two-
dimensional radiating structure has been developed in such a way as to achieve a φ-
independent flat-top radiation pattern at the central working frequency f0=20 GHz, with 
simultaneous support of two orthogonal polarizations, and intrinsically good impedance 
matching characteristics. 
Figure 4-20 shows the designed antenna structure. It consists of 11×11 identical dielectric-
filled waveguide radiators placed over a uniform Cartesian grid. Only the central element is 
directly fed. It supports two orthogonal, TE10 and TE01, modes. The remaining elements are 
short-circuited. In Figure 4-20 the numbering of the passive elements is also shown. The 
structure is designed in such a way as to be symmetric and to display the same behavior for 
both orthogonal modes. These modes radiate in an equivalent way except for the 90o rotation 
around the z-axis. Similarly, the return loss for both modes is the same. Therefore, designing 
only for one mode excitation is sufficient. 
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Figure 4-20. Top view of a planar reactively loaded antenna structure. 

Adopting the design procedure presented in Chapter 2 the length of the various passive 
waveguides has been optimized so to achieve a flat top radiation pattern with approximately 
[-25o; 25o] plateau region. The obtained design parameters are reported in Table 4-VII.  
 

Table 4-VII.  Length of the reactively loading waveguides integrated into the structure of 
Figure 4-21 

Lengths h1 h2 h3 h4 h5 h6 h7 

[mm] 0.116 3.232 0.356 0.350 2.470 2.610 0.203 

Lengths h8 h9 h10 h11 h12 h13 h14 

[mm] 2.438 1.913 2.714 0.056 0.241 0.131 0.307 

Lengths h15 h16 h17 h18 h19 h20  

[mm] 0.627 0.079 0.942 2.874 0.105 1.813  
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Figure 4-21. 3D radiation pattern of the designed antenna structure. 

 

Figure 4-22. Radiation pattern of the designed antenna element along three main cut-planes. M1, 
M2 refer to the two orthogonal modes supported by the structure. 
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Figure 4-21 shows the 3D radiation pattern of the designed antenna structure. From Figure 
4-21, it is apparent that the radiation pattern is fairly symmetric and almost φ independent, 
as targeted. The radiation patterns along the E-, H- and D- planes are shown in Figure 4-22. 
In Figure 4-22 we can notice that the directivity pattern relevant to the two modes is the same 
except for 90o rotation around the z-axis, as expected from theory, this enabling a dual 
orthogonal linearly polarized behavior. The achieved peak directivity level is 11.56 dBi, and 
the antenna plateau range is [-24o; 24o] in the E-plane, [-25.6o; 25.6o] in the H-plane, and  [-
23.5o; 23.5o] in the D-plane. 
Finally, it has been verified that the considered antenna structure is inherently matched with 
the magnitude of the input reflection coefficient being about -13.8 dB for both operating 
modes / polarizations at the working frequency f0 = 20 GHz. 
 

 Conclusions 
A novel dielectric-based radiating element for reactively loaded antenna arrays using 
overlapping sub-arrays is proposed. The proposed element supports higher inter-element 
coupling which translates into better control of the sub-array radiation pattern. Using such a 
concept, a reactively loaded array with 500 MHz operational bandwidth was designed and 
analyzed. The proposed sub-array shows fairly stable flat-top radiation pattern 
characteristics. The comparison with the standalone sub-array configuration has clearly 
revealed the overlapping effect, while the integration of additional sub-arrays in the array 
architecture has been proved to produce a limited effect on the radiation pattern properties of 
the individual sub-array. A three-element array using the designed sub-arrays was 
manufactured and characterized. Even though the array demonstrator showed some 
performance deviation in terms of input impedance matching as compared to the simulated 
numerical model, we could successfully demonstrate the flat-top radiation pattern behavior 
with low sidelobe levels across a 500 MHz frequency band from 19.5 GHz to 20 GHz. 
Finally, based on proposed radiating element design, a novel planar antenna structure was 
designed so to achieve a symmetric flat-top radiation pattern with [-25o; 25o] plateau region 
at the working frequency f0 = 20GHz. Such antenna is inherently matched, and supports two 
orthogonal modes, with each of them generating a rotationally symmetric radiation pattern 
around the z-axis. Therefore, upon integration of a suitable feeding network, a dual-polarized 
array can be designed using the considered antenna.  
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 General Conclusions  
The ever-increasing demand for higher data rates forces telecommunication operators to 
adopt progressively higher frequencies where larger bandwidths are available. Further to that, 
flexibility at the network level becomes very important to meet the capacity and efficiency 
requirements. Active antenna arrays represent a good candidate to meet such requirements. 
However, the efficiency of power electronics is inversely proportional to the frequency. This, 
in combination with high propagation losses, leads to the need of adopting large arrays with 
a significant number of electronic components to achieve targeted coverage ranges. This 
translates into high manufacturing costs which are affected even more pronouncedly once 
the requirements for effective heat dissipation are properly taken into account. To tackle these 
challenges, novel antenna array concepts based on high-gain overlapping antenna elements 
are introduced in this thesis. In the proposed designs, each array element consists of a 
reactively loaded antenna sub-array. By sharing the same reactively loaded elements across 
adjacent sub-arrays, a sub-array overlapping can be achieved, this boosting system 
performance up.  
A significant challenge in the design of the considered class of arrays is the computation of 
optimal loads of the reactively loaded radiators. To tackle it a novel semi-analytical solution 
was developed and presented in Chapter 2. The developed methodology is general and can 
be used to design an antenna array with any limited FoV and constraints to the active element 
matching and coupling between the sub-arrays. The design methodology was validated by 
the design of a linear array with a  FoV in the range [-8.5o; 8.5o]. The specified FoV is the 
scan range of the directly radiating arrays placed on GEO satellites in order to cover the 
whole Earth. Next in Chapter 3, we extended the design concept to a planar array consisting 
of linear sub-arrays. In this way, we were able to show that the proposed approach can be 
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used efficiently to design arrays covering a specific 2D scan region. This type of arrays can 
be used for radar, fixed wireless access (FWA) multipoint fronthaul, and backhaul 
applications. 
The concepts presented in Chapter 2 and Chapter 3 are pure metallic structures, and therefore, 
are low cost and can provide a high antenna efficiency. In addition, they can withstand the 
harsh outer-space environment and high-power levels. On the other hand, they have two 
limitations that make them impractical for some applications, namely, they operate in one 
polarization only and they have limited bandwidth. 
To increase the applicability of the developed technique, the use of other antenna elements 
was investigated. A square radiating element consisting of a metallic waveguide filled up 
with a dielectric extended to free space and having a high permittivity was found to be able 
to enable an enhanced bandwidth. In addition, it can operate in two orthogonal modes which 
means that dual-polarization characteristics can be achieved when used in a planar structure. 
Using the radiating element described in Chapter 4 an optimized linear array with enhanced 
bandwidth was designed and characterized. In addition, the initial design of a planar array 
supporting two orthogonal polarization is also presented. 
From the analytical model derived in Chapter 2 one could see that the coupling between 
radiating elements constitutes an additional degree of freedom that can be used during the 
optimization procedure. For that purpose, the use of super-elliptical waveguides was 
analyzed in Appendix A where it was found that the coupling between the elements is 
strongly related to the relevant super-ellipticity parameter. Though one could use this 
additional degree of freedom, this would however require the use of full-wave 
electromagnetic simulators for every optimization run, which is computationally very 
expensive. 
Finally, Appendix B proves that with proper compensation of the phase shift of the loads 
with frequency the radiation bandwidth of the proposed structure can be improved 
significantly.  
 

 Recommendations 
Future research that extends this work further includes the following topics 
Optimization of the radiation element. Investigation of radiating elements that provide a 
higher coupling and smaller phase slope. In addition, by a proper choice of the radiating 



 
Conclusions & Recommendations 97 

 
elements, a large bandwidth with inherent matching should be possible to achieve. In this 
direction, one could continue the work presented in Chapter 4 and develop arrays with 
different shapes of the dielectric rods. Another interesting approach could be to use 
multilayer dielectric rods that use a different dielectric constant for each layer.  
Simple cost-effective high gain antennas. The design methodology described in Chapter 2 
is general and can be used for the design based on any type of radiating element. Therefore, 
one could develop reactively loaded arrays based on simple cost-effective radiating elements 
such are dipoles or microstrip antennas. 
Active load. As it is shown in Appendix B the bandwidth of the reactively loaded array can 
be increased significantly by loads that compensate the phase variation with frequency. Such 
loads could be realized using active elements. 
Planar overlapped sub-array array. The work shown in the last section of Chapter 4 can be 
extended to planar overlapping antenna arrays. 
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APPENDIX A. 

SUPER-ELLIPTICAL WAVEGUIDE4  
 

 
This appendix aims to analyze super-elliptical waveguide elements as candidates for the 
design of reactively loaded antenna arrays. The benefits arising from the application of the 
proposed waveguide geometry based on Lame’ equation are described and discussed in 
detail, with a special focus on the possibility of controlling parasitic coupling levels between 
adjacent waveguiding structures by changing the relevant cross-section. This gives us an 
additional degree of freedom in the design process of reactively loaded arrays. 
The analyses presented in this chapter have been all carried out at f = 20 GHz. The proposed 
technology can be, however, easily adopted different frequency bands by appropriate scaling 
of the presented geometries.  

  

 
4 This chapter is based on [C11] 
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A.1 Introduction 
The super-ellipse located in the xy-plane is defined as a closed curve that can be described in 
Cartesian coordinates as: 

 1
n nx y

a b
+ = , (A.1) 

 
where n, a, b are real-valued positive parameters [36]. The curve obtained from this formula 
is bounded by a rectangle with x ∈ [–a; a] and y ∈ [–b; b]. The parameter n controls the 
convexity of the super-ellipse. In Figure A-1, several examples of Lame’ curves obtained for 
n>1 are shown. 

 
Figure A-1. Example of a super-ellipse shape for various values of n for b=a/2 

From Figure A-1 it can be observed that for n=1 the resulting curve is a rhombus, whereas a 
conventional ellipse is obtained for n=2.  The rectangle with dimensions 2a and 2b represents 
the limiting case for n→∞. From Fig.1 it is clear that the curve corresponding to n=100 is 
already very close to a rectangle.  
The application of waveguides with cross-section described in (A.1) to antenna design is 
detailed in the next paragraphs. 

A.2 Electromagnetic Analysis of the Individual Waveguide Element 
As we are focusing on waveguides operating in the fundamental TE10 mode, the key 
geometrical parameter is represented by the width a. In order to prevent cut-off, which would 
be detrimental for electromagnetic radiation, a is to be chosen larger than 0.5λ0, with λ0=c/f0 
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denoting the operational wavelength in free space expressed in terms of the velocity of light 
c. In particular, in the numerical analyses presented in this chapter, the following dimensions, 
a=0.6λ0 and b=0.1λ0, have been chosen in order to keep the structure size compact in view 
of the structure arraying in a Skobelev-like configuration. In Figure A-2, an example of a 
waveguide operating at f0=20GHz and featuring a super-elliptical cross-section parameter 
n=2.1, with inner dimensions ain=a and bin=b and outer dimensions aout=a + 0.5mm and 
bout=b + 0.5mm is presented. 

 

Figure A-2. Example of a waveguide with a super-elliptical cross-section having parameter n=2.1. 
The Cartesian reference system adopted to express the electromagnetic field quantities is also 
shown. 

A preliminary analysis has been carried out in order to evaluate the cut-off frequency fc of 
the considered waveguide structure as a function of the relevant super-ellipticity parameter 
n. To this end, a numerical methodology based on the solution of the dispersion equation in 
combination with the finite integration technique (FIT) [26] is applied. The computed cut-
off frequency values are listed in Table 2-II.  
The cut-off frequency of the conventional rectangular waveguide filled with air is calculated 
by the following, well known from the theory [37], the analytical expression: 
 

 10 / (2 )TE
cf c a= . (A.2) 

 
An inspection of Table 2-II immediately leads to the conclusion that waveguides with super-
ellipticity n≥10 are characterized by a cut-off frequency very close to that predicted by (A.2) 
This result is expected, as for n≥10 the cross-section of the considered waveguide can be 
practically regarded as rectangular, with progressively smaller rounded corners. Table A-I 
shows, also, that for n ≥ nc=2 the cut-off frequency is below the targeted design frequency 
f=20 GHz. On the other hand, the waveguides with super-ellipticity n ≤ nc are in cut-off 
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conditions at the considered frequency. It is trivial to notice that the value of nc can be tuned 
up or down by changing, suitably, the width a of the waveguide. 
 

Table A-I. Cut-off Frequency of a Waveguide With Dimensions A=9MM, B=1.5MM and Super-
Elliptical Cross Section Having Parameter N 

Cross-section fc [GHz] 

1 25.211 

1.1 24.187 

1.5 21.586 

1.9 20.160 

2.0 19.903 

2.1 19.678 

2.5 18.964 

5.0 17.401 

10 16.863 

100 16.671 

rectangular 16.667 

 
Figure A-3 shows the spatial distribution of the electric field relevant to the fundamental 
mode excited in super-elliptical waveguides with different Lame’ parameter n. It can be 
observed that the E-field is polarized along the y direction, with its amplitude varying 
sinusoidally along the x-direction. This is the typical distribution of the TE10 mode. 
Therefore, the electromagnetic field radiated by each of the considered apertures is expected 
to have pretty similar characteristics in the fundamental mode regime. 
The behavior of the electromagnetic field radiated by open-ended super-elliptical waveguides 
can be conveniently analyzed by using the method of the aperture [38]. Upon assuming that 
the aperture of the waveguide lies along the xy-plane on a large metal plate, one can readily 
find out that the electric field excited in the Fraunhofer region of the structure is given by: 
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a) 

 
b) 

 
c) 

 

d) 
Figure A-3. Electric field distribution relevant to the fundamental mode of super-elliptical 
waveguides with Lame’ parameter a) n=1, b) n=2 c) n=100 in comparison to that excited in a d) 
rectangular waveguide with same dimensions. 
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where φ and θ denote the azimuthal and elevation angles, respectively, r is radial distance, k 
is the free-space propagation constant, η0 is the wave impedance in the vacuum, and Nx, Ny, 
Lx, Ly are the Cartesian components of the Fourier-transformed tangential electric Ea and 
magnetic Ha field distributions excited along the aperture: 
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In case of an infinitely large ground plane, the application of the equivalence theorem [38] 
allows expressing the radiated electric field only in terms of the equivalent magnetic current 
density Ms=-2𝑛𝑛×Ea, as follows: 
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By using (A.6), the directivity along the E and H plane of the considered radiating structure 
has been computed, for various values of the super-ellipticity parameter n, at the frequency 
f=26GHz that is above the cut-off of all the considered waveguide topologies (Figure A-4). 
In Table A-II the directivity excited along the broadside direction (θ=0ο) for different cross-
sections is reported. 
As it can be noticed in Figure A-4b and Table A-II, differences in the peak values of the 
directivity are practically negligible and close to the accuracy of the method used for their 
numerical evaluation, with the largest difference of ≈0.05 being observed between the 
rhombic cross-section and the one featuring n=10.  
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Table A-II. Maximum Directivity of the Open Waveguide Antenna Elements Shown in Figure 

A-1 

Cross Section D (θ=0ο) 

n=1 3.413 

n=2 3.452  

n=10 3.463  

n=100 3.457  

rectangular 3.453 

 

In [23], Skobelev presented a linear array consisting of a reduced number of active radiators 
surrounded by passive elements. The radiating elements considered by Skobelev are realized 
in parallel-plate waveguide technology, similarly to the adjacent passive elements which are 
short-circuited at different lengths. These passive elements may be regarded as a reactive 
loading of the active radiators. The positions of the short circuits determine the electrical 
length of the various loading elements and, in this way, the phase with which the secondary 
radiated field contributes to the overall array pattern. By properly optimizing the position of 
the short circuits, Skobelev could synthesize predefined radiation masks. 
As known from waveguide theory [39], the electrical length of a general short-circuited 
waveguide section can be evaluated by means of the following formula that relates the cut-
off wavelength, λc, to the guided wavelength, λg, and the operating wavelength in free space, 
λ,  
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λ
λ

λ
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. (A.7) 

 
In Table A-I the change of cut-off frequency with parameter n was shown. The values of λg 
corresponding to these cut-off frequencies are listed in Table A-III Table A-III reports, also, 
the relative variation against the reference guided wavelength λg,rec of the rectangular 
waveguide 
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a) 

 
b) 

Figure A-4. Angular distribution of the directivity excited along the a) E-plane b) H-plane of 
super-elliptical waveguide antennas with different cross sections at 26 GHz. 
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The cut-off frequency of super-elliptical waveguides with n ≥ nc=2 is higher than the design 
frequency 20 GHz and therefore modes excited along the waveguide cannot propagate and, 
on the other hand, decay rapidly. It is important to stress that the change in the electrical 
length of waveguides with super-elliptical geometry is to be carefully taken into account 
during the design of reactively loaded antenna arrays. 

 

Table A-III. Guided Wavelength of With Super-Ellipse Cross Section for Various Value of 
Parameter N and Its Comparison with Guided Wavelength of Rectangular Waveguide. 

cross-section λg  [mm] 
(f0=20GHz) 

λg / λg_rec 

1 ---- --- 

1.1 --- --- 

1.5 --- --- 

1.9 --- --- 

2.0 152.49 5.612 

2.1 83.930 3.089 

2.5 47.182 1.736 

5.0 30.218 1.112 

10 27.898 1.027 

100 27.152 0.999 

rectangular 27.173 1.000 

 

A.3 Analysis of the Coupling Level Between Two Super-Elliptical 
Waveguides  

In [23], Skobelev presented a reactively loaded antenna concept relying on only one set of 
geometrical parameters, namely the locations of the short circuits in the parasitic waveguide 
elements. In this way, one can control the phase of secondary radiated field contributions 
from the various antenna sections. In this paragraph, we want to show that the coupling level 
between different waveguide elements can be tuned by varying the super-ellipticity of the 
corresponding cross-sections, and in this way, the amplitude of the secondary radiated field 
contributions. To analyze the coupling characteristics of super-elliptical waveguides at a 
close distance, the setup is shown in Figure A-5 has been considered. 
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We are here constraining the super-ellipticity parameter n>nc in such a way as to operate 
above the cut-off regime at the considered design frequency (f0=20GHz). To avoid 
inaccuracies occurring in the proximity of the cut-off, the condition n≥2.1 has been applied. 
Figure A-6 shows the coupling coefficient S21 evaluated at the operating frequency f0 as a 
function of the super-ellipticity n1 and n2 of the two waveguide elements (see Figure A-5). 
 

 
Figure A-5. Two coupled waveguides with super-elliptical cross-section. The geometrical distance 
between the centers of the waveguides is 2mm. 

From Figure A-6 it appears that the strongest coupling and the largest level variations are 
obtained for smaller super-ellipticity values. This is due to the fact that both waveguides 

approach the cut-off condition as n→nc. The behavior can also be observed in Figure A-7 
where the distribution of the coupling versus frequency for n1=2.1 and with n2 ranging from 
2.1 to 5 is presented.  
From Figure A-7 it is clear that the coupling level peaks up at the cut-off, and decreases as 
the operating frequency becomes larger. 

A.4 Conclusions 
A novel waveguide technology for reactively loaded antenna array design has been 

introduced. Such technology is based on Lame’ equation. The behavior of super-elliptical 
waveguides has been carefully studied and described in detail while outlining their main 
benefit associated with the control of the coupling level between adjacent elements by 
changing the relevant cross-section geometry. Relying on the technology, proposed in the 
presented study, one could design Skobolev-like array topologies. The semi-analytical design 
technique presented in Chapter 2 can be used to this end. However, for its effective use, an 
efficient way to calculate the coupling between the elements is required. 
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Figure A-6. Coupling coefficient between two Lame’ waveguides as a function of the relevant 
super-ellipticity parameters n1 and n2. Working frequency f0=20 GHz.  

 

Figure A-7. Coupling coefficient between two Lame’ waveguides with super-ellipticity 
parameters n1 and n2 as a function of frequency while keeping n1=2.1. 
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APPENDIX B. 

 BANDWIDTH INCREASE BY PHASE- 

COMPENSATING REACTIVE LOADS 
 

 
In this appendix, we will derive a simple equation for the calculation of the phase profile of 
the loads which would allow to significantly increase the bandwidth of the reactively loaded 
array structures. 
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As it was shown in Chapter 2 the equivalent excitation coefficient of an array composed of 
active and reactively loaded passive elements can be written as: 
  

 
12 1)( L T

p ace
−− ⋅ − ⋅ − ⋅= ⋅ 

ha S aSγΓ p p
p p .  (B.1) 

 
Using equation (B.1) we can derive the equation for the calculation of the radiated field by 
the structure  by:  
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Focusing on the power of the  exponent and considering a lossless case, we can write: 
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where , 0( )g p fλ and ( )fg, pλ  are the guided wavelengths of the design frequency and 

observation frequency respectively.  Using  (B.3) in the term 2L e− ⋅⋅ hγΓ p p
p we obtain 
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Next, we can write the ( )fg, pλ as : 
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 and therefore the (B.4) can be written as: 
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From (B.6) is clear that in order to make this equation constant versus frequency we need to 
include an additional term in the load: 
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Therefore, if we substitute (B.7) in (B.2) we obtain:  
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To confirm that the proposed phase compensation can significantly increase the bandwidth 
it was applied to the structure designed in Chapter 2. The effect of this implementation can 
be observed in Figure B-1 and Figure B-2 
 

 
Figure B-1. Scattering parameters of the optimized structure of Chapter 2 for the variable ,L newΓ p  
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Figure B-2. E-plane directivity of the optimized structure of Chapter 2 for the variable ,L newΓ p  

In Figure B-1 we see that the structure is matched in the whole frequency band of interest, 
and the coupling level is below -20 dB for almost the entire band. In addition,  Figure B-2 
shows that the radiation pattern is stable in the whole frequency band of interest.  
Even though this solution seems very promising, the actual implementation of the loads with 
the required phase slope requires the use of active elements. The design of such elements was 
out of the scope of this thesis but is interesting research for the future. 
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