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SUMMARY 
 

 

In the past decades, focal-plane arrays (FPAs) have become an interesting alternative to 

conventional horn-fed reflector antennas in a number of applications, e.g. in radio astronomy 

and Ka-band satellite communications. 

The presented work has been performed as part of the NWO FREEBEAM project: fiber to 

RF-FREEspace multiBEAM converter. This project investigated novel multi-beam wideband 

antenna systems with optical beamforming. The aim of the project has been to develop a 

hybrid system using an FPA that combines the benefits of phased arrays and traditional 

reflector-based solutions. In addition, a novel optical interface to the FPA was used, which 

provides an ultra-wideband interface and a compact versatile solution enabling fast beam 

steering. The main applications are radio astronomy, satellite communications, satellite TV, 

broadband internet via satellite, 5G/6G point-to-point wireless communications, and low-cost 

Ka-band (30-40 GHz) multi-function radar. For the next generation of radio astronomy, FPAs 

offer high sensitivity in combination with a large field of view (FoV) at a relatively low price. 

One of the fundamental limitations of FPAs is the small number of simultaneously active 

array elements limiting the achievable effective isotropic radiated power (EIRP). A low EIRP 

level limits the use of low-cost silicon integrated circuits. In addition, it is an issue to realize 

wide-angle scanning, which is related to the challenge to provide a proper exposure of the 

FPA even for relatively small scan angles of the main beam, due to the significant beam 

deviation in the focal plane. Moreover, there are bandwidth limitations related to mutual 

coupling between array elements. Therefore, in this work, various reflector configurations 

have been investigated in order to improve the FPA illumination and increase the number of 

simultaneously active elements, during beam scanning over a wide instantaneous bandwidth. 

At the same time, array designs with improved active impedance matching performance and 

reflector illumination have been investigated and realized including the integration with a 

low noise amplifier (LNA). 

A new concept for optimal array illumination by the reflector has been proposed. The idea 

is based on increasing the number of active elements of the FPA in order to overcome the 

main limitation of conventional FPA systems in which only a very small region in the focal 

plane is illuminated and the necessity to achieve a uniform distribution of power and phase 

along the array elements, which is required for optical beamforming. This allows for an 

increase in the achievable EIRP and system sensitivity. 

We have developed reflector optimization software based on geometrical optics which was 

used to achieve one of the main project challenges:  wide-angle scanning with a reflector up 

to ± 200 in the azimuth plane the with potential capacity to operate in the scan range up to ± 

300 in azimuth and ± 30 in elevation. Different single and double reflector configurations 

systems have been optimized for this purpose and verified with commercial software. The 

final double-reflector configuration achieves the required scanning range with a compact 
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array of which almost half of the array elements are active during scanning. The scanning 

capabilities have been significantly improved as compared to classical prime focus and 

double-parabolic reflectors. The phase linearity between the array elements has been 

sufficiently improved in order to use optical beamforming. 

Consequently, the co-design of arrays and reflectors has been investigated in the frame of 

this project in order to use the full capability of the wideband antenna and wide-scan range 

reflector and to avoid integration problems that could result in a limited active frequency 

band during FPA scanning. As a result, the proposed wideband array of modified bow-tie 

antennas with the complex double-reflector provides high radiation efficiency and shows an 

active frequency bandwidth of more than one octave (20 - 40 GHz) within ±200 azimuth scan. 

Two types of high-efficient array configurations have been implemented in a 3D EM 

simulation software tool, namely the connected array and a conventional one. Those results 

have been successfully confirmed by several experimental validations in the near-field test 

facility of the Eindhoven University of Technology. 
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CHAPTER ONE 

 

1. INTRODUCTION 
 

 

The continuously growing need for higher data rates in wireless communications drives 

new applications into the millimeter-wave (mm-wave) frequency domain. Emerging 

applications include base stations for 5G wireless communication, two-way satellite 

communication, point-to-point wireless backhaul, and commercial radar [1], [2], [3], [4]. 

These mm-wave applications would benefit from using advanced phased-array technologies. 

Phased arrays offer the ability of fast electronic beam-steering, multi-beam operation, 

adaptive pattern shaping, and MIMO (Multiple-Input-Multiple-Output) capabilities. 

However, traditional full phased-array solutions have major limitations: they are far too 

expensive and have a very high-power consumption due to the low efficiency of state-of-the-

art mm-wave integrated circuits [5], [6]. In addition, phased arrays have high complexity and 

provide a limited operational bandwidth [7]. The FPA is an alternative to phased arrays, 

which is a hybrid solution that combines the best of both worlds: the robustness, low cost, 

and large bandwidth of conventional reflector-based antenna systems and the flexibility and 

adaptivity of phased arrays. FPAs provide electronic beam scanning over a field of view 

(FoV). Therefore, it has become an interesting alternative to conventional horn-fed reflector 

antennas. 

FPAs are widely used in radio astronomy [8], satellite and point-to-point communications 

[9], [10], and low-cost Ka-band (30-40 GHz) multi-function radars [11]. FPAs provide a high 

antenna gain at low costs and allow beam scanning or multi-beam functionality [8], [12], 

[13]. The example of FPAs developed for the Westerbork Synthesis Radio Telescope based 

on a dual-polarized Vivaldi array is presented in Fig. 1.1 [14]. 

An interesting area of research is to investigate whether FPAs can be used to realize base 

stations for future mm-wave wireless communications infrastructure to meet the demands of 

emerging applications such as 5G-NR/6G, point-to-point wireless communications, and low-

cost Ka-band (30-40 GHz) multi-function radar. Those areas could have rich possibilities for 

FPA implementations. These future microwave and mm-wave applications set new 

requirements on FPA systems such as a wide FoV covering a scan range up to +/- 200, large 

instantaneous bandwidth up to an octave, and a highly effective isotropic radiated power 

(EIRP) in transmit mode using silicon-based integrated circuits (ICs) [15]. 

There are a number of fundamental limits related to FPAs that need to be solved before 

this technology could become a widely accepted option to replace phased arrays. One of the 

main restrictive factors of FPAs is the limited scan range and insufficient power budget due 

to the limited ratio of active elements within the array [16], [17]. This leads to the necessity 

to use a huge number of array elements when using a traditional phased array as a feed. It is 
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possible to solve those issues if to design FPA systems with wide-scan capabilities. The 

proposed concept of this thesis demonstrates improved performance compared to 

conventional implementations in terms of the required number of array elements. 

 

Figure 1.1. The WSRT telescope is equipped with a phased-array feed (PAF) using Vivaldi 

antenna elements. Shown in the inserts is the array in the lab (top right) and in the focal 

plane of the telescope (bottom right) [14]. 

Traditionally, reflector systems have a limited scan potential and are dedicated to 

applications that required high directivity within an extremely narrow angular section. 

Classical reflectors focus the received wavefront on a relatively small spot in the focal plane. 

Multi-beam operation with such reflectors is normally done by placing a few separate feeds 

in the focal plane (Fig. 1.2). This approach only works well over a relatively small angular 

range, since the point in the focal plane on which the energy is focused deviates strongly with 

increasing offset angle [18], [19], even for small offset angles. 

 

Figure 1.2. Example of multi-beam operation with a classical reflector by placing a few 

separate feeds in the focal plane [20]. 
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The use of arrays as feeds for reflector systems allows to a scan of the main beam over a 

wider angular range. At the same time, the focusing properties of traditional reflectors 

significantly deteriorate during scanning. As a result, only a small number of active array 

elements are typically used in the focal plane [18], [21], [22], [23]. This limits the number of 

simultaneously available beams or scan range [24], [25] and limits the achievable EIRP [26], 

[27], [28]. At the same time, the required array size grows dramatically with increased scan 

range requirements. Nevertheless, the array feed could compensate for the reflector 

defocusing to achieve a high level of EIRP over the entire scan range. At the same time, 

mutual reposition of the reflector and array feed, the so-called axial displacement of the array, 

allows to increase in the number of involved array elements within the required scan range 

[29]. Another important restrictive factor of existing FPA concepts is the frequency 

bandwidth. The demands for wideband antenna arrays and focal-plane arrays (FPA) are 

increasing, especially in the Ku- and Ka-band. Hence, it is necessary to make an investigation 

of broadband array antenna elements. At the same time, for FPAs, it is crucial to have proper 

reflector illumination. In order to obtain a high aperture efficiency, the array spacing needs 

to be close to 𝜆0/2 at the highest frequency of operation [30], where 𝜆0 is the free-space 

wavelength. As a result, the mutual coupling between the array elements is rather high and 

causes the active input impedance of each element to be different and highly dependent on 

frequency and scan angle [31], [32]. At the same time, the array element should be large 

enough to provide a wide bandwidth [33], which only exacerbates the situation with the 

mutual coupling within the array. Even for the phased array use case, where the only 

difference in the excitation coefficients is the phase differences between the array elements, 

mutual coupling significantly limits the impedance-matching bandwidth as compared to the 

isolated-element performance. In an FPA application, there are not only phase differences 

between array elements, but there is a strongly varying amplitude distribution which could 

lead to a further decrease in bandwidth. As a result, wideband arrays can have issues in 

operation when they are used as a PAF in an FPA antenna system with beam scanning. 

Therefore, it is necessary to investigate methods to improve both the active reflection 

coefficient (ARC) and total active antenna reflection coefficient (TARC) in order to obtain a 

wideband performance. 

An additional limitation is related to the specific beamformer used in this work. To obtain 

a wide bandwidth we will use a novel optical beamforming network that provides multi-beam 

operation over a wide instantaneous bandwidth [34]. The optical beamformer utilizes true 

time delay (TTD) units, implemented in optical integrated circuits (ICs). These optical ICs 

generate frequency-independent time delays with a linear phase [35]. Therefore, a linear 

phase distribution along the array elements of the FPA is required in order to realize such an 

optical beamformer circuit [36], [37]. This sets an additional requirement for our FPA system. 

This thesis is dedicated to the investigation of FPAs, its applicability, limitations, and ways 

of improvement. The main focus is on the wideband operation of the PAF combined with an 

improved scan range. The goal of our work was to overcome existing limitations and to 

develop a wideband FPA system, operating in the frequency band of 20-40 GHz with a scan 

range of up to ±200 in the azimuth plane. The FPA should maximize the EIRP using silicon-

based ICs and should minimize the beam deviation in the focal plane region during scanning. 

Next to this, it should accommodate optical beamforming requiring a linear phase distribution 

along the array elements. 

We propose a new concept for optimal array illumination by the reflector, a double 
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reflector concept that overcomes the limited FoV and limited maximum EIRP of optimized 

conventional single- and double-reflector FPAs as presented in [10], [38]. The idea is based 

on increasing the number of simultaneously active elements in the FPA in order to overcome 

the limitation of a small illuminated region in traditional FPA concepts. By realizing a close 

to uniform amplitude distribution over the array elements, we can increase the achievable 

EIRP and system sensitivity, as discussed further in the thesis in chapter 4. To synthesize the 

optimal configuration of our new double-reflector FPA concept, we have developed a 

mathematical framework based on geometrical optics (GO). We have implemented this 

framework for single and double-reflector FPA systems. Various FPA systems with center-

fed and offset single- and double-reflector configurations have been optimized and verified 

with a physical optics (PO) approach using GRASP [39]. The final double-reflector FPA 

configuration achieves the required scanning range with a compact PAF, which has at least 

half of the array elements simultaneously active during scanning. 

From the PAF side, this thesis presents the outcomes which were done in the framework 

of the development of a wideband array for use in an FPA system. An array design with 

wideband capabilities is proposed and investigated against well-known antenna designs. The 

proposed antenna design allows us to achieve good active matching properties over a 

frequency band of more than one octave. At the same time, other relevant characteristics, like 

a high total radiation efficiency, phase-center stability, and reflector aperture efficiency 

remain at an acceptable level. We investigated the wide-band scan performance of the array 

in the case of a conventional phased array as well as in the case of an FPA system in which 

a complex field distribution needs to be generated for proper reflector illumination. The 

effects of mutual coupling in FPAs will be discussed in detail as well as the impact of mutual 

coupling on the antenna matching performance. The goal of the FPA antenna system was to 

increase the element density of the array in order to obtain a larger effective isotropic radiated 

power (EIRP). 

A large number of array prototypes have been manufactured and tested to support the 

design ideas. In addition, with a novel reflector design wide-scan FPAs have been realized. 

This concept was tested in combination with the designed array feeds. The demonstrated 

simulations and measurements fully support the feasibility studies of both reflector and array 

concepts. 

The thesis presents the following scientific contributions beyond state-of-the-art: 

• The reflector optimization software based on the geometrical optics approach has 

been realized in order to achieve a wide scan range with single and double 

reflectors of ± 200 in the azimuth plane. 

• All well-known types of FPA reflector configurations have been compared for 

applicability to operate at broadside scan and for wide-angle scanning. 

• A new type of reflector concept is proposed (the complex offset double reflector) 

with a very compact PAF to realize wide-angle scanning over a wide bandwidth. 

It has been experimentally validated with a wide FoV. 

• The proposed reflector configuration maximizes the ratio of active array elements 

in FPAs and provides the required phase linearity between the array elements to 

optimally use the optical beamforming. 
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• A wideband array of modified bow-tie antennas has been developed that provides 

a bandwidth of more than one octave (20 - 40 GHz) based on the active reflection 

coefficient and the total active antenna reflection over a scan range of +/- 200 in 

azimuth. The details of modified bow-tie antennas are discussed further in the 

thesis in chapter 5. 

• The experimental verification of the proposed PAF concept in combination with 

a novel double-reflector FPA system that provides a wide scan range. 

• Investigation of the maximum achievable scan range that FPA systems can 

provide, in particular for the double-reflector model with wide-scan capabilities, 

and the investigation of the most crucial factors of wide scanning FPAs. In 

addition, several configurations have been explored with a wide illumination area 

of the array to maximize the EIRP. 

The structure of the thesis is as follows. Chapter 2 describes the overall FPA concept, FPA 

applications, features of FPAs, and its difference as compared to traditional phased arrays. 

Chapter 3 provides an overview of the main design challenges of FPA: wideband limits of 

the PAF and issues of scanning with a reflector system. As an example, the design of a 

wideband array element is provided as well as an analysis of reflector configurations for 

narrow and wide scan-range applications. Chapter 4 is fully dedicated to the reflector 

synthesis for wide-scanning FPAs. An optimization algorithm based on geometrical optics is 

proposed for reflector optimization for wide-range scanning. Multiple single and double-

reflector configurations are optimized and analyzed for FPA applications including the 

double shaped-reflector antenna with multiple interactions. The reflector prototype is 

discussed, presented, and tested for experimental validation. Chapter 5 goes deeper into the 

PAF analysis and design. The design of wideband arrays is investigated in detail including 

the design challenges for active wideband performance, issues for reflector aperture 

efficiency, and integration of wideband PAFs and reflectors. The chapter includes multiple 

FPA prototypes and measurements, and investigations of the overall FPA system capability. 

Chapter 6 is focused on the FPA demonstrator, which is a system-level concept and the result 

of a collaboration between several sub-projects. The broadband wide-scan focal-plane array 

designed in the framework of this thesis is combined with optical beamforming using ring 

resonators and low-noise amplifiers with a large dynamic range done within other research 

projects. Chapter 7 discusses the limits of the proposed FPA designs in terms of scan 

capabilities. Various reflector optimization use cases are investigated, and overall FPA’s 

limitations are studied, for example, the achievable maximum scan range for different 

reflector configurations while minimizing the required array size. In addition, the options to 

extend our framework toward two-dimensional scanning are presented. The last chapter 

provides an overall conclusion and recommendations for future research on FPAs. 



 

 

 

 

 



 

 

 

 

 

CHAPTER TWO 

 

2. FOCAL PLANE ARRAYS 
 

 

2.1. History of FPA 

The first attempts to improve the reflector antenna by placing an array in the focal plane 

go back to the least the 1940s. The idea has been to include beam scanning, multiple beams 

capabilities, improving the efficiency of the reflector, generating a specific beam pattern, and 

the possibility of correcting deficiencies in the reflector. 

Traditionally, parabolic reflectors have been used. However, the spherical reflector already 

has been proposed for systems with beam scanning in 1949 [40], [41] with the application in 

the Arecibo radio telescope [42], [43] in the early 1960s. In addition, the shift of the array 

closer to the reflector than the focus also has been applied in order to realize electronic 

scanning without the gain reduction offered by a reflector. For such systems, the amplitude 

of the array illumination is sufficiently uniform [44]. Investigations in this domain began as 

early as 1961 [45], and by the 1970s developments were introduced into existing radar 

installations [46]. 

The possibility to correct for scan aberrations by using a PAF has been studied in [47] and 

[48]. Those investigations demonstrate the compensation for reflector distortions as well as 

beam scanning. The scanning capability of up to 15 beam widths has been demonstrated in 

[49] for a reflector curved in only one plane. The first investigation of multiple-beam 

capability with FPAs was done in 1965 [50]. 

The application of FPAs in geostationary satellite antennas started in the 1970s. In this 

application, FPAs could support the need to shape the beam pattern for illuminating a specific 

geographical region [51], [52], [53], [54], [55], [56], [57]. The possibility of beam 

reconfiguration in satellite FPAs has been studied in [58], [59]. The effects of active array 

performance and challenges of mutual coupling between array elements of FPAs were first 

investigated for circular and coaxial waveguides in [60], [61], [62], [63], [64]. 

 

2.2. FPA concept versus phased arrays 

In a simplified way, it is possible to split the FPA system into two main components: 

reflector antenna and phased-array feed (PAF). The design challenges of PAFs are very 

similar to phased arrays. Both of these technologies are used in a number of similar 

applications like radars. However, there are a number of essential differences which is 

important to highlight in order to understand the design features of FPAs. While the prime 

goal of an FPA is the proper illumination of the reflector antenna, phased arrays form a self-

sufficient antenna system that creates the wavefront in the far field from an array of single 
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antenna elements, see Fig. 2.1, where Sm is the element scattering coefficient. 

|a1|exp(-iф1) |a2|exp(-iф2) |a3|exp(-iф3) |a4|exp(-iф4) |aK|exp(-iфK)

Summing network
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ϴ

z
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Energy

 

Figure 2.1. Phased array concept, a linear array of K elements is shown. 

Like the FPA the main feature of phased-array antennas is the ability to change the shape 

and direction of the radiation pattern without physically moving the antenna. This is achieved 

by using a certain phase difference between each array element. This phase shift provides 

constructive interference in the desired direction (scan angle). Since phased arrays require 

for each channel a phase-shifter and amplifier, they are quite expensive and power-hungry. 

Therefore, FPAs could be a nice alternative here for phased arrays since they can achieve the 

same directivity with fewer array elements and as a result with a smaller number of phase 

shifters and amplifiers. This advantage is realized by using a combination of a phased-array 

feed that illuminates a reflector antenna. 

The combination of an array and reflector, forming an FPA system, is illustrated in Fig. 

2.2. The reflector provides the system the necessary directivity while the PAF provides the 

steering capability which is achieved electronically without a mechanical movement. Thus, 

the main advantages and benefits of reflectors and phased arrays are combined in FPAs. In 

the case of FPAs, there are not only phase differences between array elements, but there is a 

strongly varying amplitude distribution. In addition, the phase distribution is not linear like 

in the case of a conventional phased array. Thus, to form the proper reflector illumination or 

optimal reception of an incoming plane wave, a very specific phase and amplitude control of 

the PAF elements should be used. Typically, the center of the PAF is placed in the focal point 

of a reflector. 
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Figure 2.2. FPA concept where a phased-array feed (PAF) illuminates a reflector antenna. 

 

2.3. Features and applications of FPAs 

The combination of a reflector antenna with a PAF brings a lot of potential benefits and 

makes this type of technology well-suited for a number of applications. The main benefits 

which are well established and demonstrated in literature are: 

• Field of View (FoV). It is possible to significantly improve the FoV of a reflector 

system by using PAFs [67], [68], [69], [70]. Moreover, FPAs provide near-

constant and smoothly varying efficiency [71], [72] and sensitivity across the FoV 

[73], [74], [75]. 

• Improved antenna efficiency. The maximum effectiveness of the reflector 

aperture is achieved when the feed matches the focal plane field generated from 

an incoming plane wave on the reflector [71]. The PAF could provide the 

additional possibility of a better match [76], [77], [78]. In addition, there is a 

possibility of enhanced gain by improving the illumination from PAF [65], [79]. 

Associated advantages include higher EIRP on the downlink and higher gain-to-

noise temperature (G/T) on the uplink, increased capacity, and smaller ground 

terminals [80]. 

• Reduction of the scan losses and scan aberration correction. Without a PAF 

scanning with reflectors is done by positioning a number of separate feeds in the 

focal plane of the reflector using beam switching, see Fig. 1.2. In this case, the 

scanning capability of the system is limited in terms of discreteness and there is 

no possibility to compensate of asymmetrical aberrations [71]. A combination of 

a reflector and PAF could give the possibility to significantly reduce the scan loss, 

which was demonstrated in [42] for the spherical Arecibo reflector with the linear 



2. Focal Plane Arrays 

 

28 

array of dipoles, in [44] and [81] for reflectors curved in one dimension and for 

two-dimensional feed arrays in [82]. Overall, the use of a single feed in the focal 

plane creates a significant distortion of the radiation pattern and an increase of 

sidelobe levels in the case of scanning [71]. According to [83], [43], [48], [76], 

[84], [85], [86]. 

• Correcting reflector surface defects. In addition to the aberration correction, it is 

possible to correct the reflector surface defect by phase and amplitude adjustment 

of individual array elements [84], [87], [88], [89]. [48] and [90] provide the 

empirical estimation of reflector surface correction by PAF and demonstrate the 

effective use of lower-cost reflectors using this technology. 

• Vernier pointing. FPAs can also be used to introduce minor corrections to the 

beam direction [83], which can be useful to compensate for reflector 

misalignment due to sway and twist caused by wind, deformation due to gravity, 

and improper installation. 

• Producing specific radiation patterns and reconfigurability. By using a PAF very 

specific radiation patterns can be created. There is wide flexibility in the FPA due 

to the electronic beamforming with control of both the phase and amplitude of 

each individual array element. So, the weighting of array elements could be 

adjusted to balance them for specific purposes like maximizing sensitivity and 

pattern control or interference mitigation and pattern control. This is widely used 

in satellite communication satellites with nonreferential 2D scanning where a 

geostationary satellite should cover a specific geographic region [91], [92], [93], 

[94], [95]. 

• Interference cancellation. In addition to the general reconfigurability, FPAs allow 

nulls to be established in the direction of an interferer [95], [96], [97], [98]. In 

addition, the beam widths can be reduced by using more elements in the antenna 

array without increasing the dimension of the reflector [99]. Moreover, with 

optical PAF more narrow beams could be achieved. This is also helpful to reduce 

interfering radiation. 

The wide scan capabilities of FPAs which are investigated in this thesis open additional 

applications domains for FPAs. For example, it could be possible to have a simultaneous 

connection between several base stations due to the combined capabilities of wide scan and 

multi-beam. There is also a possibility of tracking multiple satellites simultaneously using 

electronic beam steering. There is an important note, that this is possible only on different 

radio frequencies. For radar applications, wide scanning with reflectors opens great 

opportunities in fast and high-resolution systems, which potentially could overcome the 

existing and widely used phased arrays. The features of multi-beam antennas using FPAs are 

summarized in [100], [101], [102], [103], [104], [105]. 

Looking at the state of the art there are a number of applications where PFAs already 

proven themselves as reliable and suitable technology. 

• Radio astronomy. The significantly larger FoV with FPAs is beneficial for radio 

astronomy applications. This was done in the concept implemented by ASTRON 

[106] where a receiver array is placed in the focal plane of each reflector antenna 

to create the Square Kilometer Array (SKA). FPAs allow to sample of the 
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aperture field distribution using a discrete number of elements in the focal plane. 

As a result, the signals from the different elements are combined to generate a 

high-quality image. 

• Earth observation. Traditionally, multiple-beam capabilities have been achieved 

by using a number of horn antennas positioned in the focal plane making a one-

horn-per-beam configuration [107]. However, this leads to a loss in aperture 

efficiency due to aberrations and distortions associated with off-axis beams. In 

addition, overlapping beams are required to illuminate the service area uniformly 

and thus efficiently [108]. The gain reduction within those overlaps should not 

exceed a 3 dB drop [109]. This could be achieved with feed horns due to their 

large sizes and thus coarse samplings of the focal plane fields. Here FPAs could 

be beneficial for earth observation providing high resolution with advanced 

beamforming [110], [111], [112]. 

• Satellite communication. Traditionally, a high-gain reflector antenna is used for 

satellite communication [113]. The trend in satellite communication is to provide 

higher demands for high-speed internet and high-quality TV broadcasting. Thus, 

the FPA technology was found to be an attractive solution in this domain [108]. 

The multi-beam antennas provide a frequency reuse scheme for communication 

to the ground, at the same time each generated spot beam on the ground can be 

allocated to a different frequency band. Nowadays, FPAs are being used for 

direct-broadcast satellites (DBS), personal communication satellites (PCS), 

military communication satellites, and high-speed Internet applications [114]. In 

addition, FPAs have also been successfully implemented in geosynchronous 

satellites as well as low earth orbit (LEO) and medium earth orbit (MEO) 

satellites [115], [116]. Examples of commercial satellites employing frequency 

reuse multi-beam antennas include INTELSAT IV-A (1975), INTELSAT V 

(1981), INTELSAT VI (1989), NASA's ACTS satellite, and ITALSAT [117], 

[118]. 

 

Figure 2.3. Conceptual drawing of frequency reuse for satellite communication (downlink). 
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• VSAT ground-based terminals. Traditionally, home-satellite terminals use a dish 

reflector antenna system with a single feed. The antenna should be precisely 

aligned mechanically and directed to the specific satellite. This implies that the 

home-satellite users cannot switch their connection without mechanically moving 

the dish antenna or cannot form more than one satellite link at the same time. 

Using reflectors with PAFs for very small aperture terminals (VSAT) is 

significantly improving the performance of satellite communication, users can 

switch the satellite link without the need to mechanically realign their antenna 

system [119], [120]. In addition, it is possible to connect with several satellites 

simultaneously without replicating the antenna system. Traditionally, multi-

satellite connections are formed by replicating the antenna system for each radio 

beam [121]. It is also simplifying the alignment process and allowing it to sustain 

harsh weather conditions. 

 

2.4. Challenges of modern FPAs 

As we could see from the previous paragraph there are a large number of applications 

where FPAs could be the best suitable practical solution. Nevertheless, there are a number of 

challenges, which are typical for this technology. Some of them like a limited scan potential 

and limited active frequency bandwidth are the main subject of this thesis. However, there 

are other challenges related to FPAs, which are important to consider: 

• Design complexity. Overall design complexity is much higher compared to 

classical reflector solutions in which a simpler feed configuration is used. In 

addition, the mechanical design of FPAs is more complex as compared to phased 

arrays of similar size due to the combination of reflector and PAF.  

• Necessity to use complex field distributions in the PAF (Fig. 2.2), which could 

provide a larger impact of mutual coupling [121], [122]. 

• The PAF requires a dense array configuration with, as a result, high mutual 

coupling. This sets challenges to provide a good active matching performance 

towards the commonly used standard impedance of 50 Ω [124]. 

• All mentioned challenges also require special demands for beamforming 

electronics. Each array element should have a separate transceiver IC, including 

a low-noise amplifier (LNA), power amplifier (PA), and a beamforming vector 

modulator to adjust amplitude and phase [124]. As a result, there are higher 

demands for system calibration due to the increased number of feed elements, 

more complicated beamforming electronics, and complex beamforming 

algorithms. 

• In addition, these electronics could have a high-power consumption, and 

substantial power requirements and, as a result, will require cooling. This puts 

additional demands on operational temperatures which could be difficult to 

achieve [125], [126]. 

• The overall complexity of the FPA system and its operational algorithm could 

affect the system’s reliability. 
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2.5. Optical beamforming for FPAs 

The work in this thesis is part of the FREEBEAM project [34]. FREEEBEAM can be 

classified into three subsystems: a focal plane array with a reflector, an optically controlled 

RF multi-beamformer system, and a low-noise amplifier system. The project demands a 

multi-beam functionality with more than one radio beam. The radio frequency range required 

to be covered is 20 GHz (20 – 40 GHz). The wideband capability of the designed FPA system 

is achieved by using optical beamforming. [128] presents detailed information about the 

novel optical beamforming network design for the antenna system presented in this thesis, 

[34]. The optical beamformer utilizes a true time delay (TTD), implemented in a photonic 

integrated circuit (PIC). These PICs generate frequency-independent time delays (linear 

phase) [35], therefore alleviating the beam-squinting problem prevalent in wideband 

beamformers. A dispersive optical TTD device generates wavelength-dependent time delays 

and thus can be used to generate simultaneous multiple beams by using light sources of 

different wavelengths with the beams at different radio frequencies and with the possibility 

to be fed by just a single fiber from a remote multi- transmitter site. In addition, TTD 

includes immunity to electromagnetic interference (EMI), scalability, and a low weight 

thanks to the high level of photonic integration of the optical beamformer circuits. 

The usage of optical beamformers puts a special requirement on the phase distribution 

linearity along the array elements of the FPA. It is an important requirement for the 

realization of a compact TTD optical beamformer circuit [129]. Therefore, an additional 

antenna design target for the development of our FPA system is a linear phase distribution 

along the elements of the PAF. 
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CHAPTER THREE 

 

3. FPA: DESIGN FRAMEWORK 
 

 

3.1. Array design challenges1 

This chapter discusses the main design challenges of wideband antenna elements which 

can be used in focal-plane arrays. A novel electrically small wideband antenna is presented. 

It is based on a bow-tie antenna. The proposed antenna shows excellent input matching 

properties over a frequency band of more than one octave and nearly reaches the theoretical 

Chu-Harrington limit. It is shown that the central element of a five-element feed array, 

operating at a center frequency of 30 GHz, realizes an input matching bandwidth of 24.4 

GHz. 

 

3.1.1. Introduction 

Electronic phased-array antennas became a widespread technology in the past decades in 

a number of applications, such as long-range and multi-function radars. However, there are 

limiting factors to use this technology at higher frequencies, such as bandwidth limitation 

[130]. Nevertheless, the demand for wideband antenna arrays and focal-plane arrays is 

increasing especially in the Ku- and Ka-band. Therefore, it is necessary to make an 

investigation of broadband antenna elements that can be used in an array environment. 

This chapter presents the work which was done in the framework of the development of a 

wideband focal-plane array (FPA), operating in the frequency band from 20-40 GHz. The 

challenge is to optimize the array elements over a 20 GHz bandwidth for optimal efficiency 

and for a frequency-stable phase-center. In addition, the element pattern should be suitable 

for reflector illumination. 

In comparison to the well-known and widely used Vivaldi phased-array feed [131], our 

design achieves a wideband operation using a smaller occupied area for each of the array 

elements. In addition, our concept significantly improves the phase-center stability, which is 

a major drawback of the Vivaldi concept. 

In this chapter, we will investigate the fundamental limitations of these wideband antenna 

elements. 
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3.1.2. Wideband limit for antenna design 

Antenna dimensions are strongly related to the frequency of operation and the required 

bandwidth. For electrically-small antennas, the ratio between the maximum achievable 

frequency bandwidth and the antenna dimension is defined by the well-known Chu-

Harrington limit [132], [133], and [134], which sets a lower limit on the quality factor and 

related bandwidth. The Chu-Harrington limit is given by: 

             (3.1) 

where k is the wavenumber, 𝑄 the antenna quality factor, and a the antenna size or boundary 

sphere surrounding the antenna as illustrated in Fig. 3.1, [133] - [134]. 

According to (3.1) it is possible to define a minimum antenna size for a certain value of 

the antenna quality factor. 

 

Figure 3.1. Illustration of boundary sphere which defines the minimum antenna size [133]. 

In order to the obtain a direct relation between the antenna properties and its frequency 

band, it is necessary to change the parameters of the Chu-Harrington limit according to the: 

  (3.2) 

         (3.3) 

where η represents the total antenna radiation efficiency, B is the relative bandwidth and c is 

the speed of light. There is no clear definition of bandwidth in the investigated literature 

[132], [133], and [134]. Therefore, we decided to use the most strict variant: the frequency 

band is defined based on the S11 parameter less than - 10dB. 

(3.3) expresses the dependence of the bandwidth versus the minimum required antenna 

size a. Consequently, it is possible to estimate the minimum antenna size which could provide 

a certain frequency bandwidth around the central frequency f0. Fig. 3.2 shows the 

theoretically achievable frequency bandwidth depending on the minimum antenna size within 

the investigated frequency band from 20 GHz to 40 GHz. The radiation efficiency in the 

initial calculation was assumed to be equal to 100% in order to get an estimation with the 

best possible parameters. 

According to Fig. 3.2, the minimum antenna size, which theoretically could provide the 

required frequency bandwidth, is equal to the boundary sphere with a radius of 1.8 mm 

corresponding to about 36% of the free-space wavelength. 
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Figure 3.2. Theoretically achievable frequency bandwidth depending on the minimum 

antenna size. 

 

3.1.3. Design of wideband array element 

The investigation of a suitable wideband antenna concept was done based on the presented 

size limitations in section 3.1.2. All analyzed antennas were fit into the boundary sphere of 

Fig. 3.1 in order to get as close as possible to the Chu-Harrington limit. Limiting the height 

of the antenna, with respect to the normal of the array face, results in a more stable feed phase 

center [135]. The latter is important in order to avoid major de-focusing of the secondary 

radiation pattern [136]. In addition, only antenna configurations with a high total radiation 

efficiency and a far-field pattern that is suited for reflector illumination were considered. 

These criteria are some of the basic requirements for FPA antenna systems. The total 

efficiency of an antenna is the radiation efficiency multiplied by the impedance mismatch 

loss of the antenna when connected to a transmission line or receiver. 

As a starting point, the well-known bow-tie antenna was chosen [137]. The design for the 

20-40 GHz band is shown in Fig. 3.3. The bow-tie antenna is a wideband antenna type with 

a stable phase center, which has established itself in wideband antenna arrays and almost 

ideally fits into the boundary sphere of the Chu-Harrington limit. We have performed an 

optimization to improve the bow-tie antenna to further increase the operational bandwidth, 

while reducing the boundary sphere further, to approximate closer to the Chu-Harrington 

limit of Fig. 3.2. Optimization was organized by consistently changing the antenna geometry 

based on a genetic algorithm similar to the procedure described in [138]. 

The modified bow-tie antenna (Fig. 3.4) was designed based on the described wideband 

analysis methods and compared to the performance of the original bow-tie antenna. It is 

important to note that there are no direct connections with the ground plane of the investigated 

antennas. Simulations were done with CST in Transient Solver – a general-purpose 3D 

electromagnetic simulator [139]. The matching properties are shown in Fig. 3.5. It is clear 

that the bandwidth was significantly improved for the optimized configuration. In addition, 

the input matching in the upper range of the investigated band (33-40 GHz) is much better 

for the modified bow-tie antenna as compared to its classical variant. However, there are 

some matching issues around 20 GHz and 42 GHz. For our application, it is desirable to have 
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a better level of matching in order to obtain some margin in the bandwidth. 

(3.3) allows us to estimate the theoretically achievable frequency bandwidth and to 

compare its value with the simulation results of both antenna types, see Fig. 3.6. Based on 

the simulation results, the total radiation efficiency used in (3.3) was assumed to be constant 

within the frequency band and equals 95% for the bow-tie antenna and 92% for its modified 

version instead of the initial 100%. From Fig. 3.6 it is clear that the modified bow-tie antenna 

very efficiently uses the available space. The achieved bandwidth of the standard bow-tie 

antenna is 15.72 GHz, while the theoretically achievable bandwidth for this antenna size is 

25.84 GHz. The modified bow-tie antenna achieves a bandwidth of 25.9 GHz, while the 

theoretical limit is 28.87 GHz. Note that the phase center remains almost constant with a 

minor peak deviation of not more than half of the wavelength within the investigated 

frequency band for both antennas. 

 

Figure 3.3. Cross section of a classical bow-tie antenna. 

 

Figure 3.4. Cross section of the modified bow-tie antenna. 

 

3.1.4. Additional bandwidth improvement 

The presented modified bow-tie antenna achieves a bandwidth of 25.9 GHz and is very 

close to the Chu-Harrington limit of 28.87 GHz. However, there is still almost a 3 GHz 

difference between the theoretically achievable and actually achieved results. In addition, it 

was already mentioned that the matching level around 20 GHz and 42 GHz should be 

improved. Therefore, it is necessary to investigate some additional methods of bandwidth 

improvement and to try to get as close as possible to the theoretical limit. Radiation efficiency 

and phase-center position should remain the same. 

One of the options to improve impedance matching is by implementing lumped elements 

within the antenna structure. Another option is to redistribute, the surface currents on the 
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radiating structures [140]. For that purpose, a slot configuration was realized in the modified 

bow-tie antenna and optimized for the matching properties in CST [139]. The resulting 

dimensions of the slot are presented in Fig. 3.7. The corresponding antenna surface currents 

distribution at 20 GHz, 30 GHz, 40 GHz, and 45 GHz are shown in Fig. 3.8. As can be seen, 

the surface current distribution for the antenna with an additional slot is more stable at the 

different frequencies. Therefore, the performance of the modified bow-tie antenna with an 

additional bandwidth improvement varies slowly with the frequency. As a result, this antenna 

has more stable radiation characteristics and impedance over a wide frequency band. 

 

Figure 3.5. Simulated input matching of the standard bow-tie antenna and its modified 

wideband variant. 

 

Figure 3.6. Evaluation of theoretically achievable and obtained bandwidth for the 

considered antennas. 

At these high frequencies, it is not possible to use SMD-type of lumped elements, due to 

the parasitic. An alternative is to realize parallel plate capacitors on the antenna substrate. 

The theoretical capacitance of this capacitor is given by: 

   (3.4) 

where ε0 is the free-space dielectric constant (ε0 ≈ 8.854×10−12 F*m–1), ε is the relative 

permittivity of the dielectric substrate, S is the area of overlap of the two plates and d is the 

separation between the plates. Consequently, additional capacitive microstrip pads could be 
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added on the back side of the antenna substrate in order to improve the impedance matching. 

The required capacity of the capacitors, dimensions, and positions of the microstrip pads were 

optimized by means of simulation. The resulting geometry is presented in Fig. 3.7. 

The matching properties of the modified bow-tie antenna with and without the 

implemented bandwidth improvement features are shown in Fig. 3.9. 

In order to estimate the bandwidth improvement, it is possible to make an analysis similar 

to Fig. 3.6 for our new antenna design. The outside antenna dimension remains the same, as 

well as the simulated total radiation efficiency. The central frequency is decreased by about 

1 GHz according to Fig. 3.9. By substitution of all parameters in (3.3), Fig. 3.10 was obtained. 

 

Figure 3.7. Additional bandwidth improvement for the modified bow-tie antenna: slots on 

the antenna surface and capacitive microstrip pads on the back side of the antenna. 

 

Figure 3.8. Currents on the surface of the modified bow-tie antenna at 20 GHz, 30 GHz, 

40 GHz, and 45 GHz without and with an additional slot. 

From Fig. 3.10 it is clear that the difference between the theoretically achievable and 

actually achieved bandwidth is significantly reduced. The modified bow-tie antenna with an 

additional bandwidth improvement achieves a bandwidth of 27.45 GHz, which is just slightly 

smaller (0.2 GHz) than the theoretical limit. As a result, it is possible to claim that the 

fundamental Chu-Harrington limit was almost reached by this antenna element. 
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Figure 3.9. Simulated input matching of the modified bow-tie antenna with and without 

additional bandwidth improvement. 

 

Figure 3.10. Evaluation of theoretically achievable and obtained bandwidth for the 

modified bow-tie antenna with and without additional bandwidth improvement. 

 

3.1.5. Focal-plane arrays 

The antenna element of section 3.1.4 is used as a starting point for the design of a feed 

array for a focal-plane array configuration. The element spacing was chosen equal to half a 

wavelength at the center frequency (30 GHz). Since the antenna elements are almost touching 

in this case (0.58 mm spacing between edges), it is expected that mutual coupling will 

deteriorate the matching performance [65]. 

As a first step, we have investigated a linear array with five elements, as shown in Fig. 

3.11. The input matching properties of the central element of the array is shown in Fig. 3.14. 

The other array elements were connected to a matched load of 50 Ohm. From Fig. 3.14 it is 

clear that the matching properties for the central element in the array are quite different as 

compared to the matching properties of a single wideband array element (see Fig. 3.9). The 

achieved wideband properties have been deteriorated by mutual coupling between the array 

elements. 

An interesting technique to improve the matching properties in wideband arrays are so-

called connected arrays [141]. An additional electrical connection between neighboring array 
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elements is introduced. The matching properties of such a configuration are improved due to 

the fact that the connections between neighboring elements allow currents to remain nearly 

constant with frequency. Based on this method, connections between neighboring elements 

have been introduced in the array of Fig. 3.11. The position and geometry of the connection 

were optimized in CST [139]. The resulting connected-array configuration (Fig. 3.12) was 

designed based on the best-achieved matching properties. Fig 3.14 shows the resulting 

matching properties as compared to the normal array configuration. 

 

Figure 3.11. Cross section of an array of five modified bow-tie antenna elements in a row. 

 

Figure 3.12. Cross section of a connected array of five modified bow-tie antenna elements 

in a row. 

The surface current distributions at 30 GHz for the investigated arrays are presented in Fig. 

3.13. It is clear that in the case of the connected array intentionally introduced currents can 

be observed between neighboring elements. This allows the redistribution of the surface 

currents of the individual elements and, as a result, reduces the negative effects of mutual 

coupling. 

According to Fig. 3.14, the wideband properties for the central element in a connected 

array have been significantly improved as compared to a classical array configuration. The 

achieved bandwidth of 24.4 GHz covers the desired band from 20-40 GHz. 
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Figure 3.13. The surface current distribution of a normal array and a connected array at 30 

GHz. 

 

Figure 3.14. Simulated input matching of the central element in a normal array and a 

connected array defined by five modified bow-tie antenna elements in a row. 

The simulated results of the total radiation efficiency for the investigated arrays and for 

the single array element are presented in Fig. 3.15. It is clear that in the case of a single 

element of section 3.1.4, the total radiation efficiency is high and exceeds 90% in a large part 

of the desired band. For an array configuration, due to the mutual coupling, the radiation 

properties have been deteriorated. However, for the central element in a connected array, the 

radiation properties remain higher within the desired band as compared to a classical array 

configuration. 

 

Figure 3.15. The simulated total radiation efficiency of the single array element and central 

element in a normal array and a connected array defined by five modified bow-tie antenna 

elements in a row. 
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The simulated results of the phase-center position for the investigated arrays are presented 

in Fig. 3.16. It is clear some ripple occurs and one significant peak for the normal array 

around 33 GHz. Nevertheless, for the central element of the connected array, the fluctuations 

almost do not exceed one wavelength. 

 

Figure 3.16. Simulated phase-center position of the central element in a normal array and 

a connected array defined by five modified bow-tie antenna elements in a row. 

 

3.1.6. Conclusion 

Future FPA antenna-systems require wideband properties. In this section, wideband 

analysis methods were proposed in order to determine the relationship between the antenna 

geometry and its frequency characteristics. The proposed design allows us to get good 

matching properties over a frequency band of more than one octave and nearly reaches the 

theoretical Chu-Harrington limit. At the same time, other relevant characteristics, like high 

total radiation efficiency and phase-center stability remain at an acceptable level. 

We have presented a modified bow-tie antenna that achieves a bandwidth of 25.9 GHz, 

very close to the Chu-Harrington limit of 28.87 GHz. Furthermore, with an additional 

bandwidth improvement like slots on the antenna surface and the realization of extra 

capacitive elements, the bandwidth could be further improved to 27.45 GHz. In addition, the 

concept of connected arrays was used to obtain wideband antenna properties in an array 

configuration. It was shown that for a five element array, an input matching bandwidth of 

24.4 GHz can be obtained. 
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3.2. Reflector for narrow-range scanning1 

An optimized double-reflector antenna concept for a wideband focal plane array (FPA) 

configuration is presented for Ka-band applications with a limited scan range, e.g. ground 

terminals for satellite communication. The proposed reflector configuration allows to 

maximize the number of active array elements and minimizes the actual array size during 

scanning. In addition, the FPA configuration has been optimized for wideband optical true-

time-delay (TTD) beamforming, resulting in wideband operation from 20-40 GHz. Based on 

a minimum required 80 % aperture efficiency at 30 GHz, the double-reflector concept allows 

expanding the illuminated region of the array by a factor of 60 as compared to traditional 

prime-focus configurations. The proposed configuration also decreases the magnification 

factor M by a factor of 2.5, as compared to the double-parabolic configuration for a ±1.50 

scan range. 

 

3.2.1. Introduction 

In the past decades, focal-plane arrays (FPAs) have become an interesting alternative to 

conventional horn-fed reflector antennas in a number of applications, e.g. in radio astronomy 

[8] and in Ka-band satellite communication [9]. However, the small number of 

simultaneously active array elements is representing a serious limiting factor for this 

technology, in terms of the number of multiple beams or scan range [142] and the level of 

achievable effective isotropic radiated power (EIRP) [15]. A low EIRP level limits the use of 

low-cost silicon integrated circuits. In addition, it is a challenge to provide a proper exposure 

of the FPA even for relatively small scan angles of the main beam, due to the significant 

beam deviation in the focal plane (see Fig. 3.17) [143]. Therefore, it is necessary to 

investigate various reflector configurations in order to improve the FPA illumination and 

increase the number of simultaneously active elements, during beam scanning over a wide 

instantaneous bandwidth. 

This chapter presents the outcome of a study to overcome these limitations. Our goal was 

to develop a wideband FPA system, operating in the frequency band 20-40 GHz. The 

beamforming of the array elements is done with a novel optical beamforming network, 

resulting in multi-beam operation over a wide instantaneous bandwidth [34]. The optical 

beamformer utilizes true time delay (TTD), implemented in optical integrated circuits (ICs). 

These optical ICs generate frequency-independent time delays (linear phase) [35], therefore 

alleviating the beam-squinting problem prevalent in wideband beamformers. A dispersive 

optical TTD device generates wavelength-dependent time delays and thus can be used to 

generate simultaneous multiple beams by using light sources of different wavelengths. In 

addition, TTD includes immunity to electromagnetic interference (EMI), scalability, and a 

low weight thanks to the high level of photonic integration of the optical beamformer circuits. 

A linear phase distribution along the array elements of the FPA is an important requirement 

for the realization of a compact TTD optical beamformer circuit [129]. Therefore, our antenna 

design targets a linear phase distribution along the array elements of the FPA. 
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Figure 3.17. (a) Beam deviation during scanning (b) Geometry of the FPA system with a 

single reflector. 

Another important requirement for our FPA system is related to the scan range. We have 

investigated two specific scan ranges: ±1.50 and ±30 for 2-dimensional scanning, which is 

much more challenging than 1-dimensional scanning. These are typical values for reflector 

installation and calibration in Ka-band, in two-way satellite communication [10], and in 

surveys for radio astronomy [144], respectively. In conventional FPA systems, the array is 

not used very efficiently, even in the case of a limited scan range. The number of 

simultaneously illuminated array elements is limited, due to the small region of high power 

density in the focal plane. In addition, the required size of the array is quite large, due to the 

significant spot beam deviation from the array center during scanning. As a consequence, the 

number of simultaneous active elements is small as compared to the total number of array 

elements. Therefore, the achieved EIRP levels, as well as the scan performance, are limited 

[15]. In summary, we have the following requirements for the FPA system: 

• wide band in the range of 20-40 GHz, 

• linear phase distribution in the focal region, 

• wide illumination area of the array to maximize the EIRP, 

• decrease beam deviation in the focal plane region during scanning. 

In this chapter, we will optimize the FPA system for these requirements. For that purpose, 

we will investigate and compare three configurations: i) a classical prime-focus reflector, ii) 

a double parabolic configuration, and iii) our proposed optimized FPA configuration. We 

will use a classical prime focus reflector with F/D = 0.6 and D = 0.8 m. The array element 

spacing is chosen as 𝜆0/2 at 40 GHz, where 0 is the free-space wavelength. All simulations 

have been performed with GRASP [39]. 

 

3.2.2. Illumination limitations of classical prime-focus FPAs 

For large F/D ratios and small scan angles, when neglecting the spill-over and decoupling 

efficiencies, the co-polar component of the electric field distribution in the focal plane of a 

prime-focus reflector can be approximated by: 

𝐸(𝑟) = 2
𝐽1(𝑘 𝑟 𝑠𝑖𝑛(𝛹0))

𝑘 𝑟 𝑠𝑖𝑛(𝛹0)
           (3.5) 
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where J1 is the Bessel function of the first kind with order 1, Ψ0 = π/4 is the subtended angle 

of the reflector, k is the wavenumber and r is the distance from the center of the focal plane 

or aperture radius, see also Fig. 3.17 and [145]. 

According to (3.5), it is clear that the same reflector operating at higher frequencies will 

illuminate a smaller region in the focal plane. As an example, the electric field in the focal 

plane for a classical prime focus reflector is presented in Fig. 3.18. The normalized power 

density distribution of the electric field, calculated according to (3.5), is shown in Fig. 3.19. 

By integrating the electric field on the focal plane and normalizing it to the total power Ptot 

received by the reflector and free space impedance 𝑍0, it is possible to calculate the aperture 

efficiency 𝜂(r) in the focal plane (see Fig. 3.17) [143], which is presented in Fig. 3.20: 

𝜂(𝑟) =  
1

𝑃𝑡𝑜𝑡
∫ ∫

|𝐸(𝑟′)|
2

2𝑍0

𝑟

0

2𝜋

0
𝑟′𝑑𝑟′𝑑𝜑        (3.6) 

According to Figs. 3.17 – 3.19 the illuminated region in the focal plane is relatively small. 

When we assume an array element spacing of 𝜆0/2 at the highest frequency (40 GHz), only 

two to three elements could be located in the area of maximum power density (above the -3 

dB level). Fig. 3.20 shows that by considering larger array surfaces, the aperture efficiency 

first increases very quickly until r reaches the first Airy ring and then remains practically 

constant. This fact limits the number of simultaneously involved array elements, and as a 

result, limits the EIRP level and the beam-scanning capabilities. 

 

Figure 3.18. (a) Field distribution of a reflector antenna in the focal plane (b) 2D illustration 

of the Airy pattern in the focal plane of a classical prime focus reflector with F/D = 0.6, f = 

30 GHz [39]. 

 

Figure 3.19. Normalized power density distribution of the electric field in the focal plane 

of a classical prime focus reflector with F/D = 0.6. 
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For the considered FPA system employing a wideband optical beamforming network, it is 

required to have a linear phase distribution along the array elements. The phase distribution 

in the focal plane of the investigated parabolic reflector is shown in Fig. 3.21 as well as an 

example of an optimal phase-distribution in the order of the optical beamformer to be used. 

It is clear that the phase distribution is far from linear along the aperture radius at a single 

frequency. If we consider the aperture area at 30 GHz for which the normalized power density 

is above -3 dB (see Fig 3.19), the linearity of the phase distribution shows a root-mean-square 

(rms) error of 6.360. This will deteriorate the overall performance of our FPA system with 

optical beamforming [37]. 

 

Figure 3.20. Aperture efficiency in the focal plane of a classical prime focus reflector with 

F/D = 0.6. 

 

Figure 3.21. Phase distribution in the focal plane of a classical prime focus reflector with 

F/D = 0.6. 

The aperture efficiency and field distribution cuts for different scan angles of the main 

beam are presented in Fig. 3.22. We can observe that for various scan angles of the main 

beam, the region of maximum power will have almost the same size, but will be shifted away 

from the array center. This means that the array size should be increased in order to provide 

scanning capabilities. However, the number of simultaneously active elements will remain 

the same. 
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Figure 3.22. Aperture efficiency and electric field cuts in the focal plane for different scan 

angles of a classical prime focus reflector with F/D = 0.6, f = 30 GHz. 

 

3.2.3. Double parabolic reflector configuration 

Double parabolic reflector configurations are commonly known as imaging reflector 

systems [146]. They are constituted by a feeding phased array properly magnified by two 

reflector antennas. Such systems efficiently combine the advantages of the reflector and array 

antennas. They are commonly used to generate reconfigurable beams over a small angular 

scan range. Some sort of beam compression is realized to increase the illuminated region of 

the array significantly and, as a consequence, the number of simultaneously active elements. 

The working principle of a double parabolic reflector and the relevant geometrical 

dimensions are schematically shown in Fig. 3.23. 

The simulated electric field distribution in the array plane for a double parabolic reflector 

configuration with Fm/Dm = 0.6 and Fm/Fs = 8 is shown in Fig. 3.24. The corresponding 

aperture efficiency is shown in Fig. 3.25. The size of the sub-reflector was chosen based on 

the array size from section 3.2.2 for the scanning case of ±30 and aperture efficiency of 95 

%, Dm/Ds = 4.5 (see Fig. 3.22). The same excitation mechanism has been used. A planar array 

has been located at the surface of the main reflector. The sub-reflector blockage was included 

in the simulation. The resulting phase distribution in the array plane is presented in Fig. 3.26. 

 

Figure 3.23. Symmetrical double parabolic reflector configuration. 
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Figure 3.24. (a) Field distribution of a symmetrical double parabolic reflector antenna (b) 

corresponding 2D illustration of the field pattern in the array plane, Fm/Dm = 0.6 for the 

main reflector, Fm/Fs = 8 for sub-reflector, f = 30 GHz [39]. 

 

Figure 3.25. Aperture efficiency in the array plane of a symmetrical double parabolic 

reflector, Fm/Dm = 0.6 for the main reflector, Fm/Fs = 8 the for sub-reflector, and blockage 

of the sub-reflector is included. 

According to Fig. 3.24 and 3.25, the illuminated region in the array plane is significantly 

expanded as compared to the classical prime-focus system. Based on an aperture efficiency 

of 80 %, the illuminated area of the array has been increased by a factor of 150, for this 

particular example. The aperture efficiency curve is less steep than in the case of a prime 

focus reflector, which indicates a broadening of the focal field distribution. In addition, the 

phase relation between the array elements shows an inverted V-kind of distribution as a 

function of r for reasonable array sizes over the entire frequency range, with a linearity error 

of 3.060 at 30 GHz. 

The aperture efficiency and electric field cuts for different scan angles are presented in Fig. 

3.27. The required array size in the case of scanning should be significantly increased in order 

to achieve sufficient aperture efficiency. The poor performance is due to the amplification of 

the incidence angle on the array surface, expressed by the magnification factor M [147]: 

𝛳0 =
𝐹𝑚

𝐹𝑠
 𝛳 = 𝑀 𝛳             (3.7) 

where ϴ is the angle of incidence of the incident field, ϴ0 is the incident angle on the array 

surface (Fig. 3.23). As a result, even a small beam deviation of the incident wave causes a 

significant shift of the irradiated region. As a consequence, the array size should be 

significantly increased. Therefore, the number of active elements will be still significantly 

less than the number of inactive array elements. Therefore, also with this configuration, an 

effective exposure of the FPA cannot be achieved. 
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Figure 3.26. Phase distribution in the array plane of a symmetrical double parabolic 

reflector, Fm/Dm = 0.6 for the main reflector, Fm/Fs = 8 for the sub-reflector. 

 

Figure 3.27. Aperture efficiency and electric field cuts in the array plane for different 

angles of incidence of the incident field of a symmetrical double parabolic reflector, Fm/Dm 

= 0.6 for the main reflector, Fm/Fs = 8 for the sub-reflector, f = 30 GHz. 

 

3.2.4. Optimization of double reflector configuration for FPA 

Classical prime-focus reflector antennas have a relatively small illuminated region in the 

focal plane and do not allow the full use of the FPA capabilities. A double parabolic reflector 

allows increasing significantly the number of simultaneously active elements in the FPA 

system and can improve the linearity of the phase relation between the array elements. 

However, there is still the issue of the magnification of the incident angle on the projected 

FPA surface. Therefore, we need to find a way to decrease the magnification factor and to 

keep a sufficient number of active elements, at the same time. In order to do that, we have 

optimized the ratio between the required aperture radius for a 1.50 scan angle versus a 00 scan 

angle (AR1.5) and the ratio between a scan angle of 30 versus 00 scan angle (AR3). 

As a starting point, a Cassegrain ring-focus configuration has been chosen [148]. In these 

systems, the electromagnetic field is focused on a single feed point located in the plane of the 

main reflector (see Fig. 3.28(a)). It is possible to shift the feed away from the sub-reflector 

and, at the same time, keep all beams focused on the feed, by optimization of the sub-reflector 

shape [149]. In this way, the beam can be broadened in the main reflector plane, where the 

array will actually be placed. If the illumination cone of the second reflector has a focus on 

infinity (Fig. 3.28(b)), the configuration could be considered as a double parabolic reflector 
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of section 3.2.3. 

The field distribution in the array plane has been determined for a number of cases in which 

the focal point is shifted away from the original feed plane. The FPA is located at the surface 

of the main reflector (see Fig. 3.28(c)). The size of the sub-reflector has been defined in the 

same way as for the double parabolic configurations of section 3.2.3. The aperture efficiency 

has been calculated based on the electric field distribution according to Eq. (3.6). The 

required aperture radius, corresponding to an 80 % aperture efficiency at 30 GHz, is presented 

in Fig. 3.29 for angles of incidence of 1.50 and 30. Wider scanning (e.g. 50 and 100) is an 

issue, due to the necessity of a larger sub-reflector resulting in significant blockage [150]. 

Note that blockage of the sub-reflector is included in our model. 

 

Figure 3.28. (a) Ring focus dual reflector (b) ring focus dual reflector with single shifted 

feed (c) ring focus dual reflector with FPA. 

From Fig. 3.29, we can conclude that the aperture radius is increasing with increasing shifts 

from the feed plane (Ls) for all considered scan angles. However, for the case of non-zero 

incidence (1.50 and 30), the required aperture radius grows faster than for normal incidence. 

In order to find the optimum, the ratios AR1.5 and AR3 are presented in Fig. 3.30. It appears 

that these ratios can be optimized as a function of Ls (see Fig. 3.28(b)). According to Fig. 

3.30, the minimum value of AR1.5 is 1.54 and the minimum of AR3 is 2.22. For the classical 

prime focus reflector case, according to Fig. 3.22, we find that AR1.5 =2.94 and AR3 =5.87. 

For the double parabolic reflector configuration, according to Fig. 3.27, we find that AR1.5 

=2.06 and AR3 =3.43. Therefore, the proposed configuration is optimal in terms that we 

minimized the ratio between the required aperture radius for a 1.50 scan angle versus 00 

(AR1.5) and the ratio between a scan angle of 30 versus 00 (AR3). 

The optimization for both scan angles at the same time is not possible. Each value of Ls 

produces a different shape of the sub-reflector with different eccentricities. In our case, the 

optimal value of Ls for both cases is quite similar. Therefore, we have used Ls= 0.22 m as the 

optimal configuration. In this case, the ratio between the main reflector and the sub-reflector 

is Dm/Ds = 8, Fm/Dm = 0.6, and Fs/Ds = 6.9. The position of the sub-reflector has been chosen 

in such a way that we obtain an aperture efficiency level of 95 % on the sub-reflector surface 

for the scanning case of ±30. 
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Figure 3.29. Aperture radius versus scan angle based on 80 % aperture efficiency for a ring 

focus dual reflector with FPA, f = 30 GHz , blockage of sub-reflector is included. 

The calculated field distribution in the array plane for the non-scanning case of the 

optimized symmetrical double reflector is presented in Fig. 3.31, and the corresponding 

aperture efficiency is in Fig. 3.32. The phase distribution in the array plane is presented in 

Fig. 3.33(a). The blockage of the sub-reflector is included in all these results. According to 

Fig. 3.31 and 3.32, the illuminated region in the array plane is significantly expanded as 

compared to the classical prime focus reflector in section 3.2.2. The illuminated area of the 

array has been increased by a factor of 60 based on an aperture efficiency of 80 %. The phase 

distribution between the array elements has approximately a linear V-kind of shape within 

the array size with an rms error of 1.650 at 30 GHz. For the central array element (r = 0), the 

phase dependence versus frequency is very linear (rms error does not exceed 1 % at 30 GHz 

for all considered reflector configurations), see Fig. 3.33(b). Therefore, this configuration is 

more suitable for the optical beamforming network. Fig. 3.33(c) presents the phase 

distribution for the optical beamforming, which operates in a band 20-40 GHz, with 

discretization along frequency 1 GHz and 𝜆0/2 distance between array elements, at the highest 

frequency. Fig. 3.33(d) presents the phase distribution in the array plane at 30 GHz for all 

investigated reflector configurations. 

 

Figure 3.30. Ratios between aperture radius for different angles of incidence of the incident 

field based on 80 % aperture efficiency for a ring focus dual reflector with FPA, f = 30 

GHz, blockage of sub-reflector is included. 
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Figure 3.31. (a) Field distribution of an optimized symmetrical double reflector antenna 

(b) 2D illustration of pattern in the array plane of an optimized symmetrical double 

reflector, Fm/Dm = 0.6 for the main reflector, f = 30 GHz [39]. 

 

Figure 3.32. Aperture efficiency in the array plane of an optimized symmetrical double 

reflector, Fm/Dm = 0.6 for the main reflector, blockage of the sub-reflector is included. 

 

Figure 3.33. (a) Phase distribution in the array plane of an optimized symmetrical double 

reflector, Fm/Dm = 0.6 for main reflector (b) Frequency dependence of the required phase 

for the central array element (r = 0) for various investigated reflector configurations (c) 

Phase distribution between array elements of an optimized symmetrical double reflector 

with the discretization of 𝜆/2 at the highest frequency in the frequency band 20-40 GHz (d) 

Phase distribution in the array plane for investigated reflector configurations, f = 30 GHz. 
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Next, we investigate the aperture efficiency and field distribution cuts for different scan 

angles. Results are presented in Fig. 3.34. It is clear that, with increasing scan angle, the 

region of maximum power becomes larger, but it is less shifted from the center, as compared 

to a prime-focus reflector or double-parabolic reflector. We observe a more uniform 

distribution of power over the array elements. This is significantly improved compared to the 

investigated configurations in sections 3.2.2 and 3.2.3, where there are elements with zero 

aperture efficiency like in Fig. 3.22 and Fig. 3.27 for the 1.50 and 30 scan cases. At the same 

time, the number of active elements is significantly increased. The required overall array 

dimensions are also much smaller as compared to the double parabolic reflector from section 

3.2.3. A comparison of the investigated reflector configurations is given in Table 3.1. The 

comparison criteria have been analyzed for field distributions at the FPA surface at 30 GHz 

and for a target aperture efficiency of 80 %. 

 

Figure 3.34. Aperture efficiency and electric field cuts for different angles of incidence of 

the incident field in the array plane of an optimized symmetrical double reflector, Fm/Dm = 

0.6 for the main reflector, f = 30 GHz. 

Table 3.1. Comparison of investigated reflector configurations at 30 GHz, element spacing is 𝜆0/2 at 
40 GHz. 

Comparison Criteria 
Wave 

incid. 

Reflector configuration 

A classical prime-

focus reflector 

A double parabolic 

reflector 
Optimized FPA 

Number of illuminated elements 

00 8 ~ 1600 ~ 550 

1.50 8 ~ 1600 ~ 610 

30 8 ~ 1600 ~ 670 

Required array size 

00 0.6 cm 8.5 cm 5 cm 

1.50 1.9 cm 17.7 cm 7.8 cm 

30 3.4 cm 28 cm 11.5 cm 

Scan performance: percent of active 

elements from the whole array 

00 
~ 100 % ~ 100 % ~ 100 % 

(Active array size is equal to the required array size) 

1.50 ~ 9.9 % ~ 22.8 % ~ 44.9 % 

30 ~ 3.1 % ~ 9.1 % ~ 22.7 % 

Phase linearity (see Fig. 3.33) and rms error 
Completely 
nonlinear 

6.360 

Linear inverted V-
kind of shape 

3.060 

Linear V-kind 
of shape 

1.650 

 

 

3.2.5. Conclusion 

We have presented a double reflector configuration that shows excellent performance of a 

wide frequency range in terms of maximizing the number of simultaneously active array 
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elements. Up to 22.7 % of elements are active simultaneously within a scan range of ±30. It 

also overcomes the well-known FPA problem of a small illuminated region in the focal plane 

by increasing it by a factor of 60, as compared to traditional prime-focus configurations. The 

phase linearity between the array elements has been improved to an rms error of 1.650 at 30 

GHz. In addition, the scanning capabilities have been significantly improved as compared to 

classical prime focus and double-parabolic reflectors. The beam deviation decreased by a 

factor of 2.5, as compared to a double-parabolic configuration, for a scan range between 

±1.50. Combined with wide-band photonic beamforming, this antenna configuration can 

result in a wideband, compact, low-weight, and energy-efficient antenna system for Ka-band 

communications. 
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3.3. Reflector theory and reflector for wide range application1 

A mathematical analysis of reflector shaping for wide-angle scanning is presented. 

Parabolic, hyperbolic, and spherical reflectors are defined based on the geometrical optics 

method in order to have the smallest deviation of the focused beam (Fig. 3.35) during wide-

angle scanning. It is shown that it is possible to expand the illuminated region of the array by 

a factor of 3 for parabolic reflectors with axial displacement based on an estimated 80 % 

aperture efficiency at 30 GHz, D/λ=80. Moreover, it is demonstrated that a spherical reflector 

has the smallest deviation from the axis of revolution during wide-angle scanning. 

 

3.3.1. Introduction 

Focal-plane arrays (FPA) are considered the preferred antenna concept in a number of 

emerging applications [8], [9]. However, there are limiting factors for a full implementation 

of the advantages of this technology due to the challenges in the FPA illumination and the 

limitations in wide-angle scanning. In traditional FPAs, the illuminated region in the focal 

plane is relatively small [145]. Only a few elements can be located in the area of maximum 

power density. This fact limits the number of involved active elements, and as a result, this 

limits the EIRP level and the beam-scanning capability [15]. In addition, the required size of 

the feed-array should be significantly increased due to the large beam deviation from the 

center of the feed-array during wide-angle scanning [143]. The goal of this chapter is to 

investigate various reflector configurations in order to find a reflector shape that is most 

suitable for wide-angle scanning and could broaden the region of high-power density in 

FPAs. 

 

3.3.2. Mathematical model of reflector 

In order to find an optimal shape for wide-angle scanning, we have defined our reflector 

in terms of a second-order polynomial (see also Fig. 3.35): 

      (3.8) 

with coefficients aij. The geometrical optics approach has been applied in order to analyze 

the reflection properties of various reflector shapes. The considered properties are presented 

in Fig. 3.35. Incidence and reflection angles can be found from the equations of the incident 

and reflected waves and the normal to the reflector surface. These can be analytically 

computed from the polynomial interpretation of the reflector. For different incidence angles, 

the beam is focused off the axis of revolution. The beam deviation can be derived from the 

line equations of the reflected waves. The value of beam deviation is given by: 

   (3.9) 

where a1 = tan(α) is the tangent of the angle of the incident wave, P1 and P2 are polynomials 

defied by the reflector shape: 



4. Reflector synthesis for Wide-Scanning Focal Plane Arrays 

 

56 

      (3.10) 

 

 

Figure 3.35. The displacement of the beam from the axis of revolution during scanning in 

XY-plane. 

The range of the incident angles is defined by the wide-angle scanning requirements of the 

application. The goal is to find the polynomial coefficients of Eq. (3.8), which provide the 

smallest value of the beam deviation given by Eq. (3.9). In order to make a further analysis 

of a 3D reflector shape, the desired polynomial coefficients are presented in the GRASP 

format for a second order polynomial [39]: 

    (3.11) 

where the coefficients on the left side of the equation are identical to the coefficients of (3.8). 

We found three different optimal reflector shapes: parabolic, hyperbolic, and spherical 

reflector. Nonzero coefficients of Eq. (3.11) for the parabolic shape are: Axx=Ayy=0.52, Az=1 

or in other form F/D = 0.6, for the hyperbolic shape: Axx=Ayy=2.1, Azz=1.6, Az=3.6 and for the 

spherical shape: Axx=Ayy=Azz=1, Az=1.6. 

 

3.3.3. Reflector comparison 

The obtained reflector shapes have been analyzed in GRASP by means of physical optics 

[39]. The electric field in the FPA plane is computed for different wave incidence angles. 

When we calculate the obtained power by integrating the electric field along r and normalize 

it to the total power obtained by the reflector, it is possible to calculate the aperture efficiency 

in the FPA plane [15]. Two scanning ranges have been investigated: ±5 degrees and ±10 

degrees. The reflector diameter is D = 0.8 m, D/λ = 80. The aperture efficiencies, for different 

angles of incidence, are presented in Fig. 3.36, for the three investigated reflector 

configurations. It is clear that the spherical reflector has the smallest deviation, and as a result, 

the smallest required lateral array size in order to provide certain wide-angle scanning, which 

corresponds to [151]. 
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Figure 3.36. Aperture efficiency for different angles of incidence of the excitation waves 

in the FPA plane, for different reflector configurations, f = 30 GHz. 

In order to improve the situation with a smaller illuminated region in the focal plane, 

different axial displacements of the FPA have been analyzed for the investigated reflector 

shapes, in the case of normal-wave incidence see Fig. 3.37. Based on the simulation results, 

it was found that an axial displacement of 2.25λ of the FPA towards the parabolic reflector 

expands the illuminated region of the array by a factor of 3 based on an 80% aperture 

efficiency at 30 GHz. This results in a smooth energy distribution along the feed-array 

elements. For hyperbolic and spherical reflectors, the best result is achieved for an axial 

displacement of 1λ of the FPA outwards the reflector. This has benefits in terms of a more 

equal distribution of the energy along the array elements without a significant increase in the 

required size of the array. 

 

Figure 3.37. Aperture efficiency for different axial displacements of FPA in the case of 

normal-wave incidence, f = 30 GHz, (a) towards the parabolic reflector, (b) outwards the 

hyperbolic reflector, (c) outwards the spherical reflector. 

The aperture efficiency for different angles of incidence is presented in Fig. 3.38 for the 

investigated reflector configurations with proposed axial displacements. We can observe that 

the parabolic reflector has the most benefits of expanding the illuminated region for normal-
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wave incidence. In addition, it has almost the same performance for wide-angle scanning as 

compared to the hyperbolic and spherical reflectors with optimal axial displacements. 

However, if we compare this parabolic displaced reflector with the original configurations 

without optimal axial displacements, the wide-angle scanning performance is still inferior to 

the spherical reflector (Fig. 3.36 and 3.38). 

 

Figure 3.38. Aperture efficiency for different angles of incidence of the excitation waves 

in the FPA plane, for different reflector configurations with and without an optimal axial 

displacement, f = 30 GHz. 

 

3.3.4. Conclusion 

We have presented a mathematical model for reflector shaping to minimize beam deviation 

during scanning. We verified this model by means of a physical optics approach in GRASP. 

We found that the parabolic configuration with an axial displacement of 2.25λ towards the 

reflector shows the largest illuminated region of the feed-array. Whereas the spherical 

reflector without axial displacements is the best option for minimization of the lateral array 

size for wide-angle scanning operations. 

 



 

1Current chapter (paragraphs 4.1 – 4.6) is published as a journal paper: Dubok A., Al-Rawi 

A., Gerini G., Smolders A. B., "Reflector Synthesis for Wide-Scanning Focal Plane Arrays," 

IEEE Transactions on Antennas and Propagation, vol. 67, no. 3, 2019. 

 

 

 

CHAPTER FOUR 

 

4. REFLECTOR SYNTHESIS FOR WIDE-SCANNING 

FOCAL PLANE ARRAYS1 
 

 

Summary 

 

A new complex offset double reflector configuration for a wideband focal plane array 

(FPA) is presented which is optimized for Ka-band applications with a scan range of ±200 in 

the azimuth plane. This configuration is obtained by using a mathematical framework based 

on geometrical optics (GO) which allows us to optimize complex double-reflector FPAs with 

limited computational effort. The proposed reflector configuration maximizes the number of 

simultaneously active array elements of the phased-array feed (PAF) and minimizes the 

required total number of array elements for this wide scan range. To realize an aperture 

efficiency of at least 80% at 30 GHz, our concept allows half of the antenna elements in the 

array to be active during scanning for a scan range of ±100 and at least a quarter of the array 

elements to be active for a scan range of ±200. This is a major improvement as compared to 

the scanning capabilities of focal-plane arrays based on conventional single and double-

parabolic reflector configurations. In addition, the FPA configuration has been optimized for 

wideband optical true-time-delay (TTD) beamforming which requires a linear phase 

distribution along the array elements. We obtained a phase linearity with an rms error of 2.810 

at 30 GHz. The experiments from the realized prototype demonstrate good agreement 

between simulation and measurements and fully prove the required scanning performance 

over a ±200 scan range. The prototype demonstrates a high directivity up to 46 dBi at 30 GHz 

and 48 dBi at 40 GHz and aperture efficiency up to 83 % at 30 GHz and 77 % at 40 GHz. 

 

4.1. Introduction 

Focal-plane arrays (FPAs) appear to be a very interesting antenna concept that combines 

the benefits of phased-arrays and traditional reflector-based solutions by offering a high 

antenna gain, relatively low costs, and electronic beam scanning over a limited field-of-view 

(FoV). Therefore, it has become an interesting alternative for conventional horn-fed reflector 

antennas in a number of applications, e.g. in radio astronomy [8] and in satellite 

communication [9], [10]. Moreover, emerging applications such as 4G/5G point-to-point 

wireless communications, 5G new-radio millimeter-wave (mm-wave) wireless and low-cost 

Ka-band (30-40 GHz) multi-function radars could be areas in which FPAs can play a major 

role. These future microwave and mm-wave applications set new requirements on FPA 
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systems such as a wide FoV covering a scan range up to +/- 200, large instantaneous 

bandwidth up to an octave, and a highly effective isotropic radiated power (EIRP) in transmit 

mode using silicon-based integrated circuits [15]. 

However, there are still a lot of limitations in the state-of-the-art of FPAs that need to be 

improved before FPAs can be applied in several of the mentioned applications with these 

challenging requirements. First of all, the FoV is limited in conventional FPAs due to the 

significant beam deviation in the focal plane, and as a result, relatively large arrays are 

required in the focal plane [143], [38]. This leads to high costs and complexity of the FPA 

system. Secondly, the small number of simultaneously active array elements in traditional 

FPA systems limits the multiple-beam capability [142] and the maximum EIRP [15] that can 

be achieved. A third limitation in existing FPA concepts is the frequency bandwidth. In order 

to obtain a high aperture efficiency, the array spacing needs to be close to 𝜆0/2 at the highest 

frequency of operation [30], where 𝜆0 is the free-space wavelength. As a result, the mutual 

coupling between the array elements is rather high and causes the active input impedance of 

each element to be different and highly dependent on frequency and angle of incidence [31], 

[32]. The final limitation is related to the specific beamformer used in this work. To obtain a 

wide bandwidth we will use a novel optical beamforming network that provides multi-beam 

operation over a wide instantaneous bandwidth [34]. The optical beamformer utilizes true 

time delay (TTD) units, implemented in optical integrated circuits (ICs). These optical ICs 

generate frequency-independent time delays with a linear phase [35]. Therefore, a linear 

phase distribution along the array elements of the FPA is required in order to realize such an 

optical beamformer circuit [36], [37]. This sets an additional requirement for our FPA system. 

In this chapter, we present the outcome of a study to overcome these limitations. The goal 

of our work was to develop a wideband FPA system, operating in the frequency band of 20-

40 GHz with a scan range up to ±200 in the azimuth plane. The FPA should maximize the 

EIRP using silicon-based ICs and should minimize the beam deviation in the focal plane 

region during scanning. Next to this, it should accommodate optical beamforming requiring 

a linear phase distribution along the array elements. 

To realize these stringent requirements, we propose a new concept for optimal array 

illumination by the reflector. The idea is based on increasing the number of simultaneously 

active elements in the FPA in order to overcome the limitation of a small illuminated region 

in traditional FPA concepts. By realizing a close to uniform amplitude distribution over the 

array elements, we can increase the achievable EIRP and system sensitivity. To synthesize 

the optimal configuration of our new double-reflector FPA concept, we have developed a 

mathematical framework based on geometrical optics (GO). We have implemented this 

framework for single and double-reflector FPA systems. Various FPA systems with center-

fed and offset single- and double-reflector configurations have been optimized and verified 

with a physical optics (PO) approach using GRASP [39]. The final double-reflector FPA 

configuration achieves the required scanning range with a compact phased-array feed (PAF), 

which has at least half of the array elements simultaneously active during scanning. In our 

study, we have used the classical prime-focus reflector with a diameter D = 0.8 m and F/D = 

0.6 (with F the reflector focal length) as a reference configuration to evaluate the performance 

improvement of the optimized reflector configurations. The array element spacing is chosen 

as 𝜆0/2 at the central frequency of 30 GHz. 

In summary, this chapter presents the following new scientific contributions: 
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• a parametric mathematical framework using GO has been implemented for single 

and double reflector optimization for FPA systems, 

• all well-known types of FPA reflectors configurations have been compared for 

applicability to operate at broadside scan and for wide-angle scanning, 

• a new type of reflector concept is proposed with a very compact PAF to realize 

wide-angle scanning over a wide bandwidth, 

• the proposed reflector configuration maximizes the ratio of active array elements 

in FPAs and provides a close-to-linear phase distribution along the PAF, 

• experimental validation of a complete mm-wave FPA system with a wide FoV. 

The structure of the chapter is as follows: Section 4.2 describes the illumination challenges 

of classical prime-focus reflectors and reflectors with our desired illumination properties 

called "the ideal reflector for array illumination". Section 4.3 discusses the mathematical GO 

framework that is used to synthesize the optimal single- and double-reflector FPA systems. 

In Section 4.4, we present the simulation results of the different optimized reflector 

configurations. Finally, in Section 4.5, we provide experimental results from the 20-40 GHz 

prototype FPA system with improved scanning capabilities. 

 

4.2. Limitations of classical parabolic prime-focus reflectors and ideal array 

illumination 

The electric-field distribution in the focal plane of a classical prime-focus reflector behaves 

according to the well-known distribution of so-called Airy rings, corresponding to zeros of 

the Bessel function of the first kind and order 1 along the aperture radius r [145]. According 

to [145], it is clear that the same reflector operating at higher frequencies will illuminate a 

smaller region in the focal plane. As an example, the electric-field in the focal plane of a 

classical prime-focus reflector with F/D = 0.6 and D = 0.8 m is presented in Fig. 4.1 for 20, 

30, and 40 GHz, respectively. The phase distribution in the focal plane of the investigated 

parabolic reflector is shown in Fig. 4.2. It is clear that the phase distribution along the array 

plane is nonlinear. In the area of maximum power density (above the -3 dB level), the linearity 

of the phase distribution shows a root-mean-square (rms) error of 6.360 at 30 GHz. Since we 

will use the optical beamforming network as discussed in [37], this phase distribution will 

lead to a deterioration of the FPA performance. 

The performance of a classical prime-focus reflector in the case of 100 angle of incidence 

of the incoming plane wave is provided in Fig 4.3, and for the case of 200– in Fig. 4.4. The 

focal plane position is defined based on the location of the focal point as illustrated in Fig. 

4.1. We can observe that for various angles of incidence, the region of maximum power is 

broadened, but significantly shifted away from the array center. This means that the array 

size should be increased in order to provide good scanning capabilities with high antenna 

efficiencies. 
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(a) (b)

f = 20 GHz

f = 30 GHz

f = 40 GHz

Aperture radius r, m 

 

Figure 4.1. (a) Reflector configuration (b) electric-field cuts in the focal plane for broadside 

operation of a classical prime-focus reflector with F/D = 0.6, D = 0.8 m. 

Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

Optimal phase-

distribution,

f = 30 GHz

 

Figure 4.2. Phase distribution in the focal plane of a classical prime-focus reflector with 

F/D = 0.6, D = 0.8 m. The optimal phase distribution for our optical beamformer is also 

shown. 

It is possible to estimate the energy distribution along the array and to calculate the aperture 

efficiency in accordance with [152]. The aperture efficiency distribution for the electric-field 

cuts of Fig. 4.1, 4.3-4.4 are presented in Fig. 4.5. The aperture efficiency estimation includes 

the radiation efficiency of the reflector, taper efficiency, spill-over efficiency, and 

polarization efficiency. It is determined according to [152]. According to Fig. 4.5, the 

illuminated region in the focal plane for normal incidence is relatively small. When we 

assume an array element spacing of 𝜆0/2 at the center frequency (30 GHz), only a few 

elements are located in the area of maximum power density (above the -3 dB level). In 

addition, Fig. 4.5 shows that by considering larger array sizes, the aperture efficiency first 

increases very quickly until r reaches the first Airy ring and then remains almost constant. In 

the case of 100 and 200 angles of incidence of the incoming plane wave, the required array 

size is significantly increased. At the same time, most of the array elements will not be active 

at the same time. Therefore, the ratio of active elements to the total number of array elements 

is low and, as a result, the FPA is used inefficiently. This will limit the achievable EIRP level 

and beam scanning capabilities. Moreover, to provide scanning up to ±200 in the azimuth 

plane, the dimension of the array should be at least 0.52 m to achieve an 80% aperture 

efficiency with a reflector size of 0.8 m. In other words, the PAF dimension is about 65% of 

the reflector diameter, which is undesirable. Therefore, we need to minimize the beam 

deviation during scanning in order to limit the FPA size and overall system cost. Another 

possible problem is related to the required linear phase distribution. In [152] it was shown 
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that even at broadside this cannot be realized with a classical prime-focus FPA. 

(a) (b)
Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.3. (a) Reflector configuration (b) electric-field cuts in the focal plane for 100 angle 

of incidence of a classical prime-focus reflector with F/D = 0.6, D = 0.8 m. 

(a) (b)
Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.4. (a) Reflector configuration (b) electric-field cuts in the focal plane for 200 angle 

of incidence of a classical prime-focus reflector with F/D = 0.6, D = 0.8 m. 
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Figure 4.5. Aperture efficiency in the focal plane for different angles of incidence of a 

classical prime-focus reflector with F/D = 0.6, D = 0.8 m 

In order to design an FPA system with improved PAF illumination characteristics, we first 

need to define the so-called “ideal” focal-plane illumination. Compared to the traditional 

prime-focus reflector, the ideal reflector should provide a close to uniform amplitude 

illumination and constant or linear phase along the PAF. To have a sufficient number of 

simultaneously active elements, the illuminated array size should be at least a few cm at 30 
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GHz. For example, using an ideal array size of 4 cm2, 16 elements will be available with 

element spacing 𝜆0/2 at 30 GHz. An example of the ideal amplitude and phase distribution 

provided by the ideal (non-physical) reflector is presented in Fig. 4.6 for broadside operation. 

In this case, several array elements are illuminated simultaneously. 

It is possible to estimate the aperture efficiency for an “ideal” focal-plane illumination in 

accordance with [152]. It is obvious that for any distribution of the electric-field in the array 

plane an aperture efficiency of 100% could be achieved only by using an infinitely large 

aperture radius. Therefore, the level of the aperture efficiency of 80% has been chosen as a 

reference value. The aperture efficiency of a reflector with “ideal” array illumination is 

presented in Fig. 4.7 and can be used as a reference in the evaluation of various reflector 

configurations obtained during optimization. Note that the array blockage is included in Fig. 

4.7. Therefore, the aperture efficiency level starts to decrease with the increasing size of the 

aperture radius. 

 

Figure 4.6. (a) Electric-field cuts in the array plane (b) Phase distribution in the array plane 

for broadside operation for a reflector with ideal array illumination. 
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Aperture radius r, m 
 

Figure 4.7. Aperture efficiency in the array plane for broadside operation of a reflector with 

ideal array illumination. 

In the case of scanning, the illumination pattern would shift as illustrated in Fig. 4.8. In the 

ideal case, this deviation should be as small as possible in order to minimize the required 

overall array size. In other words, our ideal configuration resembles the traditional phased-

array antenna without a reflector [32]. It is obvious that it is not possible to achieve 

completely the same operation properties of our FPA as for phased arrays by reflector 

shaping, especially in the case of wide-range scanning. Nevertheless, in our optimization of 

the reflector shape, we will try to achieve the ideal case as best as possible. The mathematical 

principles of reflector optimization are presented in the next paragraph. 



4. Reflector synthesis for Wide-Scanning Focal Plane Arrays 

 

 

65 

 

Figure 4.8. (a) Electric-field cuts in the array plane (b) Phase distribution in the array plane 

for the non-zero angle of incidence for a reflector with ideal array illumination. 

 

4.3. Mathematical principles of reflector synthesis based on geometrical optics 

Our goal is to develop a model of the FPA system for an arbitrary shape of the main- and 

sub-reflectors. To develop a model of the FPA system which could approach an “ideal” focal-

plane illumination, it is necessary to optimize the shape of the main- and sub-reflectors. The 

optimized model is then verified using physical optics (PO) with the more accurate and 

computationally more intensive model. Our model uses a geometrical optics (GO) approach, 

which applies Snell's law according to [153], [154], and [155]. When we describe the reflector 

surface as a mathematical function and divide the surface into a finite number of points, it is 

possible to find the normal at each point of the reflector. Based on Snell's law, the reflected 

wave in each reflector point can be calculated. In this way, the field distribution in the array 

plane can be determined. 

The obtained distribution of the field in the array plane can then be correlated to the ideal 

illumination model as described in Section 4.2 in order to set a cost function in our 

optimization process. As a result, the cost function will have a direct mathematical relation 

to the shape of the reflector surface. 

Based on this approach, we have developed and implemented a GO optimization code for 

different types of reflectors: a two-dimensional center-fed reflector model with a single and 

double-reflector, and a three-dimensional offset reflector model with a single and double-

reflector. A brief explanation of the mathematical principles is presented below. 

 

4.3.1. Two-dimensional center-fed single-reflector model 

The symmetrical center-fed reflector can be expressed in a two-dimensional coordinate 

system, as shown in Fig. 4.9. In order to find an optimal shape for wide-angle scanning, we 

have defined our reflector in terms of a second-order polynomial (see also Fig. 4.9): 

𝑆(𝑥, 𝑦) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦𝑦2 = 0,      (4.1) 

where 𝐴𝑖𝑗 are polynomial coefficients which will be defined by our optimization process. 

The reflector center is located in the center of the coordinate system. 
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Figure 4.9. Two-dimensional model of the symmetric center-fed single-reflector. 

Discretization of the reflector to the 𝑁 points along the 𝑦-coordinate gives: 

𝑦𝑖 =  𝑦1 … 𝑦𝑁 , 𝑦1 =  −
𝐷

2
, 𝑦𝑁 =

𝐷

2
,       (4.2) 

where 𝐷 is the diameter of the reflector. To find the corresponding x coordinate, it is 

necessary to solve (4.1) as a quadratic equation: 

𝑥𝑖 = −
𝐴𝑥±√𝐴𝑥

2−𝐴𝑥𝑥𝐴𝑦𝑦𝑦𝑖
2

𝐴𝑥𝑥
.         (4.3) 

From the two possible solutions of 𝑥𝑖 in (4.3), the solution with a real value should be 

selected in order to have a realistic shape of the reflector. In case 𝑆(𝑥, 𝑦) is a closed surface, 

like part of an ellipsoid or sphere, the nearest value of 𝑥𝑖 to the center of the coordinate system 

should be chosen. As a result, 𝑁 reflector points are defined by the coordinates (𝑥𝑖 , 𝑦𝑖), see 

Fig. 4.9. 

The linear equation of the normal at point (𝑥𝑖 , 𝑦𝑖) can be set via partial derivatives of 

𝑆(𝑥, 𝑦) in the following way: 

𝑥−𝑥𝑖
𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑥

=
𝑦−𝑦𝑖

𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑦

,           (4.4) 

where 
𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑥
=  2𝐴𝑥𝑥𝑥𝑖 + 2𝐴𝑥, 

𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑦
= 2𝐴𝑦𝑦𝑦𝑖 . In the form of a linear equation in 𝑥𝑦-

coordinates, the normal could be expressed as: 

𝑦 = (𝑥 − 𝑥𝑖)
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
+ 𝑦𝑖 .         (4.5) 

Snell's law states that the angle 𝛾 between the incidence wave and the normal to the surface 

is equal to the angle between the normal and the reflected wave. The tan(𝛾) between two 

straight lines given by equations 𝑦 = 𝑘1𝑥 + 𝑏1 and 𝑦 = 𝑘2𝑥 + 𝑏2, is calculated by: 
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tan(𝛾) =
𝑘2−𝑘1

1+𝑘1𝑘2
.             (4.6) 

For an incidence wave, we find that: 𝑘1 =  tan(𝛼) , 𝑘2 =  
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
; for a reflected wave 

we obtain: 𝑘1 =  
2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

2𝐴𝑦𝑦𝑦𝑖
, 𝑘2 =  tan(𝛼𝑅𝑖). Applying Snell's law gives: 

tan(𝛾) =
tan(𝛼)−

2𝐴𝑦𝑦𝑦𝑖
2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

1+tan(𝛼)
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

=

2𝐴𝑦𝑦𝑦𝑖
2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

−tan(𝛼𝑅𝑖)

1+
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
tan(𝛼𝑅𝑖)

 .    (4.7) 

Equation (4.7) could be solved for tan(𝛼𝑅𝑖) as: 

tan(𝛼𝑅𝑖) =  
tan(𝛼)(

2𝐴𝑦𝑦𝑦𝑖
2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

)
2

+2
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
−tan(𝛼)

2 tan(𝛼)
2𝐴𝑦𝑦𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
+1−(

2𝐴𝑦𝑦𝑦𝑖
2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥

)
2 .    (4.8) 

In order to define the line equation which represents the path of the reflected wave, the 𝑦-

coordinate which belongs to the line equation of the reflected wave for 𝑥 = 0 is defined as: 

𝑦𝑅𝑖 =  𝑦𝑖 − 𝑥𝑖tan(𝛼𝑅𝑖).         (4.9) 

The array plane is a set of points located in the plane 𝑥 = 𝐹𝑎. The y-coordinate of the 

reflected waves at the array plane 𝑦𝑎𝑖 gives a distribution of the field as a set of coordinates, 

which can be written as: 

𝑦𝑎𝑖 =  𝐹𝑎tan(𝛼𝑅𝑖) + 𝑦𝑅𝑖.        (4.10) 

According to Fig. 4.6, the optimum field distribution in the array plane provides a uniform 

amplitude and linear phase distribution along the array elements. To define the optimum 

amplitude distribution as a set of coordinates of the N reflected rays in the array plane, we 

have to define the ideal distribution of the coordinates of the N-points, indicated by 𝑦𝑎𝑖. When 

we consider a symmetric two-dimensional reflector, the ideal focal area would be a uniform 

radial distribution. Translating this towards the one-dimensional representation of Fig. 4.6, 

the wanted distribution due to the rays reflected at the N points, would take the following 

form: 

𝐴𝑎𝑖
𝑤 = 𝐴𝑎𝑖

0 (1 +
𝐿𝑦

2
− √(

𝐿𝑦

2
)

2

+ (𝐴𝑎𝑖
0 +

𝐿𝑦

2
)

2

) , 𝐴𝑎𝑖
0 < 0,     

𝐴𝑎𝑖
𝑤 = 𝐴𝑎𝑖

0 (1 +
𝐿𝑦

2
− √(

𝐿𝑦

2
)

2

− (𝐴𝑎𝑖
0 +

𝐿𝑦

2
)

2

) , 𝐴𝑎𝑖
0 > 0,  (4.11) 

where 𝐴𝑎𝑖
0 =  −

𝐿𝑦

2
+

𝐿𝑦

𝑁−1
(𝑖 − 1), for 𝑖 = 1. . 𝑁,  where 𝐿𝑦 is the size of the array along the 

𝑦 direction. It is important to note that the array size should be at least a few wavelengths. 

Otherwise, we will have a significant difference between the GO and PO simulation results 

due to the ray caustics in the array plane [156]. 
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Based on the obtained coordinates 𝑦𝑎𝑖 and the wanted distribution, defined in (4.11), the 

amplitude cost function can be defined as a standard deviation: 

𝐶𝑜𝑠𝑡𝐴𝑚𝑝 = √
1

𝑁
∑ (𝐴𝑎𝑖

𝑤 − 𝑦𝑎𝑖)2𝑁

𝑖=1
  .      (4.12) 

The wavefront has been defined in front of the reflector as a set of points with coordinates 

(𝑥0𝑖 , 𝑦0𝑖) (see Fig. 4.9). The total length of each path for each ray can be calculated as: 

𝐿𝑖 = √(𝑥𝑖 − 𝑥0𝑖)
2 + (𝑦𝑖 − 𝑦0𝑖)2 + √(𝐹𝑎 − 𝑥𝑖)

2 + (𝑦𝑎𝑖 − 𝑦𝑖)2. (4.13) 

In order to estimate the phase linearity along the array, the standard deviation for the phase 

path can be defined by: 

𝐶𝑜𝑠𝑡𝑃ℎ =  √
1

𝑁
∑ ((𝐿𝑖 − 𝐿𝑁/2) 𝜆0⁄ )2

𝑁

𝑖=1
.      (4.14) 

Normalization to the wavelength 𝜆0 makes the function invariant to the chosen frequency. 

One of the main optimization goals is to minimize the deviation of the field in the array plane 

during scanning. The deviation of the reflected waves in the array plane ∆𝑦𝑎
 can be 

determined by calculation of the standard deviation of the field distributions in the case of 

normal incidence versus the scan case: 

𝐶𝑜𝑠𝑡∆ = ∆𝑦𝑎
=  √

1

𝑁
∑ (𝑦𝑎𝑖

𝑛 − 𝑦𝑎𝑖)2𝑁

𝑖=1
,      (4.15) 

where 𝑦𝑎𝑖
𝑛  are the y-coordinates of the reflected waves at the array plane in the case of normal 

incidence. 

In the case of scanning, the amplitude cost function should be corrected, in order to include 

the fact that the overall array distribution is shifted along the 𝑥-axis: 

𝐴𝑎𝑖
𝑤 = 𝐴𝑎𝑖

𝑤𝑛 + ∆𝑦𝑎
,          (4.16) 

where 𝐴𝑎𝑖
𝑤𝑛 is the distribution in the case of normal incidence. 

The total cost function is a combination of amplitude, phase, and deviation cost functions 

with adjusted coefficients: 

𝐶𝑜𝑠𝑡 = 𝐾𝑠ℎ𝐶𝑜𝑠𝑡∆ + 𝐾𝐴𝑚𝑝𝐶𝑜𝑠𝑡𝐴𝑚𝑝 + 𝐾𝑃ℎ𝐶𝑜𝑠𝑡𝑃ℎ ,   (4.17) 

where 𝐾𝑠ℎ, 𝐾𝐴𝑚𝑝, and 𝐾𝑃ℎ are weighting coefficients, which will be determined empirically. 

The obtained cost function can be used to estimate how a specific shape of the reflector is 

suitable for the illumination of the array for a broadside or in the case of scanning. By varying 

the 𝐴𝑖𝑗 polynomial coefficients, the optimization algorithm provides the most optimal 

configuration of the reflector according to the GO approach. 

It is important to note that the proposed algorithm is extremely fast and allows to check of 
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thousands of reflectors’ shapes per second. This is one of the main reasons for using a GO 

model instead of a PO approach, which is more accurate. Furthermore, one of the main 

advantages of the presented approach is the possibility to increase the complexity of the 

reflector and to have minor changes in the described procedure of the cost function definition. 

For example, it is well known that it is not possible to obtain uniform illumination along the 

array with one continuous reflector. In order to have more flexibility in the reflector shaping, 

a discontinuity in the center of the reflector could be implemented as: 

𝑆(𝑥, 𝑦) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦(𝑦 − 𝑦0)2 = 0 when 𝑦 > 0,   

𝑆(𝑥, 𝑦) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦(𝑦 + 𝑦0)2 = 0 when 𝑦 < 0, (4.18) 

in which 𝑦0 is a shift of the polynomial function along the 𝑦-coordinate, see Fig. 4.10. The 

well-known ring-focused reflector is one of the particular examples of such a configuration 

[148]. 

In this case, the only difference in the presented procedure is the expressions that define 

the normal at each of the N points on the reflector. The derivatives in (4.4) now take the form: 

𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑦
=  2𝐴𝑦𝑦(𝑦𝑖 − 𝑦0) when 𝑦 > 0,          

𝜕𝑆(𝑥𝑖,𝑦𝑖)

𝜕𝑦
=  2𝐴𝑦𝑦(𝑦𝑖 + 𝑦0) when 𝑦 < 0.      (4.19) 

All other steps are similar. 
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Figure 4.10. Two-dimensional center-fed reflector model. Single complex reflector with a 

discontinuity in the center. 
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4.3.2. Two-dimensional center-fed double-reflector model 

The possibilities to create a uniform amplitude and phase distribution along the array 

surface are limited when only a single reflector is used. Double-reflector configurations have 

more flexibility in terms of achieving the design goals. A special case of such configuration 

is the double-parabolic reflector. It is constituted by a feeding PAF properly illuminated by 

two reflector antennas [146, 147]. Such systems efficiently combine the advantages of the 

reflector and array antennas. They are commonly used to generate reconfigurable beams over 

a small angular scan range. In the case of a double reflector configuration, the obtained 

designs represent imaging reflector systems, which also could be solved as a lens antenna as 

demonstrated in  [157]. However, the presented approach in [157] is limited to reflectors with 

a high magnification factor 𝑀 = 𝐷 𝐷𝑠⁄ ≫ 1, where 𝐷𝑠 is the size of the sub-reflector. At the 

same time, for double-reflector systems, relatively large sub-reflectors are required in the 

case of wide-angle scanning [152]. 

The sub-reflector surface of a double-reflector system can be defined in terms of a second-

order polynomial (see also Fig. 4.11): 

𝑆𝑠(𝑥, 𝑦) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦𝑦2 = 0,   (4.20) 

where 𝐹𝑠 is a sub-reflector position along the 𝑥-axis and 𝐵𝑖𝑗 are sub-reflector polynomial 

coefficients. 
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Figure 4.11. Two-dimensional center-fed double-reflector model. 

As compared to the single-reflector case, we now have to include the interaction of the 

reflected waves from the main reflector with the sub-reflector surface. In order to find the 

coordinates of all interaction points, it is necessary to solve equation (4.20). The coordinate 

𝑥𝑆𝑖 of the intersection points are found as: 
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𝑥𝑆𝑖 = ± [
2𝐵𝑦𝑦𝑦𝑅𝑖tan(𝛼𝑅𝑖)𝐵𝑥−2𝐵𝑥𝑥𝐵𝑦𝑦𝑦𝑅𝑖𝐹𝑠tan(𝛼𝑅𝑖)

(𝐵𝑦𝑦(tan(𝛼𝑅𝑖))2+𝐵𝑥𝑥)2 −

𝐵𝑥𝑥𝐵𝑦𝑦(𝑦𝑅𝑖)2+𝐵𝑥𝑥𝐵𝑦𝑦𝐹𝑠
2(tan(𝛼𝑅𝑖))2−2𝐵𝑦𝑦𝐹𝑠(tan(𝛼𝑅𝑖))2𝐵𝑥−𝐵𝑥

2

(𝐵𝑦𝑦(tan(𝛼𝑅𝑖))2+𝐵𝑥𝑥)
2 ]

0.5

−
𝐵𝑥−𝐹𝑠𝐵𝑥𝑥+𝑦𝑅𝑖tan(𝛼𝑅𝑖)𝐵𝑦𝑦

𝐵𝑦𝑦(tan(𝛼𝑅𝑖))2+𝐵𝑥𝑥
.   

                                  (4.21) 

Since (4.21) provides two possible solutions, the nearest value of 𝑥𝑆𝑖 to the center of the 

sub-reflector (𝐹𝑠, 0) should be chosen, see Fig. 4.11. The 𝑦-coordinates of the interaction 

points can be found by using: 

𝑦𝑆𝑖  = 𝑥𝑆𝑖  tan(𝛼𝑅𝑖) + 𝑦𝑅𝑖 .         (4.22) 

Note that the size of the sub-reflector 𝐷𝑠 should be at least a few wavelengths larger as 

compared to the GO estimation, since the diffraction from the edges of the main reflector 

increases the actual illuminated area of the sub-reflector. 

As a next step, the linear equation of the normal to the sub-reflector point (𝑥𝑆𝑖 , 𝑦𝑆𝑖) should 

be defined. After this, the procedure is similar to finding the reflected waves from the surface 

of the reflector described in the previous paragraph. The position of the array is in this case 

close to the main reflector. The phase path should include the extra wave propagation from 

the sub-reflector surface to the array plane. 

The complexity of the sub-reflector could be increased as illustrated in Fig. 4.12. The 

reflector with discontinuity can be described by 𝑆𝑠(𝑥, 𝑦) given by: 

𝑆𝑠(𝑥, 𝑦) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 − ∆𝑦)
2

= 0 when 𝑦 > 0, 

𝑆𝑠(𝑥, 𝑦) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 + ∆𝑦)
2

= 0 when 𝑦 < 0,   (4.23) 

where ∆𝑦 is the shift of the polynomial function of the sub-reflector along the 𝑦-coordinate, 

see Fig. 4.12. 

 

Figure 4.12. Two-dimensional center-fed reflector model of a complex double reflector. 
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In this case, the interaction points (𝑥𝑆𝑖 , 𝑦𝑆𝑖) are calculated from the equation (4.23). The 

linear equation to find the normal of the points on the sub-reflector surface is adjusted to the 

∆𝑦 value, related to the equation (4.19). The rest of the procedure is similar to the single-

reflector case. 

 

4.3.3. Three-dimensional offset single-reflector model 

The center-fed double-reflector model has important limitations. Due to the significant 

deviation of the waves reflected from the main reflector, it is required to have a sufficiently 

large sub-reflector to capture all reflected waves. For center-fed configurations, this leads to 

a significant blockage and energy loss. According to Fig. 4.5, the size of the sub-reflector 

should be around 65% of the main reflector in order to obtain 80% aperture efficiency in the 

case of ±200 scanning range. This creates significant blockage even in the case of one-

dimensional scanning. Therefore, we should investigate offset configurations, starting with a 

single-reflector offset configuration, as illustrated in Fig. 4.13 where a three-dimensional 

model is shown. We now also have to consider the z-coordinate. 

The reflector surface can now be expressed in terms of a second-order polynomial (see 

also Fig. 4.13): 

𝑆(𝑥, 𝑦, 𝑧) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦𝑦2 + 𝐴𝑧𝑧𝑧2 + 2𝐴𝑦𝑧𝑦𝑧 = 0,   (4.24) 

where 𝐴𝑖𝑗 are polynomial coefficients. Note that the vertical offset 𝑧𝑏 between the array and 

reflector (Fig. 4.13) should be at least a few wavelengths in order to avoid blockage and 

diffraction from the edges of the reflector and array. Mutual reflections between the reflector 

and array are also avoided in this case. 
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Figure 4.13. Three-dimensional offset single-reflector model. 

The three-dimensional model is not symmetric with respect to the 𝑥-axis. Therefore, we 

need to investigate the wave propagation in both the 𝑥𝑦 and 𝑥𝑧-plane. The reflector 

discretization along the 𝑦-axis is the same as for the center-fed reflector. Along the 𝑧-axis we 

now have: 
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𝑧𝑖 =  𝑧1 … 𝑧𝑁 , 𝑧1 =  𝑧off, 𝑧𝑁 = 𝑧1 + 𝐷.      (4.25) 

We will solve (4.24) in two orthogonal planes: 𝑥𝑦 and 𝑥𝑧. In the 𝑥𝑦-plane, the value of 

𝑥𝑦𝑖 for specific yi-points are found as: 

𝑥𝑦𝑖 = −
𝐴𝑥

𝐴𝑥𝑥
±

√𝐴𝑥
2−𝐴𝑥𝑥𝐴𝑦𝑦𝑦𝑖

2−2𝐴𝑥𝑥𝐴𝑦𝑧𝑦𝑖
2𝑧𝑁/2−𝐴𝑥𝑥𝐴𝑧𝑧𝑧𝑁/2

2

𝐴𝑥𝑥
.   (4.26) 

Similarly, the 𝑥𝑧𝑖 values for specific 𝑧𝑖-points in the 𝑥𝑧-plane are found as: 

𝑥𝑧𝑖 = −
𝐴𝑥

𝐴𝑥𝑥
±

√𝐴𝑥
2−𝐴𝑥𝑥𝐴𝑦𝑦𝑦𝑁

2

2−2𝐴𝑥𝑥𝐴𝑦𝑧𝑦𝑁
2

𝑧𝑖−𝐴𝑥𝑥𝐴𝑧𝑧𝑧𝑖
2

𝐴𝑥𝑥
.     (4.27) 

Selection of the proper coordinate 𝑥𝑦𝑖 and 𝑥𝑧𝑖 from the two options is done similarly are 

explained in Section 4.3.1. 

There is no need for a full reflector discretization. As we will show later, the field 

distribution in the array plane can be estimated based on the two orthogonal cuts in the 𝑥𝑦 

and 𝑥𝑧-planes. The normal at the point (𝑥𝑖 , 𝑦𝑖 , 𝑧𝑖) can be set via the partial derivatives in the 

following way: 

𝑥−𝑥𝑖
𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑥

=
𝑦−𝑦𝑖

𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑦

=
𝑧−𝑧𝑖

𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑧

,       (4.28) 

where 
𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑥
=  2𝐴𝑥𝑥𝑥𝑖 + 2𝐴𝑥, 

𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑦
=  2𝐴𝑦𝑦𝑦𝑖 + 2𝐴𝑦𝑧𝑧𝑖, 

𝜕𝑆(𝑥𝑖,𝑦𝑖,𝑧𝑖)

𝜕𝑧
=  2𝐴𝑧𝑧𝑧𝑖 +

2𝐴𝑦𝑧𝑦𝑖. 

In a similar way the linear equation which represents the path of the incidence wave at the 

center of the reflector, is defined as: 

1 =
𝑥

𝑦
tan(𝛼) =

𝑥

𝑧
tan(𝛽),        (4.29) 

where 𝛼 is the angle of incidence w.r.t. the 𝑥-axis in the 𝑥𝑦-plane, and 𝛽 the angle of 

incidence w.r.t. the x-axis in the 𝑥𝑧-plane. Beam scanning is realized by varying 𝛼. The angle 

𝛽 could be used to rotate the model in the 𝑥𝑧-plane as an extra degree of freedom during 

optimization. 

The linear equation, which represents the path of the reflected wave in the center of the 

reflector, is given by: 

1 =
𝑥−𝑥𝑅𝑖

𝑦−𝑦𝑅𝑖
tan(𝛼𝑅𝑖) =  

𝑥−𝑥𝑅𝑖

𝑧−𝑧𝑅𝑖
tan(𝛽𝑅𝑖),     (4.30) 

where 𝛼𝑅𝑖 is the angle of the reflected wave w.r.t. the 𝑥-axis in the 𝑥𝑦-plane, and 𝛽𝑅𝑖 – w.r.t. 

the x-axis in the 𝑥𝑧-plane. 

Combining (4.28), (4.29), and (4.30) provides us with more unknowns than equations. 

Therefore, we need to use the fact that the incoming wave is normal to the reflector surface 

and the reflected wave is always located in the same plane. 
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The equation of the plane of the incident wave, is represented by (4.31), the normal by 

(4.32), and the reflected wave by (4.33): 

𝐴 + 𝐵
1

tan(𝛼)
+ 𝐶

1

tan(𝛽)
= 0,         (4.31) 

𝐴 + 𝐵
2𝐴𝑦𝑦𝑦𝑖+2𝐴𝑦𝑧𝑧𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
+ 𝐶

2𝐴𝑧𝑧𝑧𝑖+2𝐴𝑦𝑧𝑦𝑖

2𝐴𝑥𝑥𝑥𝑖+2𝐴𝑥
= 0,      (4.32) 

𝐴 + 𝐵
1

tan(𝛼𝑅𝑖)
+ 𝐶

1

tan(𝛽𝑅𝑖)
= 0.        (4.33) 

By solving (4.31)-(4.33), we can find the ratios 𝐵/𝐴 and 𝐶/𝐴. Substituting this in (4.30) 

provides us tan(𝛼𝑅𝑖) and tan(𝛽𝑅𝑖). These values are sufficient for defining the intersection 

of the reflected wave with the array plane. 

The rest of the procedure is similar to the two-dimensional model and should be applied 

to the 𝑥𝑦 and 𝑥𝑧-planes. 

The feeding angle of the array 𝛹 (Fig. 4.13) calculated in the 𝑥𝑧-plane can be determined 

in the following way: 

𝛹 = arctan [
𝑧𝑁/2

𝐹𝑎−𝑥𝑧𝑁/2
].         (4.34) 

The total cost function is now a combination of the achieved properties in the 𝑥𝑦 and 𝑥𝑧-

planes: 

𝐶𝑜𝑠𝑡 = 𝐾𝑥𝑦𝐶𝑜𝑠𝑡𝑥𝑦 + 𝐾𝑥𝑧𝐶𝑜𝑠𝑡𝑥𝑧,       (4.35) 

where 𝐾𝑥𝑦  and 𝐾𝑥𝑧  are weighting coefficients, which have been determined empirically. 

The offset single reflector with a discontinuity is not investigated since it is extremely 

difficult to produce it. However, it is interesting to investigate a case where the whole 

polynomial function of the reflector is shifted along the 𝑧-coordinate with a value of 𝑧0, see 

Fig. 4.14: 

𝑆(𝑥, 𝑦, 𝑧) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦𝑦2 + 𝐴𝑧𝑧(𝑧 − 𝑧0)2 + 2𝐴𝑦𝑧𝑦(𝑧 − 𝑧0) = 0.    

 (4.36) 

When we combine the shift of the polynomial function with a rotation of the whole system 

with angle 𝛽, the analogy with the classical center-fed configuration could be found. In the 

classical center-fed configuration, in the case of non-zero plane-wave incidence, the field in 

the focal plane will have a natural broadening (Fig. 4.14). This effect could be used in order 

to increase the illuminated region of the array in the 𝑥𝑧-plane. The procedure to obtain the 

total cost function is similar to the previous case. 
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Figure 4.14. Three-dimensional offset reflector model using a complex reflector. 

 

4.3.4. Three-dimensional offset double-reflector model 

For double-reflector systems, relatively large sub-reflectors are required in the case of 

scanning. By using an offset configuration, the blockage can be avoided. 

The sub-reflector surface can be defined in terms of a second-order polynomial (see also 

Fig. 4.15): 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦𝑦2 + 𝐵𝑧𝑧𝑧2 + 2𝐵𝑦𝑧𝑦𝑧 = 0.     

 (4.37) 

The vertical offset between the sub-reflector and main reflector 𝑧𝑏 should be at least a few 

wavelengths in order to avoid sub-reflector blockage. In addition, a proper choice of the array 

position 𝑧𝑐 allows to avoid mutual reflections between the main reflector, sub-reflector and 

array. The waves reflected from the main reflector are defined in a similar as in the case of a 

single reflector. The intersection of the reflected wave from the main reflector and the sub-

reflector surface is defined by the system of equations (4.30) and (4.37). Solving this system 

provides the interaction points on the sub-reflector surface: 𝑥𝑦𝑠𝑖  and 𝑦𝑠𝑖  (in the 𝑥𝑦-plane), 

𝑥𝑧𝑠𝑖  and 𝑧𝑠𝑖 (in the 𝑥𝑧-plane). 𝐷𝑦𝑠 is the size of the sub-reflector in the 𝑥𝑦-plane, 𝐷𝑧𝑠 – in the 

𝑥𝑧-plane (see Fig. 4.15). 

The reflected wave from the surface of the sub-reflector is defined similarly to the 

reflection from the main reflector. The position of the array is again close to the main 

reflector. In addition, extra design features are applied to the sub-reflector geometry. The 

polynomial function describing the sub-reflector is now shifted along the 𝑧-coordinate by 𝑧𝑠0, 

see Fig. 4.16: 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦𝑦2 + 𝐵𝑧𝑧(𝑧 − 𝑧𝑠0)2 + 2𝐵𝑦𝑧𝑦(𝑧 − 𝑧𝑠0) =
0.           (4.38) 
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Figure 4.15. Three-dimensional offset double-reflector model. 

In addition, the sub-reflector with two different discontinuities in the 𝑥𝑦 and 𝑥𝑧-planes is 

defined by: 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 − 𝑦𝑠)2 + 𝐵(𝑧 − 𝑥𝑠 − 𝑧𝑠0)2

+ 2𝐵𝑦𝑧(𝑦 − 𝑦𝑠)(𝑧 − 𝑧𝑠 − 𝑧𝑠0) = 0 when 𝑦 > 0, 𝑧 > 0, 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 + 𝑦𝑠)2 + 𝐵𝑧𝑧(𝑧 − 𝑧𝑠 − 𝑧𝑠0)2

+ 2𝐵𝑦𝑧(𝑦 + 𝑦𝑠)(𝑧 − 𝑥𝑠 − 𝑧𝑠0) = 0 when 𝑦 < 0, 𝑧 > 0, 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 − 𝑦𝑠)2 + 𝐵𝑧𝑧(𝑧 + 𝑧𝑠 − 𝑧𝑠0)2

+ 2𝐵𝑦𝑧(𝑦 − 𝑦𝑠)(𝑧 + 𝑥𝑠 − 𝑧𝑠0) = 0 when 𝑦 > 0, 𝑧 < 0, 

𝑆𝑠(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹𝑠)2 + 2𝐵𝑥(𝑥 − 𝐹𝑠) + 𝐵𝑦𝑦(𝑦 + 𝑦𝑠)2 + 𝐵𝑧𝑧(𝑧 + 𝑧𝑠 − 𝑧𝑠0)2 +
2𝐵𝑦𝑧(𝑦 + 𝑦𝑠)(𝑧 + 𝑥𝑠 − 𝑧𝑠0) = 0 when 𝑦 < 0, 𝑧 < 0, 

                       (4.39) 

where 𝑧𝑠 is a shift in the polynomial function of the sub-reflector along the 𝑧-coordinate 

and 𝑦𝑠 a shift along the 𝑦-coordinate, see Fig. 4.16. 
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Figure 4.16. Complex sub-reflector model of the three-dimensional offset reflector. 

In summary, in this section, we have derived a direct relation between the shape of the 

reflectors and the total cost function. The shape of the reflectors can be expressed in terms of 

polynomial coefficients as in (4.1), (4.18), (4.20), (4.23), (4.24), and (4.36) – (4.39) including 

design features like reflector shape discontinuities and the shifts of the polynomial function 

along the coordinates axis. The total cost function is presented as a combination of different 

optimization goals in (4.17) and (4.35). By varying the ratio between the cost functions of 

the amplitude distribution (4.12), the phase linearity along the array (4.14), and the deviation 

of the field in the array plane during scanning (4.15), it is possible to optimize the reflectors 

for a particular application. 

 

4.4. Optimization of single and double-reflector configurations 

We have optimized the single and double-reflector configurations with the mathematical 

model of section 4.3 for two specific situations: 1) no scanning (broadside) and 2) beam 

scanning up to +/- 200. For broadside operation, the goal is to obtain a uniform amplitude and 

linear phase distribution as defined for the ideal reflector (Fig. 4.6). In the case of scanning, 

an additional goal is the minimization of the illumination deviation (Fig. 4.8). The following 

reflector configurations have been investigated for broadside operation: 

• parabolic reflector with an axially displaced array, 

• single reflector with discontinuity, 

• complex double reflector, 

• offset single reflector, 

• complex offset double reflector. 

The following reflector configurations have been investigated for wide-angle scanning: 

• complex double center-fed reflector, 

• complex offset double reflector. 

The single reflector configurations have already been investigated for wide-angle scanning 

in [150]. All investigated configurations include the axial displacement of the array. We have 

used a PAF with a length of 4 cm, which corresponds to 40 at 30 GHz. The size of the main 
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reflector is 80 cm. All optimizations have been done with our mathematical GO model 

implemented in MATLAB and are dedicated exclusively to reflector shape optimization. We 

have used a Monte Carlo type of algorithm to minimize the cost function in the optimization. 

The resulting optimized reflector configurations have been simulated in GRASP [39] by 

means of PO and GO. The PO simulations include the physical theory of diffraction [39]. A 

comparison of all configurations is provided in section 4.4.5. 

 

4.4.1. Axially symmetric single reflector 

The optimal configuration of the center-fed single parabolic reflector of Fig. 4.9 is obtained 

with an axially displaced PAF towards the reflector. The obtained optimal polynomial 

coefficients and other relevant variables are provided in Table 4.1. 

Table 4.1. Optimal polynomial coefficients and variables of a parabolic reflector with an axially 
displaced PAF. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 0.4572 𝐴𝑧𝑧 4.753 

𝐴𝑦𝑦 4.753 𝐴𝑦𝑧 0 

𝐴𝑥 −4.8023 𝐹𝑎 0.48 m 

𝐷 0.8 m   

 

The obtained geometry has a ratio F/D = 0.6, which gives the smallest deviation of the 

focused beam according to [150]. The reflector configuration is presented in Fig. 4.17(a), the 

electric-field cuts in the array plane based on PO simulation in Fig. 4.17(b), the electric-field 

cuts in the array plane based on GO simulation in Fig. 4.17(c) and the phase distribution 

based on PO simulation is provided in Fig. 4.17(d). The PO simulations include the physical 

theory of diffraction [39]. 

Since the optimization algorithm is based on GO, both PO and GO simulation results are 

provided. However, the overall performance of the optimized reflector system should be 

based on the PO simulation results, since the computational precision is much higher. 

According to Fig. 4.17(c), the illuminated region is matched with the desired array size of 

4 cm. The amplitude distribution is not uniform but significantly improved as compared to 

the classical prime-focus reflector, where GO simulations provide a delta function in the 

center of the array. In Fig. 4.17(b), the electric-field cuts in the array plane demonstrate that 

the array illumination region is much broader as compared to the classical prime-focus 

reflector (Fig. 4.1). The aperture efficiency of the optimized configuration is presented in Fig. 

4.18. 

According to Fig. 4.18, the aperture efficiency increases much smoother with an increase 

in the array size as compared to the classical prime-focus reflector (Fig. 4.5). This indicates 

that we have obtained a more uniform field distribution along the array. 

According to Fig. 4.17(d), the phase distribution in the array plane is quite nonlinear. 

However, it is significantly improved as compared to the classical prime-focus reflector. The 

linearity of the phase distribution at 30 GHz shows an rms error of 3.10. 
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Figure 4.17. (a) Single-reflector configuration with the axially-displaced array, broadside 

situation (b) electric-field cuts in the array plane based on PO simulation (c) electric-field 

cuts in the array plane based on GO simulation (d) Phase distribution based on PO 

simulation in the array plane. 
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Figure 4.18. Aperture efficiency in the array plane for broadside operation of a parabolic 

reflector with an axially displaced array. PO simulations. 

Next, we have optimized a single parabolic reflector with discontinuity as shown in Fig. 

4.10. The obtained optimal polynomial coefficients and other relevant variables are provided 

in Table 4.2. 

Table 4.2. Optimal polynomial coefficients and variables of a single reflector with discontinuity. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 0.151 𝐴𝑦𝑧 0 

𝐴𝑦𝑦 2.0985 𝐹𝑎 0.48 m 

𝐴𝑥 -2.115 𝑦
0
 0.0312 m 

𝐴𝑧𝑧 2.0985 𝐷 0.8 m 
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The reflector configuration and corresponding field distribution in the array plane are 

shown in Fig. 4.19. The corresponding aperture efficiency is presented in Fig. 4.20. From 

Fig. 4.19(c) it is clear that the field distribution is more uniform over the array as compared 

to the optimized parabolic reflector with the axially displaced array, see Fig. 4.17(c). 

Therefore, adding extra complexity using a discontinuity in the center of the reflector allows 

us to get closer to the wanted ideal array illumination. The phase distribution in the array 

plane of Fig. 4.19(d) is quite similar to the previous configuration. The linearity of the phase 

distribution at 30 GHz shows an rms error of 2.020. 

 

4.4.2. Axially symmetric double-reflector 

Double-reflector concepts (Fig. 4.12) provide more degrees of freedom for optimization 

as compared to single-reflector configurations. We have optimized the center-fed double-

reflector for two specific cases: 1) broadside scan and 2) wide-angle scanning up to +/- 200 

in the azimuth plane. For the broadside-scan case, the obtained optimal polynomial 

coefficients and other relevant dimensions are provided in Table 4.3. 

The discontinuity variables ∆𝑦 and 𝑦0 are equal to zero. Therefore, both optimized 

reflectors have a continuous shape and are easy to produce. The size of the sub-reflector 𝐷𝑠 

is significantly smaller than the main reflector, limiting the reduction of the aperture 

efficiency due to blockage to about 0.5%. The field distribution in the array plane using GO 

and PO is provided in Fig. 4.21 and the aperture efficiency is in Fig. 4.22. 

(a) (b)

Aperture radius r, m 

Aperture radius r, m Aperture radius r, m 

(c) (d)

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.19. (a) Single-reflector configuration with discontinuity in the center, broadside 

situation (b) electric-field cuts in the array plane based on PO simulation (c) electric-field 

cuts in the array plane based on GO simulation (d) Phase distribution based on PO 

simulation in the array plane. 
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Figure 4.20. Aperture efficiency in the array plane for broadside operation of a single 

reflector with discontinuity. PO simulations. 

Table 4.3. Optimal polynomial coefficients and dimensions of a complex double reflector. Optimized 
for broadside scan only. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 0.0735 𝐵𝑥𝑥 2.952 

𝐴𝑦𝑦 1.215 𝐵𝑦𝑦 4.977 

𝐴𝑥 -1.325 𝐵𝑥 -0.456 

𝐴𝑧𝑧 1.215 𝐵𝑧𝑧 4.977 

𝐴𝑦𝑧 0 𝐵𝑦𝑧 0 

𝐹𝑠 0.507 m 𝐹𝑎 0.1 m 

∆𝑦 0 m 𝑦
0
 0 m 

𝐷𝑠 0.054 m 𝐷 0.8 m 

 

The distribution in the array plane based on the GO simulation of Fig. 4.21(c) matches 

quite closely to the ideal uniform field distribution. The PO simulation results of Fig. 4.21(b) 

show that the illumination region is a bit wider than the desired array size of 4 cm. This is 

due to diffraction in the double-reflector configuration [158]. There is good phase linearity 

along the array elements according to Fig. 4.21(d). The linearity of the phase distribution at 

30 GHz shows an rms error of 1.450. The aperture efficiency of Fig. 4.22 is quite close to the 

aperture efficiency for the broadside operation of a reflector with ideal array illumination 

(Fig. 4.7). 

Next, we will investigate wide-angle scanning of the double-reflector FPA. According to 

[150], wide-angle scanning up to ±200 requires a very large sub-reflector. For center-fed 

models, this leads to significant blockage and energy loss. In addition, double-reflector 

configurations have another limitation in the case of scanning caused by the amplification of 

the angle of incidence on the array surface [146], [147]. As a result, even a small beam 

deviation of the incident wave causes a significant shift of the illuminated array region. As a 

consequence, the array size should be very large. Nevertheless, it is interesting to investigate 

a fictitious model of the complex double-reflector in the case of wide-angle scanning, where 

the effects of blockage are ignored. This model allows to estimate the potential to use double-

reflector configurations for wide-angle scanning and can be used as a reference model for 

offset configurations. 

The obtained optimal polynomial coefficients and other relevant dimensions are shown in 

Table 4.4. 
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Figure 4.21. (a) Double-reflector configuration, broadside situation (b) electric-field cuts 

in the array plane based on PO simulation (c) electric-field cuts in the array plane based on 

GO simulation (d) Phase distribution based on PO simulation in the array plane. 
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Figure 4.22. Aperture efficiency in the array plane for broadside operation of a complex 

double-reflector. 

Table 4.4 Optimal polynomial coefficients and dimensions of a complex double reflector for wide-
angle scanning up to +/-200 (fictitious model that ignores blocking). 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 1.692 𝐵𝑥𝑥 0.116 

𝐴𝑦𝑦 1.1285 𝐵𝑦𝑦 -3.768 

𝐴𝑥 -4.922 𝐵𝑥 -2.862 

𝐴𝑧𝑧 1.1285 𝐵𝑧𝑧 -3.768 

𝐴𝑦𝑧 0 𝐵𝑦𝑧 0 

𝐹𝑠 0.41 m 𝐹𝑎 0.1 m 

∆𝑦 0 𝐲
𝟎
 0 

𝐃𝐬 0.89 m 𝐷 0.8 m 
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Similar to the broadside case, the discontinuity variables ∆𝑦 and 𝑦0 are zero. As a result, 

both reflectors have a continuous shape. The size of sub-reflector 𝐷𝑠 is not limited for this 

configuration and, as a result, the blockage is 100%. It makes this model completely 

fictitious. The resulting field distribution in the array plane and aperture efficiency are shown 

in Fig. 4.23-4.25. 

(a) (b)
Aperture radius r, m 

Aperture radius r, m Aperture radius r, m 

(c) (d)

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.23. (a) Complex double-reflector configuration optimized for wide-angle 

scanning, broadside situation (b) electric-field cuts in the array plane based on PO (c) 

electric-field cuts in the array plane based on GO (d) Phase distribution based on PO 

simulation in the array plane. Blocking has been ignored. 

(a) (b)
Aperture radius r, m Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.24. (a) Electric-field cuts for 100 angle of incidence, (b) electric-field cuts for 200 

scanning based on PO simulation of a complex double reflector for wide scanning (blocking 

ignored). 
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Figure 4.25. Aperture efficiency in the array plane for different scan angles of a complex 

double-reflector optimized for wide scanning (blocking ignored). 

The performance at the broadside has been sacrificed in order to improve the scanning 

properties. When comparing the field distribution for 100 and 200 scanning with the field 

distribution of a classical prime-focus reflector (Fig. 4.3 – 4.4), we can conclude that the 

realized field deviation is about 25% smaller. In addition, to provide scanning up to ±200 in 

the azimuth plane, the linear size of the array should be at least 0.39 m for an 80% aperture 

efficiency (Fig. 4.25). A classical prime-focus reflector requires an array size of at least 0.52 

m. Therefore, the fictitious model of the complex double-reflector allows to prove the concept 

of wide scanning. Since a large sub-reflector is required, we need to use an offset 

configuration, which will be investigated in section 4.3.4. 

 

4.4.3. Offset single reflector 

By using an offset configuration, blockage of the PAF and sub-reflector can be avoided. 

First, we will investigate the offset single-reflector FPA of Fig. 4.14. Table 4.5 summarizes 

the optimal polynomial coefficients and other relevant dimensions of the offset single-

reflector model of Fig. 4.14. 

Table 4.5 Optimal polynomial coefficients and dimensions of an offset single reflector. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 1.4 𝐹𝑎 0.68 m 

𝐴𝑦𝑦 512.6 𝑧0 0.076 m 

𝐴𝑥 -492.3 𝑧𝑜𝑓𝑓 0.1 m 

𝐴𝑧𝑧 488.9 𝛹 540 

𝐴𝑦𝑧 0 𝛽 5.30 

𝐷 0.8 m   

 

We can observe that the reflector shape is close to a parabolic shape, since |𝐴𝑥𝑥| ≪  |𝐴𝑥|, 
and has almost the same focusing properties in the offset and azimuth planes, since 𝐴𝑦𝑦 ≅

𝐴𝑧𝑧. The shift of the polynomial function 𝑧0 is less than 𝑧𝑜𝑓𝑓 . Therefore, the symmetry point 

is outside the actual reflector surface. The field distribution in the array plane and aperture 

efficiency of the optimized offset single-reflector are shown in Fig. 4.26 and Fig. 4.27, 

respectively. 

The performance of the single offset reflector with axially displaced PAF is quite similar 
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to the center-fed single reflector. According to Fig. 4.26(c), the illuminated region is close to 

the required size of 4 cm. The amplitude distribution is not uniform, but significantly 

improved as compared to the classical prime-focus reflector (Fig. 4.1). The linearity of the 

phase distribution in the array has an rms error of 3.570 at 30 GHz. The aperture efficiency 

has a much smoother behavior as compared to the classical prime-focus reflector (Fig. 4.5), 

which corresponds to a more uniform distribution of the electric-field within the array. 

(a) (b)
Aperture radius r, m 

Aperture radius r, m Aperture radius r, m 

(c) (d)

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.26. (a) Offset single-reflector configuration, broadside situation (b) electric-field 

cuts in the array plane based on PO simulation (c) electric-field cuts in the array plane based 

on GO simulation (d) Phase distribution based on PO simulation in the array plane. 
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Figure 4.27. Aperture efficiency in the array plane for broadside operation of the optimized 

single offset reflector. 

 

4.4.4. Offset double reflector 

By using an offset configuration, we overcome the sub-reflector blockage problem as 

reported in section 4.3.2. Two optimized versions of the offset double-reflector FPA of Fig. 
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4.15 have been investigated: 1) broadside scan and 2) wide-angle scanning up to ±200 in the 

azimuth plane. 

For the broadside-scan case, the obtained optimal polynomial coefficients and other 

relevant dimensions are provided in Table 4.6. 

Table 4.6 Optimal polynomial coefficients and dimensions of a complex offset double reflector for 
broadside scan. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 159 𝐵𝑥𝑥 21 

𝐴𝑦𝑦 960 𝐵𝑦𝑦 -886 

𝐴𝑥 -910 𝐵𝑥 -120 

𝐴𝑧𝑧 930 𝐵𝑧𝑧 -935 

𝐴𝑦𝑧 0 𝐵𝑦𝑧 0 

𝐹𝑠 0.552 m 𝐹𝑎 0 m 

∆𝑦 0 m 𝐷𝑧𝑠 0.19 m 

𝑧0 0 m 𝐷𝑦𝑠 0.19 m 

𝛹 00 𝛽 00 

𝑍𝑜𝑓𝑓 0.1 m 𝐷 0.8 m 

 

The discontinuity variable ∆𝑦 is equal to zero so that both reflectors have a continuous 

shape. 𝐹𝑎 = 0 and 𝛹= 00, which means that the PAF is located in the center of the coordinate 

system and is oriented along the 𝑦𝑧-plane in the model of Fig. 4.15. The sub-reflector 

dimensions 𝐷𝑧𝑠 and 𝐷𝑦𝑠 are almost a quarter of the main reflector dimension, but due to the 

offset configuration, no blockage occurs. The field distribution and aperture efficiency are 

shown in Fig. 4.28 and Fig. 4.29, respectively. 

 

Figure 4.28. (a) Offset double-reflector configuration optimized for broadside-scan (b) 

electric-field cuts in the array plane based on PO simulation (c) electric-field cuts in the 

array plane based on GO simulation (d) Phase distribution based on PO simulation in the 

array plane. 

From Fig. 4.28(c), we can observe that the field distribution is much more uniform as 

(a) (b)
Aperture radius r, m 

Aperture radius r, m Aperture radius r, m 

(c) (d)

f = 20 GHz

f = 30 GHz

f = 40 GHz
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compared to the offset single reflector of Fig. 4.26(c). In fact, the performance is similar to 

the center-fed double-reflector systems, but now avoids blockage of the large sub-reflector. 

The phase linearity in the array plane shows an rms error of 1.910 at 30 GHz, which is 

significantly better than the obtained with the offset single reflector. 
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Figure 4.29. Aperture efficiency in the array plane optimized for broadside operation of a 

complex offset double-reflector. 

Next, we have optimized the complex offset double reflector for wide-angle scanning. This 

configuration has been used to construct a prototype for experimental validation, see section 

4.5. For that reason, additional manufacturing-related requirements have been applied to this 

design. Although the offset configuration allows a large sub-reflector size, we have limited 

the dimension to 83 cm. In addition, we have avoided a discontinuity in the surface of the 

main reflector. Thus, potentially the offset double-reflector configuration could achieve an 

even better performance if no production limits will be applied. 

The optimal polynomial coefficients and other relevant dimensions of the optimized 

complex offset double-reflector of Fig. 4.16 for wide-angle scanning are provided in Table 

4.7. 

Table 4.7 Optimal polynomial coefficients and other dimensions of a complex double offset reflector 
for wide-angle scanning up to +/- 200. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 0 𝐵𝑥𝑥 30.45 

𝐴𝑦𝑦 190 𝐵𝑦𝑦 -168.73 

𝐴𝑥 -550.5 𝐵𝑥 -124.61 

𝐴𝑧𝑧 140.1 𝐵𝑧𝑧 -219.92 

𝐴𝑦𝑧 0 𝐵𝑦𝑧 0 

𝐹𝑠 0.79 m 𝐹𝑎 0 m 

𝑧𝑠 -0.081 m 𝑦
𝑠
 -0.102 m 

𝑧0 -0.45 m 𝑧𝑠0 0.49 m 

𝑧𝑜𝑓𝑓 0.1 m 𝑧𝑐 -0.08 m 

𝐷𝑧𝑠 0.255 m 𝐷𝑦𝑠 0.83 m 

𝛹 -27.670 𝛽 39.420 

𝐷 0.8 m   

 

In this case, the sub-reflector of the optimized configuration has a discontinuity since 𝑧𝑠 

and 𝑦𝑠 are not equal to zero. Furthermore, 𝐹𝑎 = 0 and 𝛹= -27.670, which implies that the 

PAF is located in the center of the coordinate system and has a slight rotation in the offset 
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plane, see also Fig. 4.16. The dimensions of the sub-reflector, 𝐷𝑧𝑠 and 𝐷𝑦𝑠, are relatively 

large as compared to the size of the main reflector, but there is no blockage between the 

reflectors. The field distribution and aperture efficiency for various scan angles of the 

optimized configuration are shown in Fig. 4.30 – 4.33. 

Fig. 4.30 demonstrates the interesting properties of the optimized configuration. In the case 

of broadside operation, the field distribution is not focused in the center of the array plane. 

The sub-reflector discontinuity creates extra broadening in the case of broadside operation. 

For scan angles larger than 80 there is the amplitude dominance of one of the two focal points 

due to the fact that the illumination is shifted mainly to one of the two sub-reflector parts. 

According to the GO simulation results of Fig. 4.30(c), the electric-field cuts in the array 

plane have been split into the two illumination regions with a quite uniform distribution. The 

PO simulation results of Fig. 4.30(b) show that the illuminated region for broadside operation 

is relatively large (about 20 cm) with two distinct field maxima. From PO simulations we 

found that for scan angles below 120, the illumination region is smaller as compared to the 

broadside-scan case. For larger scan angles, between 120 and 200, the illuminated region is 

larger than for the broadside-scan case. At the same time, the aperture efficiency distribution 

(Fig. 4.33), has a significantly smoother behavior than all previously investigated 

configurations. This results in a more uniform field distribution over the PAF. The PAF 

should have a length of about 28 cm based on an 80% aperture efficiency in order to provide 

scanning up to ±200 in the azimuth plane. This is significantly better as compared to the 

scanning capabilities of the classical prime-focus reflector. Moreover, the linearity of the 

phase distribution at 30 GHz shows an rms error of 2.810. The PAF width is equal to 4 cm, 

in line with the results for broadside operation. 

(a) (b)
Aperture radius r, m 

Aperture radius r, m Aperture radius r, m 

(c) (d)

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.30. (a) Optimized complex offset double-reflector configuration for wide-angle 

scanning, broadside situation (b) electric-field cuts in the array plane based on PO 

simulation (c) electric-field cuts in the array plane based on GO simulation (d) Phase 

distribution based on PO simulation in the array plane for broadside operation. 
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(a) (b)
Aperture radius r, m Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

 

Figure 4.31. (a) Electric-field cuts for 100 angle of incidence (b) Electric-field cuts for 200 

angle of incidence based on PO simulation of a complex offset double reflector optimized 

for wide-angle scanning. 
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Figure 4.32. Electric-field cuts in the array plane of the optimized complex offset double 

reflector based on PO simulation for various scan angles, f = 30 GHz. 
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Figure 4.33. Aperture efficiency in the array plane for various scan angles of the optimized 

complex offset double reflector for wide scanning. 

 

4.4.5. Comparison of all configurations 

Although a GO-mathematical framework was used to find the optimized geometries, we 

will use PO to compare the performance of all configurations. Let us first consider the 

optimized geometries for broadside operation. Fig. 4.34 shows the realized aperture 
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efficiencies at the center frequency. The classical prime-focus reflector (Fig. 4.1) is added as 

a reference case. 
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Figure 4.34. Realized aperture efficiencies of all optimized reflector configurations for 

broadside operation based on PO simulations, f = 30 GHz. 

The optimization goal has been set for an array size of 4 cm or 2 cm array radius. Therefore, 

the reflector with ideal array illumination reaches an aperture efficiency of 80% at a 2 cm 

radius. The required array size has been estimated for all configurations based on 80% 

aperture efficiency. Table 4.8 summarized the required array size and the realized phase 

linearity over the array. 

Table 4.8 Comparison of optimized reflector configurations for broadside operation, PO simulation 
model is used. 

Reflector configuration 
Array size (radius) for 80% aperture 

efficiency at 30 GHz 

Phase linearity: rms 

error at 30 GHz 

Reflector with ideal array 

illumination 
2 cm 00 

Classical prime-focus reflector 0.6 cm 6.360 

Parabolic reflector with an axially 

displaced array 
2.4 cm 3.10 

Single reflector with discontinuity 1.95 cm 2.020 

Complex double-reflector 

(including blockage) 
5.5 cm 1.450 

Single offset reflector 1.9 cm 3.570 

Complex double offset reflector 2.7 cm 1.910 

 

According to Fig. 4.34, and Table 4.8, the center-fed single reflector with discontinuity 

and the offset single reflector provides the best fit with the ideal FPA reflector system. Both 

of them include an axial displacement of the feed array. The realized array size is approx. 

three times larger as compared to the classical prime-focus reflector, which provides a 

significant increase in the realized EIRP. Nevertheless, according to Fig. 4.34, the best results 

for extending the field distribution along the array plane are obtained with the double-

reflector configurations (center-fed and offset reflectors). The required array size of the 

center-fed double reflector is larger than the optimization goal. This can be explained by 

diffraction effects, which are more significant in the case of center-fed double reflectors 

[158]. The complex offset double reflector has a higher complexity and achieves a 

performance closer to the design goal. To sum up, the complex double offset reflector 

demonstrates the best performance in amplitude and phase uniformity along the array. 
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A comparison of the reflector systems optimized for wide-angle scanning is provided in 

Fig. 4.34 – 4.35 and Table 4.9, and the aperture efficiency distribution along the array is 

presented in Fig. 4.35 for 100 scan angle and in Fig. 4.36 - for 200. The complex double 

center-fed reflector for wide scanning is a fictional model since we have ignored the blockage 

from the large sub-reflector. 
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Figure 4.35. Comparison of optimized reflector configurations for 100 angle of incidence 

based on PO simulations, f = 30 GHz. 
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Figure 4.36. Comparison of optimized reflector configurations for 200 angle of incidence 

based on PO simulations, f = 30 GHz. 

According to Fig. 4.35 – 4.36 and Table, 4.9 the best performance is obtained with the 

complex offset double reflector configuration. The required array size is almost two times 

smaller as compared to the classical prime-focus reflector for ±200 scanning in the azimuth 

plane. At the same time, the aperture efficiency has the smoothest distribution along the array, 

resulting in a high percentage of simultaneously active array elements. For 100 scanning 

about 44.6% of the array elements are active. Moreover, the complex offset double reflector 

also provides the best phase linearity. The advantages of this system over the center-fed 

double-reflector can be explained by the additional design complexity. The optimization of 

the non-symmetrical geometry has been done for two orthogonal planes, while for a 

symmetric center-fed configuration the geometry is the same in all planes. Therefore, 

independent optimization of scanning and non-scanning planes is a clear advantage of offset 

configurations. 
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Table 4.9 Comparison of optimized reflector configurations for wide scanning operation, based on 
PO simulations. 

Reflector configuration 

Array size for 80% aperture efficiency at 30 GHz 

and percent of active elements from the whole 

array (for ±200 scanning) 

Phase linearity: rms 

error at 30 GHz for 

broadside operation Scanning range 

±00 ±100 ±200 

Reflector with ideal array 

illumination 

4 cm 

100% 

4 cm 

100% 

4 cm 

100% 
00 

Classical prime-focus 

reflector 

1.2 cm 

2.3% 

23 cm 

7.7% 

52 cm 

19% 
6.360 

Complex double center-fed 

reflector(fictitious model) 

2 cm 

5.1% 

21 cm 

11.5% 

39 cm 

16.7% 
3.280 

Complex double offset 

reflector 

16 cm 

28% 

25 cm 

44.6% 

28 cm 

21.4% 
2.810 

 

 

4.5. Experimental validation 

Based on the analysis of the various optimized configurations, it is clear that the complex 

offset double reflector configuration is the most promising design in the frame of the 

requirements of our FPA system. Therefore, this reflector configuration has been chosen for 

prototyping and experimental validation. The realized prototype is shown in Fig. 4.37 and 

was measured in the near-field facility at the Eindhoven University of Technology. 

 

Figure 4.37. Photo of the prototype using a complex offset double reflector setup. 

The array-plane illumination is measured with a horn antenna with a frequency range of 

26.4 - 40.1 GHz, as shown in Fig. 4.38. Relevant simulation models have been realized in 

GRASP and simulated by means of PO [39]. 

In order to test the required scanning capability up to ±200 in the azimuth plane, an 

experimental validation with a synthesized PAF has been done. A horn antenna has been 

placed in different positions along the array plane and related radiation patterns have been 

measured. According to Table 4.9, the array size should be 28 cm. Therefore, we first 

measured the far-field patterns with the feed located in the center of the array (Fig. 4.39) and 

then shifted the feed in steps of 2 cm until it reaches the edge of the array at 14 cm shift (Fig. 

4.40 – 4.46). 
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Figure 4.38. Photo of experiments with horn feed to measure the array-plane field 

distribution. 
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Figure 4.39. (a) Far-field pattern in azimuth plane (b) 2D far-field image with feed at the 

center of the array, 30 GHz. 

A
m

p
lit

u
d

e
 [
d

B
]

Degree

-40

-30

-20

-10

0

10

20

30

40

-40 -30 -20 -10  0  10  20  30  40

Azimuth (Degree)

E
le

v
a

ti
o

n
 (

D
e

g
re

e
)

(a) (b)

0

-4

-8

-12

-16

-20

-24

-28

-32

-36

-40

-44

-48

Simulation

Measurements

Co-polar

Cross-polar

 

Figure 4.40. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 2 cm, 30 GHz. 
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Figure 4.41. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 4 cm, 30 GHz. 
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Figure 4.42. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 6 cm, 30 GHz. 
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Figure 4.43. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 8 cm, 30 GHz. 
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Figure 4.44. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 10 cm, 30 GHz. 
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Figure 4.45. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 12 cm, 30 GHz. 
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Figure 4.46. (a) The far-field pattern in the azimuth plane (b) 2D far-field image with feed 

displacement from the array center 14 cm, 30 GHz. 

The agreement between simulation and measurement is in all cases quite good. The 

differences in sidelobe levels are mainly due to the large support structure of the reflector in 

the prototype of Fig. 4.37. This was not included in the simulation. Similar to the field 

distribution in the array plane for the receive case (see Fig. 4.28), the far-field pattern 

provides a bi-focal kind of distribution when only a single array element is used. Moreover, 

the difference between the co-polar and cross-polar components of the electric field is 

sufficiently high and it is not less than 20 dB. 

For the maximum feed displacement of 14 cm (Fig. 4.46), the main lobe deviation is about 

170. This is less than the required 200, but could be improved somewhat by using additional 

phase control. 

To prove the scan performance of the realized reflector prototype, we have done additional 

simulations with an array of horn antennas, as illustrated in Fig. 4.47. The horn antennas have 

the same dimensions as used in the experiments. The amplitude and phase of the individual 

horns have been adjusted by conjugate field matching according to the field distribution in 

the array plane for the receive case (Fig. 4.30(b) and Fig. 4.30(d)). In this way, it is possible 

to estimate the reflector directivity using GRASP [39]. Since we have used an ideal horn 

model, the mutual coupling between array elements is ignored as well as feed mismatch 

efficiency and phase efficiency. Nevertheless, the radiation efficiency of the reflector, taper 

efficiency, spill-over efficiency, and polarization efficiency are included. In other words, all 

parameters related to the actual reflector design are considered. We have investigated the 

performance at the scan angles 00, 50, 100, 150, and 200 at 30 GHz and 40 GHz. In addition, 

array spacings of 0.6𝜆0, 0.7𝜆0 and 0.8𝜆0 have been investigated, where 𝜆0 corresponds to the 

wavelength at 30 GHz. Simulation results are presented in Figs. 4.48 – 4.53. 

 

Figure 4.47. The complex offset double-reflector configuration fed by an array of horn 

antennas. 



4. Reflector synthesis for Wide-Scanning Focal Plane Arrays 

 

96 

Fig. 4.48, 4.50, and 4.52 present the broadside operation of the complex double offset 

reflector configuration. The 900-cuts correspond to the scan plane or the azimuth plane. In 

the 00-plane, the patterns show similar behavior as classical prime-focus reflectors. 
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Figure 4.48. The directivity of the complex offset double reflector configuration with 

elements spacing of 0.8𝜆0 for (a) f = 30 GHz, (b) f = 40 GHz. 

Fig. 4.49, 4.51, and 4.53 show the predicted performance of the prototype in the case of 

scanning. Excitations of the array elements have been optimized to realize the scanning 

performance up to 200. We can observe that for a scanning range of ±150, the directivity drop 

is limited to only a few dB and remains above 40 dBi. This proves the scanning capabilities 

of this reflector system. The variation in beam directivity across the scan range could be 

improved by overcoming the prototype production limitations based on the proposed design 

methods. 

Table 4.10 summarizes the realized directivity and reflector efficiencies. 

Table 4.10 Performance of the prototype with different array element spacings at, f =30 GHz. 

Number of array elements (horns) and element spacing 

(for 𝜆0= 1 cm) 

Directivity [dB] 
Reflector aperture 

efficiency 

Frequency Frequency 

30 

GHz 

40 

GHz 
30 GHz 40 GHz 

180 horns, 0.8𝜆0 45.801 48.008 78 % 73 % 

200 horns, 0.7𝜆0 45.913 48.183 80 % 76 % 

230 horns, 0.6𝜆0 46.071 48.239 83 % 77 % 
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Figure 4.49. Directivity of the complex offset double reflector configuration with element 

spacing of 0.8𝜆0 for different scan angles, f = 30 GHz. 
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Figure 4.50. The directivity of the complex offset double reflector configuration with 

element spacing of 0.7𝜆0 at 30 GHz for (a) f = 30 GHz, (b) f = 40 GHz. 
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Figure 4.51. The directivity of the complex offset double reflector configuration with 

element spacing of 0.7𝜆0 for different scanning performance, f = 30GHz. 
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Figure 4.52. The directivity of the complex double offset reflector configuration with 

element spacing of 0.6𝜆0 at 30 GHz for (a) f = 30 GHz, (b) f = 40 GHz. 
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Figure 4.53. The directivity of the complex double offset reflector configuration with 

element spacing of 0.6𝜆0 for different scan angles, f = 30GHz. 
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Table 4.10 summarizes the realized directivity and reflector efficiencies. According to 

Table 4.10, there is a trade-off between the size of the feed array, the number of horn 

antennas, and the realized efficiency. A higher directivity and reflector aperture efficiency 

are obtained by using a smaller array grid and more array elements. Nevertheless, even an 

0.8𝜆0 element spacing is physically not possible to realize in practice, since the horns are too 

large. Therefore, one of the crucial challenges for wideband operation is to investigate array 

elements that could cover the entire frequency range of 20-40 GHz with a well-behaved 

embedded element pattern and at the same time have compact dimensions below 0.6 𝜆0. 

References [31], [33] describe array concepts that could meet these stringent requirements. 

 

4.6. Conclusion 

In sections 4.1-4.6, a mathematical framework, based on GO, is presented to optimize 

wide-scanning single- and double-reflector focal plane arrays. The suggested evaluation 

method allows to compare of all configurations with an ideal case. An optimized new 

complex offset double-reflector configuration has been designed, produced, and 

experimentally validated. 

The final complex offset double-reflector configuration achieves the intended scanning 

range using a compact array which allows half of the array elements to be active during 

scanning within the scan range of ±100 and at least a quarter of the array elements active 

within a scan range of ±200. The scanning capabilities have been significantly improved as 

compared to classical prime-focus and double-parabolic reflectors. The well-known FPA 

problem of a small illuminated region in the focal plane has been successfully overcome. In 

addition, the phase linearity between the array elements of the PAF has been sufficiently 

improved in order to allow an optical beamforming concept (2.810 rms linearity error at 30 

GHz). The experiments demonstrate a very good agreement with simulations and fully prove 

the required scanning performance within the ±200 scan range with high directivity and 

reflector aperture efficiency up to 83 % at 30 GHz and 77 % at 40 GHz. 
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4.7. Extreme Scanning Double Shaped-Reflector Antenna with Multiple 

Interactions for Focal Plane Array applications1 

 

Summary 

 

A new type of focal plane array (FPA) reflector antenna concept is proposed with a very 

wide field-of-view over a wide bandwidth (20-40 GHz) for ground terminals for Ka-band 

satellite communication and multi-function radars. The proposed concept maximizes the 

percentage of active array elements up to 90% within the required scanning range of ±100 

along the azimuthal plane. It combines the advantages of phased arrays in terms of wide-

angle scanning and of FPA systems in terms of high antenna gain. This FPA system achieves 

a 15 dB higher antenna gain as compared to a phased array with a size equal to the feed array 

of the proposed reflector system. Based on a minimum required 80% aperture efficiency at 

30 GHz, the illuminated array region is increased by a factor of 200 as compared to traditional 

prime-focus configurations. In addition, the FPA configuration significantly reduces the 

required overall array size by a factor of 1.5 as compared to conventional double-parabolic 

reflector configurations. Moreover, the scanning capabilities have been significantly 

improved as compared to classical prime-focus and double-parabolic reflectors. Since a large 

part of the array is active, we can obtain highly effective isotropic radiated power (EIRP). 

 

4.7.1. Introduction 

Focal-plane arrays (FPAs) provide a high antenna gain at low costs and allow beam 

scanning or multi-beam functionality [12], [8], [159], [146], [160], [13]. However, the field-

of-view (FoV) is limited. In addition, conventional FPAs only allow a small number of array 

elements to be active simultaneously for a particular beam. This limits the use of this concept 

in several emerging applications in terms of the number of multiple beams or scan range 

[142] and level of achievable effective isotropic radiated power (EIRP) [15]. A low EIRP 

level limits the use of low-cost silicon integrated circuits. In addition, it is a challenge to 

provide a proper exposure of the FPA within a wide scan range, due to the significant beam 

deviation in the focal plane [143]. Moreover, a wide scan range would require a large array 

size. As a consequence, the number of simultaneous active elements is small as compared to 

the total number of array elements. In this chapter, we will present a double reflector concept 

that overcomes the limited FoV and limited maximum EIRP of optimized conventional 

single- and double-reflector FPAs as presented in [10], [38]. 

We have set the following challenging design goals for the FPA system: 

• wide illumination area of the array for each scan angle to maximize the EIRP, 

• decreased beam deviation in the focal plane region during scanning, reducing the 

required number of array elements, 

• maximize the percentage of active array elements within the required scanning 

range, 

• wide operational bandwidth between 20-40 GHz. 
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To realize these stringent requirements, we propose a new type of reflector antenna in 

which the sub-reflector has a double interaction with the electromagnetic waves focused by 

the main reflector. In this way, we obtain a large illuminated focal plane region. In order to 

optimize this configuration, we have developed a mathematical framework [12] based on 

geometrical optics (GO) [161]. Our optimized models have been validated with simulations 

in GRASP [39]. 

This chapter presents the following new scientific contributions: 

• a new type of FPA reflector antenna concept is proposed with a very wide field-

of-view over a wide bandwidth, 

• our configuration has unique features that maximize the ratio of active array 

elements of the FPA for each scan angle within a scan range of ±100 along the 

azimuth plane which allows to use Silicon-based transceivers. 

The chapter is organized as follows. In section 4.7.2, a short overview of conventional 

single and double-reflector FPA systems is presented based on [12], [162], [150], and [163]. 

In section 4.7.3 we will introduce our novel reflector system with double sub-reflector 

interaction. Note that in this chapter we will focus on the receive case. Using the approach of 

[12], the related transmit situation can be investigated. 

 

4.7.2. Illumination challenges for conventional FPAs 

The most widespread-used single-reflector antenna is the classical prime-focus reflector 

with a parabolic shape. The electric-field distribution in the focal plane of a classical prime-

focus reflector behaves according to the well-known distribution of so-called Airy rings, 

corresponding to zeros of the Bessel function of the first kind and order 1 along the aperture 

radius r [143]. According to [143], it is clear that the same reflector operating at higher 

frequencies will illuminate a smaller region in the focal plane. 

According to [162], for a classical prime-focus reflector with F/D = 0.6 and D = 0.8 m 

only a few array elements are required in the area of maximum power density (above the -3 

dB level). In addition, in the case of scanning the required aperture size is significantly 

increased. At the same time, most of the array elements are inactive. Moreover, in order to 

provide scanning capabilities of ±100 in the azimuth plane, the horizontal dimension of the 

array should be at least 0.23 m to obtain 80% aperture efficiency, which corresponds to about 

29% of the size of the reflector [150]. Therefore, minimization of the beam deviation during 

scanning is an important factor to limit the required array size and overall system cost. 

According to [150] the spherical reflector without axial displacements is the best option 

for minimizing the lateral array size for wide-angle scanning operations with single reflector 

systems. Nevertheless, the array for ±100 scanning should be at least 0.22 m for 80% aperture 

efficiency with a reflector size of D=0.8 m [150]. Therefore, the spherical reflector also 

results in a low ratio of active versus the total number of elements. 

Next to single-reflector systems, we have investigated the limitations of double-reflector 

systems [12]. Their main advantage is an increased illuminated region in the focal plane and, 

as a consequence, the number of simultaneously active elements. The most widespread 

example of a double-reflector system is the double-parabolic reflector with two proportional 

parabolic shapes. According to [162] for these configurations, the aperture efficiency for 
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different angles of incidence shows that the required array size in the case of scanning should 

be significantly increased in order to achieve sufficient aperture efficiency. The issue in 

performance is due to the amplification of the incidence angle on the array surface, expressed 

by the magnification factor M [147]: 

𝜃0 =
𝐹m

𝐹s
 𝜃 = 𝑀 𝜃 ,            (4.40) 

where 𝜃 is the angle of incidence of the incident field and 𝜃0 is the incident angle on the array 

surface, 𝐹m is the focal length of the main reflector, and 𝐹s is the focal length of the sub-

reflector. 

In [162] two variants of double-parabolic reflector configurations were investigated. The 

first variant uses a ratio between reflectors of Fm/Fs = 8, and the second variant uses Fm/Fs = 

4, where Fm is the focal length of the main reflector, and Fs is the focal length of the sub-

reflector. For broadside operation, the illuminated area of the array has been increased by a 

factor of 150 for the first configuration, and 230 – for the second. In addition, the 

magnification factor M for the second configuration is lower and a significantly smaller array 

is required for ±50 and ±100 scanning. 

Double reflector configurations also could be solved as a lens antenna according to [163]. 

Nevertheless, the presented approach in [163] is limited to reflectors with a high 

magnification factor 𝑀 = 𝐷m 𝐷s⁄ ≫ 1, where Dm is the diameter of the main reflector and 

𝐷s is the diameter of the sub-reflector. However, for double-reflector systems, relatively large 

sub-reflectors are required in the case of wide-angle scanning [162]. This issue is overcome 

in [12] by a mathematical framework of the FPA system for an arbitrary shape of the main- 

and sub-reflectors. As an outcome, the complex offset dual reflector with sub-reflector 

discontinuity has been proposed for wide scanning operation. The obtained design achieves 

scanning capabilities up to ±200 in the azimuth plane with an array with overall dimensions 

28 cm x 4 cm or 28𝜆0 x 4𝜆0, where 𝜆0 is the wavelength at the center frequency 30 GHz. In 

addition, for 100 scanning about 44.6% of the array elements are active. 

Based on the investigated variants of the classical double-parabolic reflector 

configurations we can conclude that it is feasible to improve the illumination challenge of 

FPAs with sub-reflector optimization. With a smaller magnification factor M, a smaller array 

will be required in the case of scanning to ±100. However, at the same time, a smaller 

magnification factor results in less focused beams on the surface of the array even in the non-

scanning case. This means that also in the orthogonal direction (elevation), a much larger 

array is required. To overcome these problems, our proposal is to use two sub-reflectors, each 

having a lower value of M. These sub-reflectors could be combined in one surface with 

double-ray interaction. In this way, it is possible to realize a low magnification factor, while 

still maintaining a focused beam on the array in the focal plane. The operation principle of 

such a system is presented in section 4.7.3. 

 

4.7.3. Reflector system with double sub-reflector interaction 

Fig. 4.54 demonstrates the reflector system with double sub-reflector interaction. Note that 

this reflector configuration is a logical continuation of the configuration presented in [12]. 

Additional features of Fig. 4.54 could also be seen in Figs. 5-8 of [12]. The electromagnetic 

waves reflected from one side of the sub-reflector surface have a second interaction with the 
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other side of the sub-reflector before impinging the array in the focal plane. The main 

advantage of this system is the possibility of extra control of the waves interacting with the 

array surface. The obvious disadvantages are the design complexity and the sufficient size of 

the sub-reflector, which is comparable to the size of the main reflector. It is obvious that such 

a system could be considered only in offset-reflector models. Nevertheless, our new concept 

provides unique performance in terms of maximizing the ratio of active versus the total 

number of array elements. 

In order to optimize the reflector system with double sub-reflector interaction, it is 

necessary to develop a model of the FPA system for an arbitrary shape of the main- and sub-

reflectors. The performance of the optimized system is then verified using a more accurate 

and computationally more intensive model based on the method of moments (MOM) in 

GRASP [39]. Mathematical details, optimization goals, and cost function definitions of our 

mathematical model are presented in [12]. 

The main reflector surface 𝑆(𝑥, 𝑦, 𝑧) for the configuration of Fig. 4.54 can be expressed in 

terms of a second-order polynomial: 

𝑆(𝑥, 𝑦, 𝑧) = 𝐴𝑥𝑥𝑥2 + 2𝐴𝑥𝑥 + 𝐴𝑦𝑦𝑦2 + 𝐴𝑧𝑧(𝑧 − 𝑧0)2 + 2𝐴𝑦𝑧𝑦(𝑧 − 𝑧0) = 0,    

 (4.41) 

where  𝐴𝑖𝑗 are polynomial coefficients. The offset between sub and main reflector 𝑧b (Fig. 

4.54) should be at least a few wavelengths in order to have no significant blockage effects 

and not have a significant difference between the GO and MOM simulation results due to the 

ray caustics in the array plane [156], [154]. 𝑧0 is the offset of the polynomial function of the 

main reflector along the 𝑧-coordinate, see Fig. 4.54. In addition, a proper choice of the array 

position 𝑧c allows to avoid mutual reflections between the main reflector, sub-reflector, and 

array. The position of the array is close to the main reflector or in its plane (𝐹a = 0). 

The sub-reflector surface 𝑆s(𝑥, 𝑦, 𝑧) can also be defined in terms of a second-order 

polynomial (see also Fig. 4.54): 

𝑆s(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹s)2 + 2𝐵𝑥(𝑥 − 𝐹s) + 𝐵𝑦𝑦(𝑦 − 𝑦s)2 + 𝐵𝑧𝑧(𝑧 − 𝑧s − 𝑧s0)2

+ 2𝐵𝑦𝑧(𝑦 − 𝑦s)(𝑧 − 𝑧s − 𝑧s0) = 0, 𝑦 > 0, 𝑧 > 0, 

𝑆s(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹s)2 + 2𝐵𝑥(𝑥 − 𝐹s) + 𝐵𝑦𝑦(𝑦 + 𝑦s)2 + 𝐵𝑧𝑧(𝑧 − 𝑧s − 𝑧s0)2

+ 2𝐵𝑦𝑧(𝑦 + 𝑦s)(𝑧 − 𝑧s − 𝑧s0) = 0, 𝑦 < 0, 𝑧 > 0, 

𝑆s(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹s)2 + 2𝐵𝑥(𝑥 − 𝐹s) + 𝐵𝑦𝑦(𝑦 − 𝑦s)2 + 𝐵𝑧𝑧(𝑧 + 𝑧s − 𝑧s0)2

+ 2𝐵𝑦𝑧(𝑦 − 𝑦s)(𝑧 + 𝑧s − 𝑧s0) = 0, 𝑦 > 0, 𝑧 < 0, 

𝑆s(𝑥, 𝑦, 𝑧) = 𝐵𝑥𝑥(𝑥 − 𝐹s)2 + 2𝐵𝑥(𝑥 − 𝐹s) + 𝐵𝑦𝑦(𝑦 + 𝑦s)2 + 𝐵𝑧𝑧(𝑧 + 𝑧s − 𝑧s0)2 +
2𝐵𝑦𝑧(𝑦 + 𝑦s)(𝑧 + 𝑧s − 𝑧s0) = 0, 𝑦 < 0, 𝑧 < 0, 

                        (4.42) 

where 𝐵𝑖𝑗 are the polynomial coefficients, 𝑧s0 is a shift of the polynomial function of the 

reflector along the 𝑧-coordinate, 𝐹s is the sub-reflector position along the 𝑥-axis, 𝑧s describes 

the discontinuity of the sub-reflector along the z-coordinate and 𝑦s – along the 𝑦- coordinate, 

respectively, see Fig. 4.54. The dotted lines in Fig. 4.54 stand for the polynomial function of 

the main reflector surface 𝑆(𝑥, 𝑦, 𝑧) and the sub-reflector surface 𝑆s(𝑥, 𝑦, 𝑧). The actual sub-
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reflector surface is illustrated by the solid line in Fig. 4.54, which is part of the polynomial 

function. 

 

Figure 4.54. Reflector system with double sub-reflector interaction. 

We used the mathematical framework of [12] to optimize the antenna system of Fig. 4.54 

to meet our requirements. The goal is to minimize the size of the array during scanning and 

to achieve the highest ratio between the active and total number of elements within this array. 

The scanning has been investigated along the azimuth direction. In the orthogonal vertical 

direction, an array size of 4 cm is used for all scan angles, which corresponds to 4𝜆0 at the 

center frequency of 30 GHz. The diameter of the main reflector is D=0.8 m. For the reflector 

model of Fig. 4.54, the obtained optimal polynomial coefficients and variables using GO are 

shown in Table 4.11. 
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Table 4.11 Optimal polynomial coefficients and variables of a reflector system with double sub-
reflector interaction. Optimization is done with GO. 

Variable Obtained value Variable Obtained value 

𝐴𝑥𝑥 88.84 m-2 𝐵𝑥𝑥 0 m-2 

𝐴𝑦𝑦 474.6 m-2 𝐵𝑦𝑦 -871.4 m-2 

𝐴𝑥 -465.5 m-1 𝐵𝑥 -110.5 m-1 

𝐴𝑧𝑧 336.3 m-2 𝐵𝑧𝑧 -729.8 m-2 

𝐴𝑦𝑧 0 m-2 𝐵𝑦𝑧 0 m-2 

𝐹s 0.812 m or 81.2𝜆0 𝐹a 0 m or 0𝜆0 

𝑧s 0.177 m or 17.7𝜆0 𝑦s -0.0745 m or -7.45𝜆0 

𝑧0 -0.023 m or -2.3𝜆0 𝑧s0 0.157 m or 15.7𝜆0 

𝑧off 0.1 m or 10𝜆0 𝑧c -0.01 m or -1𝜆0 

𝐷𝑧s 0.335 m or 33.5𝜆0 𝐷𝑦s 0.774 m or 77.4𝜆0 

𝛹 -12.230 𝐷 0.8 m or 80𝜆0 

 

The optimal sub-reflector has a non-continuous shape since the discontinuity variables 𝑧s 

and 𝑦s are not equal to zero. The parameters  𝑧c = −0.01 𝑚, 𝐹a = 0 and 𝛹= -12.230 indicates 

that the array is shifted 1 cm or 1𝜆0 from the center of the coordinate system and is slightly 

rotated in the offset plane, see Fig. 4.54. The dimensions of the sub-reflector, 𝐷𝑧s and 𝐷𝑦s, 

are comparable to the dimensions of the main reflector, but there is no blockage effect. 

In the case of broadside operation, the reflector configuration is illustrated in Fig. 4.55. 

Fig. 4.56 illustrates the beam tracings between different parts of the antenna system. In all 

simulations, linear polarization is assumed. For broadside incidence, the polarization is along 

the z-axis. Fig. 4.57 shows the corresponding electric-field cuts in the array plane for x = 0 

along the y-coordinate of Fig. 4.56 based on GO and MOM simulations, respectively. The 

electric-field cuts in the array plane along the y-coordinate of Fig. 4.56, based on MOM 

simulation for 50 and 100 scanning, are presented in Fig. 4.58 for the x = 0 cut in the array 

plane. A two-dimensional illustration of the field patterns in the array plane for different 

incidence angles is presented in Fig. 4.59. The aperture efficiency, calculated according to 

the MOM simulation results of Fig. 4.57(b) and Fig. 4.58, is presented in Fig. 4.60. The 

aperture efficiency estimation includes the radiation efficiency of the reflector, taper 

efficiency, spill-over efficiency, polarization efficiency. It is determined according to [162]. 

The electric-field cuts of Fig. 4.57 demonstrate the interesting properties of the optimized 

configuration. In the case of broadside operation, the electric-field distribution is significantly 

broadened along the scan plane as compared to conventional single and double-reflector 

systems [162]. Based on the GO simulation results we can conclude that the array is illumined 

close to uniform. The MOM simulation results show similar behavior with some distortions 

in the electric-field distribution along the array. This is caused by diffraction effects at the 

edges of the reflectors. In the case of 50 and 100 scanning (Fig. 4.58), the electric-field cuts 

have almost the same distribution as the broadside case and the same size as the required 

array. This leads to the observation that almost all array elements are active within the 

required scan range of ±100 in azimuth, which is a unique feature of our optimized concept. 

In addition, Fig. 4.59 demonstrates that the array could be relatively compact along the non-

scanning plane and that for the entire scanning range the same array dimension is required. 

We included the radiation efficiency of the reflector, taper efficiency, spill-over efficiency, 

and polarization efficiency in the simulations. In other words, all parameters related to the 

actual reflector design are considered. The aperture efficiency versus aperture radius for the 

different angles of incidence (Fig. 4.60), shows a much smoother behavior as compared to 
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the conventional reflector systems presented in [12], [162], [150], and [163]. This is due to 

the more uniform distribution of the electric field within the array. In addition, according to 

the aperture-efficiency distribution of Fig. 4.60, the dimension of the array in the azimuth 

plane should be about 63.6 cm to obtain 80% aperture efficiency in the scan range up to ±100 

in the azimuth plane or 63.6𝜆0. As a result, an array with the overall size of 63.6 cm x 4 cm 

or 63.6𝜆0 x 4𝜆0 is required for the proposed reflector system. 

 

Figure 4.55. Simulation model of a system with double sub-reflector interaction. 

Based on an 80% aperture efficiency, it is possible to estimate the required array size for 

wide-scanning operation. In addition, based on the overall field distribution, we can evaluate 

the percentage of simultaneously active array elements. The number of active elements is 

defined as the minimum number of array elements that are required to be involved in order 

to achieve an aperture efficiency of 80% (see Fig. 4.60). The obtained results are summarized 

in Table 4.12 for 30 GHz. At other frequencies, the results are similar since Fig. 4.60 

demonstrates that the aperture efficiency distribution does not vary significantly over the 

frequency range from 20-40 GHz. 

 

Figure 4.56. (a) beam tracing between the main reflector and the sub-reflector (b) beam 

tracing between the sub-reflector and array plane. 
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Figure 4.57. (a) Electric-field cuts in the array plane based on GO simulations (b) electric-

field cuts in the array plane based on MOM simulation. Results for broadside operation are 

shown of the optimized system with double sub-reflector interaction. 

According to Table 4.12, there is a trade-off between the size of the required array for 

scanning within ±100, the percentage of active elements, and reflector configuration 

complexity. The most widespread classical prime-focus reflector requires an array of 23 cm 

or 23𝜆0, but only 15.2% of array elements are active for this case. The spherical reflector 

improves this ratio up to 20.9% with almost the same array size. The more complicated 

complex offset double reflector achieves 44.6% of elements usage with a slightly bigger array 

of 25 cm or 25𝜆0 [12]. An even higher ratio could be obtained with symmetrical double-

parabolic reflectors, up to 48% for Fm/Fs = 8 configuration. However, the required array size, 

in this case, is enormous and eliminates the advantage of using FPAs over conventional 

phased arrays [162]. The proposed reflector system with double sub-reflector interaction has 

a reasonable array size of 63.6 cm or 63.6𝜆0 and, due to the more complicated mechanism of 

rays intersection with the sub-reflector surface, achieves a wide FoV over a wide bandwidth 

(Fig. 4.60). For scan angles up to 50 about 89% of array elements is active and for a scan 

angle of 100 almost the whole array is active. Clearly, our new reflector concept with double 

sub-reflector interaction outperforms the conventional single and double-reflector systems. 

Therefore, we can conclude that our new optimized concept provides wide-angle scanning 

capabilities using a relatively small array and, at the same time, offers a high number of active 

array elements for each scan angle. The latter allows to realize of a high EIRP using low- to 

medium-power silicon-based amplifiers. 

 

Figure 4.58. (a) Electric-field cuts for 50 incidence angle (b) Electric-field cuts for 100 

incidence angle. MOM simulation results are shown of the optimized system with double 

sub-reflector interaction. 

Based on the antenna reciprocity theorem it is possible to claim that the obtained reflector 

system will achieve adequate radiation patterns in terms of gain and side lobe values, as has 

been demonstrated in [12] since the obtained electric-field cuts (Fig. 4.57 – 4.58) could be 
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successfully synthesized by an active array in the focal plane with proper beamforming within 

the sufficient array size [164]. 

 

Figure 4.59. Two-dimensional illustration of the field pattern in the array plane based on 

MOM simulations of a system with double sub-reflector interaction for (a) broadside 

operation (b) 50 incidence angle (c) 100 incidence angle, f = 30 GHz. 

A
p

e
rt

u
re

 e
ff
ic

ie
n
c
y
 

Aperture radius r, m 

f = 20 GHz

f = 30 GHz

f = 40 GHz

Incidence angle:

0
0

5
0

10
0

 

Figure 4.60. Aperture efficiency in the array plane for different incidence angles of a 

reflector system with double sub-reflector interaction. 

The overall array size of our FPA systems is 63.6 cm or 63.6𝜆0 in the scanning plane and 

4 cm or 4𝜆0 in elevation. This means that we need 1024 elements with an element spacing of 

𝜆0/2 at the center frequency of 30 GHz. A conventional phased-array of equivalent size could 

only provide an antenna gain of about 33 dBi, whereas our FPA system could potentially 

achieve an antenna gain of approx. 48 dBi, which is 15 dB higher as compared to the 

corresponding phased-array. It is important to note that this comparison is related to the 

equivalent size of the array since it is the most complex and costly part of the system. The 
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overall size of an FPA is primarily defined by reflectors, which, however, represent a 

relatively cheap and passive part of the system. 

Table 4.12 Comparison of investigated reflector configurations for wide scanning operation. 

Reflector configuration 

Array size for 80% aperture efficiency at 30 GHz and 

percentage of active elements (for ±100 scanning) 

Scanning range 

±00 ±50 ±100 

Classical prime-focus reflector [162] 

1.2 cm 

1.2𝜆0 

5.2% 

11.6 cm 

11.6𝜆0 

11.3% 

23 cm 

23𝜆0 

15.2% 

Spherical reflector [150] 

2.8 cm 

2.8𝜆0 

12.5% 

12 cm 

12𝜆0 

15.6% 

22.4 cm 

22.4𝜆0 

20.9% 

Symmetrical double-parabolic reflector, 

Fm/Fs = 8 [162] 

18.4 cm 

18.4𝜆0 

2.7% 

96 cm 

96𝜆0 

28.6% 

336 cm 

336𝜆0 

48% 

Symmetrical double-parabolic reflector, 

Fm/Fs = 4 [162] 

22.8 cm 

22.8𝜆0 

11.6% 

47.6 cm 

47.6𝜆0 

20.2% 

98 cm 

98𝜆0 

25.5% 

Complex offset double reflector [12] 

16 cm 

16𝜆0 

28% 

19 cm 

19𝜆0 

33.6% 

25 cm 

25𝜆0  

44.6% 

This work: reflector system with 

double sub-reflector interaction 

56.4 cm 

56.4𝜆0 

89% 

56.4 cm 

56.4𝜆0 

89% 

63.6 cm 

63.6𝜆0 

100% 

 

 

4.7.4. Conclusions 

We have presented a novel focal-plane reflector system with double sub-reflector 

interaction which shows excellent performance over a wide frequency range and wide scan 

range. It maximizes the number of simultaneously active array elements. Almost the entire 

array is active within a scan range of ±100, allowing to achieve of a high EIRP with low- to 

medium-power silicon-based amplifiers. It also overcomes the well-known FPA problem of 

a small illuminated region in the focal plane by improving it by a factor of 200 as compared 

to traditional prime-focus configurations see also Table 4.12. In addition, the scanning 

capabilities have been improved significantly as compared to classical prime-focus and 

double-parabolic reflectors. There is almost no beam deviation in the array plane anymore 

during scanning. The main operational feature of the new system is the double sub-reflector 

interaction. The downside of this feature is the requirement of a relatively large sub-reflector. 

The size is 33.5 cm x 77.4 cm with a pronounced V-shape due to the discontinuity of the 

function defining the sub-reflector surface. 

The proposed reflector system with double sub-reflector interaction combines the 

advantages of phased-arrays and FPAs providing a high antenna gain within a scan range of 

up to ±100. With a feed array of overall dimensions 63.6 cm x 4 cm (63.6𝜆0 x 4𝜆0), the gain 

is 15 dB higher as compared to traditional phased arrays of equivalent size. 

As future work, the presented novel reflector configuration could be integrated with a 

wideband silicon-based phased-array feed. 

 



 

1Current paragraph 5.1 is published as a conference paper: Dubok, A.; Al-Rawi, A.; 

Herben, M.H.A.J.; Smolders, A.B., "Wideband focal plane connected array," in 10th 

European Conference on Antennas and Propagation, EuCAP 2016, Davos, Switzerland, 

2016, and included here in its entirety without any changes. 

 

 

 

CHAPTER FIVE 

 

5. FPA DESIGN AND IMPLEMENTATION 
 

 

5.1. Arrays investigation1 

This chapter discusses the main design challenges of wideband antenna elements which 

can be used in wideband focal-plane arrays and phased arrays. The impact of significant 

mutual coupling on the active impedance matching is presented for the case of wideband 

focal plane arrays (FPAs). Two novel FPA designs are presented. The array elements are 

based on a modified version of the well-known bow-tie antenna. The proposed array shows 

excellent active matching properties. It is shown that the center element of a 5x5 array, 

operating at a center frequency of 30 GHz, has an impedance bandwidth of 20 GHz. 

Moreover, a further optimized concept provides a similar bandwidth with twice as high 

element density. 

 

5.1.1. Introduction 

Electronic phased-array antennas are used in many applications. However, there are 

bandwidth limitation challenges for using this technology at higher frequencies [130]. At the 

same time, the demand for wideband antenna arrays and focal-plane arrays (FPA) are 

increasing, especially in the Ku- and Ka-band. Hence, it is necessary to make an investigation 

of broadband array antenna elements. 

This chapter presents the work which was done in the framework of the development of a 

wideband array for use in an FPA system, operating in the frequency band from 20-40 GHz. 

We will investigate the wide-band scan performance of the array in the case of a conventional 

phased array as well as in the case of an FPA system in which a complex field distribution 

needs to be generated for proper reflector illumination. We will discuss the effect of mutual 

coupling in FPAs and phased arrays and we will show the impact of mutual coupling on the 

antenna matching performance. Our goal for the FPA antenna system is to increase the 

element density of the array in order to obtain a larger effective isotropic radiated power 

(EIRP). 

 

5.1.2. Wideband array design 

Paper [165] presented a connected array of five modified bow-tie antenna elements in a 

row with a bandwidth of 24.4 GHz (Fig. 5.1). However, the array performance was optimized 

only for the case of “passive array” operation, where only the central element was excited 

and all other array elements were matched to 50 Ohm. In the case of an active-scanned array, 
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all elements are involved and there will be some phase difference between them (Fig. 5.2). 

In this situation it is necessary to consider the active reflection coefficient (ARC) [166]. The 

ARC of array element m can be determined by: 

𝑅𝑚(𝜃0, 𝜑0) = ∑ 1
1

𝑆𝑚𝑛

𝑁

𝑛=1
𝑎𝑛          (5.1) 

where Smn is the scattering coefficient between elements m and n, an is a excitation vector, 

ϴ0, and φ0 scan angles relative to the normal of surface of the array and N is the number of 

array elements. In the case of scanning along only one plane, the complex excitation vector 

is given by: 

(5.2) 

where dx is the distance between array elements (Fig. 5.2), c - speed of light, and f - frequency 

of operation. Note that a uniform amplitude tapering was assumed. 

 

Figure 5.1. Cross section of a connected array of five modified bow-tie antenna elements 

in a row. 

 

Figure 5.2. Excitation and mutual coupling mechanism of phased array. 
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In Fig. 5.3 the ARC according to (5.1) is presented for several scan angles for the 

configuration as shown in Fig. 5.1. The S-matrix has been calculated with CST [139]. It is 

clear that the bandwidth of the active reflection coefficient is significantly smaller as 

compared to the non-scanning situation. The bandwidth of the central array element (Fig. 

5.3) is smaller than 12 GHz for scan angles larger than 10 degree. This is due to the high level 

of mutual coupling between the array elements in combination with the phase difference of 

the excitation vectors. 

As a next step, we have investigated the combination of an array and reflector, forming an 

FPA system. In the case of FPAs, there are not only phase differences between array 

elements, but there is a strongly varying complex amplitude distribution. For example, for a 

symmetrical parabolic reflector, the field in the focal plane will have the shape of an Airy 

pattern (Fig. 5.4, Fig. 5.5) [145]. In addition, the phase distribution is not linear like in the 

case of a conventional phased array. As a result, the effect of mutual coupling on the active 

matching performance will differ from (5.1). Simulation results of the electric field in the 

focal plane for a symmetrical parabolic reflector are presented in Fig. 5.4. Simulations have 

been performed with GRASP [39]. From the focal field data, we can determine the complex 

excitation vectors an by means of conjugate field matching [131]. The array geometry of Fig. 

5.1 has been updated to a two-dimensional array consisting of five rows of connected arrays 

with five modified bow-tie antenna elements in a row, see Fig. 5.6. Excitation vector data 

have been imported to MATLAB [167] from GRASP [39] for a 0.8 m symmetrical parabolic 

reflector with F/D = 0.6. 

 

Figure 5.3. Passive reflection coefficient and active reflection coefficient of central element 

for different wave incidence on the phased array of five modified bow-tie antenna elements 

in a row. 

 

Figure 5.4. (a) Field propagation of reflector antenna in the focal plane (b) 2D illustration 

of the Airy pattern in the focal plane of a symmetrical parabolic reflector with F/D = 0.6, f 

= 30 GHz. 

From Fig. 5.4 it is clear that there are strong amplitude differences between array elements 

in the case of an FPA. Thus, there are situations, where certain elements get most of the 
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energy due to mutual coupling. Therefore, for this element, the ARC could be significantly 

higher than 1. Therefore, it is more meaningful to introduce the total active antenna reflection 

coefficient (TARC) parameter [168] which describes the wideband properties of the whole 

array and can be written as: 

TARC=  

√∑ 1
1

|𝑅𝑚(𝜃0,𝜑0)|2
𝑁

𝑚=1

√∑ 1
1

|𝑎𝑚|2
𝑁

𝑚=1

           (5.3) 

In Fig. 5.7, the results for the FPA of Fig. 5.6, using (5.1) and (5.3), are presented. It is 

clear that for the central element, the frequency bandwidth remains almost the same in the 

case of the ARC. However, the overall array performance (TARC) shows a strong reduction 

of the bandwidth of approximately a factor of two due to significant mutual coupling, in 

combination with the specific amplitude and phase differences between the array elements. 

 

Figure 5.5. Excitation and mutual coupling mechanism in the case of an FPA. 

 

Figure 5.6. Cross section of the FPA consisting of five rows of connected arrays with five 

modified bow-tie antenna elements in a row. 
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5.1.3. 3D wideband focal plane connected-array concept 

In order to improve the active wideband performance of the investigated FPA 

configuration, additional modifications of the array geometry should be done. Firstly, 

according to the paper [165], there is a direct relation between the antenna properties and its 

frequency band: 

          (5.4) 

where η represents the total antenna radiation efficiency, B is the relative bandwidth, c is the 

speed of light, f0 is the central frequency, and a the antenna size or boundary sphere 

surrounding the antenna as illustrated in Fig. 5.8 [165]. 

 

Figure 5.7. Passive reflection coefficient, the active reflection coefficient of the central 

FPA element, and the total active reflection coefficient of the complete FPA system. 

 

Figure 5.8. Illustration of boundary sphere which defines the minimum antenna size [165]. 

According to (5.4) it is possible to achieve the required frequency band only with antennas 

larger than a certain dimension or within a boundary sphere that is big enough. Since the 

boundary sphere surrounding the antenna three-dimensional object, it is logical to look at 3D 

antenna configurations as a promising design for the FPA application. These antennas will 

allow us to use the available space more efficiently. Moreover, for an array design, the 3D 

configuration will provide more flexibility for mutual coupling optimization since there are 

more degrees of freedom for the geometry construction. In addition, a 3D shape also provides 

more degrees of freedom in realizing a connected array configuration. 

Secondly, the final optimization of the geometry of each array element should be done by 

considering the entire array configuration. According to the results of the active operation of 

an FPA (section 5.1.2, Fig. 5.7), it is clear that there is a significant difference between the 

passive and active performance. Therefore, we should optimize the geometry of the entire 
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array by optimizing the TARC in the case of an FPA antenna system. 

The original bow-tie antenna shape has been modified to a 3D geometry by adding extra 

antenna elements orthogonal to the original one. Feeding is realized separately for the two 

orthogonal-polarization components. In this way, additional polarization control features can 

be implemented [169]. However, this is not part of this chapter. The configuration is 

presented in Fig. 5.9. Based on the comparison in [165] of connected and not-connected 

arrays, the single array elements of Fig. 5.9 have been combined in a 3D connected-array 

configuration, see Fig. 5.10. Compared to the previously presented array (section 5.1.2), there 

are a number of advantages like the possibility of additional polarization control features. 

Moreover, it has a twice as high density of array elements and, therefore, provides a higher 

EIRP level [15]. In addition, all gaps and line widths of the metal structures have been chosen 

in such a way that they are compatible with state-of-the-art PCB manufacturing design rules. 

 

Figure 5.9. (a) x-axis element of the 3D Bow-Tie antenna (b) y-axis element of the 3D 

Bow-Tie antenna (с) Overall view of the antenna configuration in combination with the 

boundary sphere. 

According to (5.1) and (5.3), the active performance depends not only on the passive 

reflection coefficients but also depends on the level of mutual coupling and the excitation 

vector. In the case of an FPA antenna system, the excitation vector depends on the reflector 

geometry and cannot be optimized within the context of the array design. Therefore, it is 

necessary to minimize the mutual coupling in order to improve ARC and TARC. As an 
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example, we have optimized the performance for the specific configuration as shown in Fig. 

5.11. The FPA uses a 3x3 array, where each element is a double Bow-Tie antenna (Fig. 5.9c). 

In such a configuration, it is possible to simulate the mutual coupling between two central 

elements and the surrounding array components. This allows us to make a full analysis of the 

mutual coupling for the central elements. Therefore, we can optimize the central elements for 

minimal mutual coupling. As a result, it is possible to improve ARC for these elements. The 

relative positions of the array elements and the considered S-parameters for mutual coupling 

optimization are presented in Fig. 5.11. 

From Fig. 5.11 it is clear that there is some symmetry in the array. Therefore, we only need 

to excite a few antenna elements during the optimization process in order to reduce the 

required simulation time. Four-port excitation is used during optimization (see Fig. 5.11). 

The main design goals are the optimization of the passive reflection coefficients of the central 

elements (S11 and S22) and the mutual coupling coefficients: S12, S13, S24, and S34. These 

mutual coupling S-parameters have been found to be most crucial for the calculation of the 

active reflection coefficient in the investigated frequency range. The passive reflection 

coefficients of the edge elements, like S33 and S44, have been considered, however, they 

appear to have much less weight in the final optimization function. When larger arrays are 

considered, more elements need to be taken into account. However, this is beyond the scope 

of this article. 

 

Figure 5.10. Cross section of the 3D wideband FPA concept: (a) x-axis elements of 3D 

connected array (b) y-axis elements of the 3D connected array. 

The simulation results of the passive reflection coefficients are presented in Fig. 5.12. It is 

clear that the central array elements have a wide bandwidth of operation. For the x-axis 

element, the S11 is below -10 dB from 24 to 50 GHz, and for the y-axis element, the S22 is 

below -10 dB from 20 to 41 GHz. The performance of the edge elements (S33 and S44) is 
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significantly worse, as expected. This is due to the fact that edge elements have a different 

environment. Therefore, the geometry of the edge elements should ideally be different as 

compared to the optimized central elements. Nevertheless, the obtained passive bandwidth 

of the central elements is comparable with the array from section 5.1.2, despite the twice as 

high density of array elements. Note that in the case of a larger array size, more elements will 

behave like the center elements, reducing the effect of the edge elements. 

The simulated mutual coupling S-parameters are presented in Fig. 5.13. It is visible that 

the level of mutual coupling is relatively low. The coupling between two orthogonal parts of 

the central element S12 is lower than -90 dB in all investigated frequency ranges. All other 

mutual coupling values, S13, S24, and S34 are below -20 dB for almost all investigated 

frequencies. As a result, we have obtained a low level of mutual coupling which should 

provide us with a low ARC and TARC under active scan conditions. 
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Figure 5.11. The relative positions of the array elements and considered S-parameters for 

mutual coupling optimization. 

The simulated total radiation efficiency for the central elements of the investigated array 

is presented in Fig. 5.14. This figure also includes the predicted efficiency of the central 

element of the connected array of Fig. 5.6 (section 5.1.2). Compared to the efficiency of a 

single isolated antenna element, the efficiency deteriorated due to the mutual coupling. 

However, the total radiation efficiency is still higher than 60% within the required frequency 

band from 20 to 40 GHz for all array elements. In addition, at frequencies above 37 GHz, the 

3D FPA concept shows better performance as compared to the array from section 5.1.2. 
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Figure 5.12. Simulated passive reflection coefficients. 

 

Figure 5.13. Simulated mutual coupling S-parameters. 

Based on (5.1) and (5.2), the ARC and TARC have been calculated for our 3D FPA 

concept. The normal incidence of a plane wave to the reflector has been considered. The 

complex excitation vector of the array has been imported to MATLAB [167] from GRASP 

[39] for a 0.8 m symmetrical parabolic reflector with F/D = 0.6. Results are presented in Fig. 

5.15. The ARC frequency band (ARC < -10 dB) for the x-axis element is from 25 to 36 GHz 

and for the y-axis element from 20 to 40 GHz. The TARC performance is worse as compared 

to the ARC, but still, a broadband performance is obtained. Further optimization is required 

to further improve the TARC. 

 

Figure 5.14. The simulated total radiation efficiency of the central elements in the 3D Bow-

Tie antenna array in comparison with the total radiation efficiency of a connected array of 

Fig. 5.6. 
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Figure 5.15. Passive reflection coefficient, the active reflection coefficient of the central 

FPA elements, and the total active reflection coefficient of the whole 3D wideband FPA 

concept. 

 

5.1.4. Conclusions 

We have shown that wideband arrays can have issues in operation when they are used as 

a phased-array feed in an FPA antenna system with beam scanning. Therefore, it is necessary 

to investigate methods to improve both the ARC and TARC in order to obtain a wideband 

performance. In addition, strong mutual coupling, specifically for dense arrays, is an 

important challenge for a wideband FPA design. 

Two versions of FPAs have been presented. Both of them have a wide passive frequency 

bandwidth. The first configuration is a 5x5 array providing an ARC bandwidth of almost 20 

GHz for the central element and about 10 GHz TARC bandwidth of the whole array. For the 

second design, a dense 3x3 configuration with dual-polarized elements is used. The achieved 

frequency bandwidth is comparable with the first version. However, a twice as high element 

density is realized, providing a higher EIRP of the overall FPA system. In addition, the 

complex orthogonal antenna structure provides a lot of options for further improvement and 

realization of additional array features like polarization control. Moreover, further 

optimization should be done to further improve the TARC performance. This is a suggestion 

for future work. 

 

 



 

1Current paragraph 5.2 is submitted to the IEEE Transactions on Antennas and Propagation 

as a journal paper: Dubok, A.; Smolders, A.B., " Wideband Phased-Array Feeds for Focal 

Plane Arrays: Design and Implementation," and included here in its entirety without any 

changes. 

5.2. Wideband Phased-Array Feeds for Focal Plane Arrays: Design and 

Implementation1 

 

This chapter is focused on the design challenges of wideband antenna elements which can 

be used in phased-array feeds (PAF) for focal-plane arrays (FPAs). The PAF should support 

various FPA concepts and cover a wide scan range over a broad frequency range. The 

proposed array elements are based on a modified version of the well-known bow-tie antenna. 

A system-level analysis was performed for both the classical prime-focus reflector and a 

novel double-reflector configuration that provides a wide-scan range. We have investigated 

the optimal element spacing for various scan ranges. The proposed optimized array shows 

excellent active matching properties over a frequency band of more than one octave within a 

±200 azimuth scan range, realized with a double-reflector FPA system. A prototype FPA was 

realized to experimentally validate the performance of our concept. 

 

5.2.1. Introduction 

Electronic beam steering with phased-array antennas is a well-known concept, which is 

used in many applications ranging from millimeter-wave base stations for wireless 

communications to multi-function radars. However, there are bandwidth-limitation 

challenges for using this technology at higher frequencies [130]. At the same time, the 

requirements for wideband arrays in focal-plane arrays (FPA) are even more challenging as 

compared to traditional phased-array antennas. Especially Ku- and Ka-band applications are 

really demanding, where FPAs could be an attractive alternative to phased-array technology. 

FPAs combine the benefits of phased-arrays and traditional reflector-based solutions by 

offering a high antenna gain, relatively low costs, and electronic beam steering over a limited 

field-of-view (FoV). FPAs are already widespread in the fields of radio astronomy [8], [164], 

and in satellite communications [9]. Moreover, emerging applications such as 5G-NR/6G, 

point-to-point wireless communications, and low-cost Ka-band (30-40 GHz) multi-function 

radar could be areas with rich possibilities for FPA implementations. 

Nevertheless, there are a number of fundamental limits related to FPAs that need to be 

solved before this technology could become a widely accepted option to replace phased 

arrays. The small number of simultaneously active array elements limits the number of 

multiple beams or scan range [25] and achievable effective isotropic radiated power (EIRP) 

[26], [28], [170]. Recently, we have presented new FPA concepts that provide a high EIRP 

covering a wide scan and frequency range with improved realized FPA exposure [18], [21], 

[23], [171]. In this chapter, we will extend that work to investigate optimized phased-array 

feeds (PAFs) for such FPA concepts. 

This chapter includes the following new scientific contributions: 

• a wideband connected array concept for use in a wideband, wide-scan FPA 

system, operating in the frequency band from 20-40 GHz over a scan range of +/- 

200 in azimuth, 

• exploration of the optimal element spacing for wideband PAFs based on the 

reflector aperture efficiency and the total radiation efficiency of the PAF, 
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• experimental verification of the proposed PAF concept in combination with a 

novel double-reflector FPA system that provides a wide scan range. 

The structure of the chapter is as follows. Section 5.2.2. describes the theoretical design 

challenges of active wideband antenna arrays. Section 5.2.3. compares the wideband 

performance and radiation efficiency of traditional bow-tie antenna arrays with arrays using 

our modified bow-tie antennas, and its use in combination with reflectors. Within 

subparagraph 5.2.3.1. the total radiation efficiency and active wideband performance with 

classical prime-focus reflectors are presented. Subparagraph 5.2.3.2. focuses on the aperture 

efficiency for such reflectors. Section 5.2.4. discusses the complete FPA system and 

corresponding experimental validation. The first subparagraph 5.2.4.1. presents the 

performance of passive arrays obtained with probe measurements. Subparagraph 5.2.4.2. 

discusses the measured embedded element patterns obtained for several PAF prototypes with 

mini SMP connectors. Subparagraph 5.2.4.3. analyses the active PAF performance with a 

classical prime-focus reflector and with a wide-scan complex offset double-reflector system. 

In subparagraph 5.2.4.4. the measured far-field patterns of a wide-scan complex offset 

double-reflector fed by an array of modified bow-tie antennas are presented. The last section 

5.2.5. provides a system-level comparison of the proposed FPA system (subparagraph 

5.2.5.1.) and compares it to equivalent phased-array configurations (subparagraph 5.2.5.2.). 

 

5.2.2. Design Challenges of wideband antenna elements for PAFs 

The wideband performance of PAFs is defined by a number of factors, including intrinsic 

frequency properties of an isolated element and mutual coupling [166]. The effect of mutual 

coupling in PAFs is different from traditional phased arrays since the amplitude and phase 

distribution in an FPA system are completely different. The impact of mutual coupling is 

determined by the level of the coupling itself and the applied excitation coefficients of the 

array elements [166]. Those coefficients are defined by the desired array far-field pattern. 

Consequently, the active wideband performance of an FPA is defined by the array design and 

by the used reflector system. 

The maximum achievable bandwidth of a single isolated array element is strongly related 

to its dimensions. For electrically small antennas the ratio between the maximum achievable 

frequency bandwidth and the antenna dimension is defined by the well-known Chu-

Harrington limit [132], [133], [134]. Thus, it is possible to estimate the minimum antenna 

size which could provide a certain frequency bandwidth around the central frequency of 

operation, 30 GHz in our case. As has been demonstrated in the paper [165], to cover the 20 

GHz to 40 GHz band the minimum antenna size (which theoretically could provide the 

required frequency bandwidth) is equal to the boundary sphere with a diameter of 3.6 mm 

corresponding to about 72% of the free-space wavelength (λ0) divided by 2 (standard 

elements spacing λ0/2), where λ0 is the free-space wavelength at the center frequency 30 GHz. 

Paper [165] presents the modified bow-tie antenna, which very efficiently uses the 

available space and meets the wideband performance close to the theoretical limit. It has been 

obtained based on the optimization of the antenna geometry based on a genetic algorithm, 

similar to the procedure described in [138]. At the same time, it has a fairly omnidirectional 

far-field pattern which could provide a nice uniform reflector illumination for an FPA 

application. Moreover, the total radiation efficiency of this antenna is relatively high (exceeds 

90%), and the phase center position also remains constant within the investigated frequency 
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band, which is important when used in PAFs. The connected-array concept [141] has been 

used to improve the matching performance. The overall size of the proposed modified bow-

tie antenna is 4.42 mm in diameter [165]. When using such an element in a PAF, the element 

distance is only 5 mm when a half-wavelength spacing is used at the central frequency of 30 

GHz. Consequently, the neighboring array elements are going to be in close proximity to 

each other. This will create significant mutual coupling, and, as a result, limits the active 

wideband performance (Fig. 5.16) [65]. 

Paper [172] investigates the active performance of the array configuration of paper [165]. 

The active reflection coefficient (ARC) and total active reflection coefficient (TARC) [166] 

were analyzed. The ARC of array element m can be determined by: 

        (5.5) 

where 𝑆𝑚𝑛 is the scattering coefficient between element 𝑚 and 𝑛, 𝑎𝑛 is the complex 

excitation coefficient, 𝜃0 and 𝜑0 the scan angles relative to the normal of the surface of the 

array, and 𝑁 is the number of array elements (Fig. 5.16). The TARC parameter which 

describes the wideband properties of the whole array can be written as: 

       (5.6) 

[172] demonstrates that even for the phased array use case, where the only difference in 

the excitation coefficients is the phase differences between the array elements, mutual 

coupling significantly limits the impedance-matching bandwidth as compared to the isolated-

element performance. In an FPA application, there are not only phase differences between 

array elements, but there is a strongly varying amplitude distribution which could lead to a 

further decrease in bandwidth (Fig. 5.16). This was demonstrated in [172], where a co-

simulation of GRASP [39] with CST [139] and MATLAB [167] was used to demonstrate the 

major bandwidth reduction by a factor of two. In this case, a classical prime-focus reflector 

with 0.8 m diameter and F/D = 0.6 was used. 

In an FPA antenna system, the excitation coefficients of the PAF elements strongly depend 

on the reflector geometry. In the frame of this chapter, the proposed antenna geometry of 

[165] and [172] is investigated and further improved to provide a wideband performance 

when used in an FPA system. In addition, the reflector configuration of paper [23], the 

complex offset double-reflector that provides a wide scan range and optimized array 

excitation properties, is combined with the proposed array to realize a wideband performance. 
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Figure 5.16. Excitation and mutual coupling mechanism of a PAF [172]. 

 

5.2.3. Integration of wideband PAFs and reflectors 

As a baseline within this paragraph, the classical prime-focus reflector is used. Further in 

the text (section 5.2.4.3.), the complex offset double-reflector will be proposed in order to 

optimize the array illumination [23]. 

The main factors characterizing the PAF performance, presented in the first subparagraph 

5.2.3.1., are the total radiation efficiency and active wideband performance. The second 

subparagraph 5.2.3.2. presents how the efficiency of the reflector illumination at the 

broadside is depending on the array type and element spacing. Further in the text (section 

5.2.4.3.), we will also analyze the case of pre-defined scan ranges. 

 

5.2.3.1. PAFs total radiation efficiency and active wideband performance 

using a classical prime-focus reflector 

Four different array configurations have been investigated in terms of the dependence of 

the bandwidth and total radiation efficiency on the applied element spacing. As a basic array 

element two different designs are used: the classical bow-tie antenna (Fig. 5.17 and Fig. 5.20), 

which is often used in wideband array applications [173], and the modified bow-tie antenna 

(Fig. 5.23 and Fig. 5.26) investigated in [165] and [172]. Both types of elements are combined 

into a linear array of five elements and presented in two options “not connected” (Fig. 5.17 

and Fig. 5.23) and “connected” (Fig. 5.20 and Fig. 5.26) arrays. The considered elements 

should potentially be able to provide a high total radiation efficiency and suitable far-field 

patterns for the reflector illumination. As has been demonstrated in [172], connected arrays 

could be used to provide wideband impedance matching properties. In addition, both antenna 

concepts have a limited height with respect to the normal of the array face, resulting in a more 

stable feed phase center [135]. The latter is important in order to avoid major de-focusing of 

the secondary radiation pattern [136]. 

To estimate the active bandwidth properties of the array, it has been combined with the 

classical prime-focus reflector to form an FPA configuration. A model was developed in 

MATLAB [167], where the excitation vectors obtained with a reflector model implemented 
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in GRASP [39] are combined with array simulations in CST to determine the array 

performance (ARC and TARC) within an FPA concept for various element spacings. A 

classical prime-focus reflector with a 0.8 m diameter and F/D = 0.6 has been used. As a first 

step, the broadside mode of operation has been investigated. 

Simulation results of the achieved bandwidth versus element spacing using the ARC or 

TARC of the not-connected linear array of five bow-tie antenna elements (Fig. 5.17) are 

presented in Fig. 5.18. The corresponding total radiation efficiency of the stand-alone arrays 

is provided in Fig. 5.19 [172]. The total radiation efficiency includes the radiation efficiency 

and mismatch efficiency. The radiation efficiency is the ratio of the power radiated by the 

antenna and the power that gets into the antenna. The power not radiated is dissipated in 

conductors and dielectrics. The mismatch efficiency is the ratio of the incident power from 

the network that gets into the antenna and is not reflected or transmitted out of other ports of 

the array. The average efficiency of the central element is defined when one element is 

excited and the other elements terminated, and also could be called embedded element 

radiation efficiency (EERE). While the average efficiency of the whole array is defined when 

all elements are excited. The EERE is a product of two sub-efficiencies, namely the reflection 

efficiency which accounts for only the power reflected back into a certain port as a fraction 

of the power injected into it, whilst the other powers coupled into the surrounding passive 

elements are characterized by a separate sub efficiency called the decoupling efficiency, 

making up the other sub efficiency. 

The ARC/TARC bandwidth was determined using a -10 dB limit for the reflection 

coefficient, based on a 50 Ohm input matching. The performance of the connected array of 

bow-tie antennas (Fig. 5.20) is presented in Fig. 5.21 and Fig. 5.22. The simulated 

performance versus element spacing for the modified bow-tie antenna is provided in Figs. 

5.24-5.35 for the not-connected array and in Figs. 5.27-5.28 for the connected array. 

 

Figure 5.17. Cross section of an array of five bow-tie antenna elements in a row. 

 

Figure 5.18. Impedance matching bandwidth based on the ARC of the central array element 

and the TARC of five bow-tie antenna elements in a row. 
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Figure 5.19. The simulated total radiation efficiency of the central array element and the 

whole array is defined by five bow-tie antenna elements in a row. 

 

Figure 5.20. Cross section of a connected array of five bow-tie antenna elements in a row. 

 

Figure 5.21. Impedance matching bandwidth based on the ARC of the central array element 

and the TARC of five connected bow-tie antenna elements in a row. 

 

Figure 5.22. The simulated total radiation efficiency of the central array element and the 

whole array is defined by five connected bow-tie antenna elements in a row. 
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Figure 5.23. Cross section of an array of five modified bow-tie antenna elements in a row. 

 

Figure 5.24. Impedance matching bandwidth based on the ARC of the central array element 

and the TARC of five modified bow-tie antenna elements in a row. 

 

Figure 5.25. The simulated total radiation efficiency of the central array element and the 

whole array is defined by five modified bow-tie antenna elements in a row. 

 

Figure 5.26. Cross section of a connected array of five modified bow-tie antenna elements 

in a row. 
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Figure 5.27. Impedance matching bandwidth based on the ARC of the central array element 

and the TARC of five connected modified bow-tie antenna elements in a row. 

 

Figure 5.28. The simulated total radiation efficiency of the central array element and the 

whole array is defined by five connected modified bow-tie antenna elements in a row. 

The ARCs of the not-connected (Fig. 5.18) and connected (Fig. 5.21) arrays show that the 

maximum bandwidth is around 14 GHz for an element spacing around λ0 for the not-

connected array and 0.8λ0 for the connected one. The TARC of those configurations has 

similar behavior and achieved bandwidth value. The ARC and TARC of the modified bow-

tie antenna are significantly improved compared to the standard design. For the not-connected 

array (Fig. 5.24) it is possible to achieve an ARC bandwidth of more than 20 GHz using an 

element spacing in the range between 0.75λ0 – 0.85λ0. However, a TARC bandwidth of 20 

GHz is still not reachable. For the connected array (Fig. 5.27) an ARC bandwidth of more 

than 20 GHz is observed for element spacings in the range between 0.5λ0 – 0.9λ0. While the 

TARC also provides a 20 GHz wideband for spacings in the range of 0.8λ0 – 0.9λ0. 

As we can see from Figs. 5.19, 5.22, 5.25, and 5.28 the total radiation efficiency shows a 

strong dependence on the used element spacing. For all investigated configurations the 

efficiency is increasing with larger element spacing until it reaches a kind of saturation. The 

total radiation efficiency of bow-tie arrays achieves a maximum of around 81 % (Fig. 5.19 

and Fig. 5.22), while the modified bow-tie arrays reach around 93 % (Fig. 5.25 and Fig. 5.28). 

 

5.2.3.2. The reflector aperture efficiency in the case of a classical prime-

focus reflector 

Based on the simulation results of the investigated arrays for different element spacings it 

is possible to conclude that wider element spacings improve the array efficiency and overall 

active wideband performance. However, when using such an array to feed a reflector, we 

need to realize a high aperture efficiency, which will put limitations on the array spacing. 

Therefore, it is necessary to investigate the effect of the applied element spacing on the 
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reflector aperture efficiency of FPAs. The aperture efficiency also defined as amplitude taper 

efficiency times phase efficiency is a measure of how uniform the E-field is across the 

antenna's aperture. In general, an antenna will have the maximum gain if the E-field is 

uniform in amplitude and phase across the aperture. However, the aperture fields will tend to 

diminish away from the main axis of the reflector, which leads to a lower gain, and this loss 

is captured within this parameter. 

In this section, we will do this for the classical prime-focus reflector which is fed by a five-

element linear array, as shown in Fig. 5.29. The far-field patterns of the individual array 

elements have been exported from CST [139]. The amplitude and phase of the individual 

elements have been adjusted by conjugate field matching according to the field distribution 

in the array plane for the receive case [23]. The radiated power by the feed array is normalized 

to 4 Watt in order to directly determine the reflector directivity in GRASP [39]. The used 

classical prime-focus reflector has a diameter of 0.8 m which is equivalent to a 48 dBi 

directivity in the case of a 100% aperture efficiency. When the directivity is obtained using 

GRASP, it is possible to determine the reflector aperture efficiency with the investigated 

arrays of section 5.2.3.1. The efficiency is frequency dependent and thus determined for 

maximum, minimum, and central frequencies within the band of interest. Fig. 5.30 presents 

the efficiency of the reflector which is illuminated by the four types of arrays at 20 GHz, Fig. 

5.31 – at 30 GHz, and Fig. 5.32 – at 40 GHz. 

 

Figure 5.29. Directivity estimation by GRASP model with feed power normalization. 
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Figure 5.30. Aperture efficiency of the reflector illuminated by the four types of arrays, f 

= 20 GHz. 
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Figure 5.31. Aperture efficiency of the reflector illuminated by the four types of arrays, f 

= 30 GHz. 
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Figure 5.32. Aperture efficiency of the reflector illuminated by the four types of arrays, f 

= 40 GHz. 

According to Fig. 5.30 – Fig. 5.32 the reflector aperture efficiency generally decreases 

with increasing element spacing for 20 GHz and 30 GHz. At 40 GHz, the efficiency only 

weakly depends on the element spacing due to the overall lower quality of the far-field pattern 

of the investigated arrays. This issue will be investigated later in the chapter (see section 

5.2.4.). At 20 GHz (Fig. 5.30) the efficiency is higher for the modified bow-tie antenna for 

all tested elements’ spacings, where for spacings up to 0.65λ0 the connected array provides 

the highest aperture efficiency. At 30 GHz both bow-tie and modified bow-tie antennas are 

performing better in the case of the connected array option, wherein the modified bow-tie 

array also provides high illumination efficiencies for wider element spacings beyond 0.85λ0. 

At 40 GHz, in most of the cases, the connected array of modified bow-tie antennas provides 

the best results. 

The results of the connected array of modified bow-tie antennas with the classical prime-

focus reflector are summarized in Table 5.1 for several element spacings. The justification 

factors are the total radiation efficiency of the central element the array, the ARC and TARC 

bandwidths, and the reflector aperture efficiency. 

According to Table 5.1, there is a significant difference in FPA performance. Nevertheless, 

we can observe that only the array with a 0.8λ0 element spacing satisfies the impedance-

matching bandwidth requirement. The associated TARC bandwidth is 22.5 GHz and this is 

more than the required 20 GHz. Meanwhile, the array with a traditional 0.5λ0 element spacing 

only provides a bandwidth of 12 GHz. In addition, the average efficiency of the whole array 

within the frequency band is more than 10 % higher for 0.8λ0 than for the 0.5λ0 case. The 

obvious drawback of the 0.8λ0 configuration is the decrease in the reflector aperture 

efficiency. The most significant reduction is observed at 20 GHz and it is about 12 % less as 
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compared to the 0.5λ0 reference case. Nevertheless, at 30 GHz the drop is only 1.1 % and for 

40 GHz it is even better and provides an additional efficiency of 7.4 %. To conclude, there is 

some deterioration of the reflector illumination quality, but it is only significant at low-band 

frequencies, while at most of the frequency band, the situation is similar to the 0.5λ0 case. 

Table 5.1 Justification of the array element spacing choice for the connected array of five modified 
bow-tie antenna elements based on simulation results. 

Element spacing 𝟎. 𝟓𝝀𝟎 𝟎. 𝟔𝝀𝟎 𝟎. 𝟕𝝀𝟎 𝟎. 𝟖𝝀𝟎 

The average efficiency of the 

central element in the 

frequency band 

79 % 86 % 91 % 92 % 

The average efficiency of the 

whole array in the frequency 

band 

82.5 % 88.5 % 92.5 % 93 % 

ARC bandwidth 

(central element) 
18.5 GHz 21 GHz 20 GHz 22.7 GHz 

TARC bandwidth 12 GHz 15.5 GHz 13.5 GHz 22.5 GHz 

Aperture efficiency at 20 

GHz 
87 % 85 % 78.5 % 75 % 

Aperture efficiency at 30 

GHz 
78 % 77.2 % 76.7 % 76.9 % 

Aperture efficiency at 40 

GHz 
66 % 73.5 % 72.9 % 73.4 % 

 

Based on the results of Table 5.1 the linear array with five modified bow-tie antenna 

elements with 0.8λ0 element spacing is the optimal configuration when combined with the 

classical prime-focus reflector. Nevertheless, only broadside operation has been considered 

up to now. Our goal is to find an FPA concept that provides a 20 GHz bandwidth for a scan 

range of ±200 in azimuth [34]. Operation over a wide scan range creates extra challenges for 

the impedance matching bandwidth and aperture efficiency. Thus, to satisfy those conditions 

the proposed array design has been further improved. In addition, the reflector has been 

optimized to provide a wide scan range and an optimal combination with an array feed, as 

presented in [23]. Details of the FPA prototyping and measurements are presented in the next 

section. 

 

5.2.4. FPA prototyping and measurements 

Based on the results of the previous paragraph three different element spacings have been 

chosen for the various array configurations. The chosen designs for prototyping have a 0.6λ0, 

0.7λ0, and 0.8λ0 element spacing. In addition, the modified bow-tie antenna introduced in 

[33] has been further optimized to accommodate the experiments and for manufacturability, 

e.g. to avoid very small dimensions. 

For the classical prime-focus reflector with F/D = 0.6, the angle of the array opening 

towards the reflector appears to be ±400. Thus, the array elements have been preliminary 

optimized to provide the least distorted far-field pattern within the ±400 range both in the 

azimuth and elevation planes. In contrast with well-known Vivaldi antennas, the overall 

height of the modified bow-tie antenna has been limited to ensure feed phase-center stability 

[135]. 
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Similar to [33], additional design improvements have been achieved by introducing 

antenna slots to redistribute the currents on the antenna surface and the layered capacitor 

defined by the microstrip pad on the backside of the antenna. The required capacitance, 

dimensions, and position of the microstrip pads were optimized by means of simulation in 

CST [139]. The final optimization has been done for the array use-case to optimize the 

element performance within the array including the effect of mutual coupling. The resulting 

geometry of the modified bow-tie antenna element with adjusted dimensions is given in Fig. 

5.33. A photo is presented in Fig. 5.34. 

In order to finally verify that the use of connected arrays improves the wideband 

performance of FPAs, two array versions of the proposed antenna designs have been created. 

Fig. 5.35 presents the not-connected array of five modified bow-tie antenna elements with 

adjusted dimensions for manufacturing. Fig. 5.36 shows the connected array version. Each 

array has been created with three variations of the element spacing (0.6λ0, 0.7λ0, and 0.8λ0). 

The central gap between the differential feeding lines of the modified bow-tie antenna has 

been increased to 75 m (see Fig. 5.33). This adjustment has been realized to implement 

probe-based measurements. Measurement results of the (passive) input reflection coefficients 

using a probe are provided in subparagraph 5.2.4.1. Another series of prototypes have been 

realized that includes mini SMP connectors. These prototypes can be used to measure the 

embedded element patterns. Related results are presented in subparagraph 5.2.4.2. 

Subparagraph 5.2.4.3. presents the evaluation of the PAFs active scan performance. Those 

results have been obtained through the measurement of the complete scattering matrix. The 

resulting performance in combination with the classical prime-focus reflector and with the 

complex offset double-reflector system [23] is discussed in subparagraph 5.2.4.4. 

 

5.2.4.1. Array prototypes for probe measurements of the (passive) input 

reflection coefficients 

The probe measurements allow to measure the input reflection coefficients (Sii) with high 

accuracy using a standard probe calibration kit. For those experiments, the tested element has 

been attached to the probe, while the other array elements have been terminated by 50 Ohm 

SMD resistors. At least five copies of each array type have been manufactured. All prototypes 

have been measured using a Keysight Vector Network Analyzer [174]. Presented results have 

been deduced as the arithmetic means of all measurements to improve the reliability of the 

measured data. Fig. 5.37 shows a photo of all prototypes used for the probe measurements. 

The measurement setup is shown in more detail in Fig. 5.38. A photo of the probe-based 

array measurements is presented in Fig. 5.39. 

The measured and simulated input reflection of a single modified bow-tie antenna element 

is shown in Fig. 5.40. The measurement was repeated for all available prototypes and the 

results were combined to provide an average measurement curve. Overall, there is a very 

good agreement between the model and the measured data. The realized “passive” bandwidth 

(with S11 < -10 dB) is about 20 GHz. 

The measured and simulated Sii parameters of the not-connected array of five modified 

bow-tie antennas are presented in Fig. 5.41 for an element spacing of 0.6λ0, in Fig. 5.42 for 

an element spacing of 0.7λ0 and in Fig. 5.43 for an element spacing of 0.8λ0. Due to symmetry, 

only the S11, S22, and S33 curves are presented, where S33 corresponds to the center array 

element. As we could see from Figs. 5.41-5.43 there is a good agreement between simulation 
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and measurement. The overall bandwidth is more limited as compared to the single element 

case. Nevertheless, the best performance is achieved for a 0.8λ0 element spacing. For a 0.6λ0 

and 0.7λ0 spacing, the level of matching around 24 GHz is not sufficient. 

 

Figure 5.33. Single modified bow-tie antenna element with adjusted dimensions optimized 

for manufacturing. 

 

Figure 5.34. Photo and relative size of the single modified bow-tie antenna element. 

 

Figure 5.35. The not-connected array of five modified bow-tie antenna elements with 

adjusted dimensions for manufacturing. 
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Figure 5.36. The connected array of five modified bow-tie antenna elements with adjusted 

dimensions optimized for manufacturing. 

 

Figure 5.37. Photo of the prototypes for probe measurements. 

 

Figure 5.38. Probe measurements of a single modified bow-tie antenna element. 
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Figure 5.39. Probe measurements of the center element of the 5-element linear array. All 

other elements are terminated by 50 Ohm SMD resistors. 

The measured Sii of the connected array of five modified bow-tie antenna elements is 

shown in Fig. 5.44 for an element spacing of 0.6λ0, in Fig. 5.45 for an element spacing of 

0.7λ0 and in Fig. 5.46 for an element spacing of 0.8λ0. The overall results are significantly 

improved and even exceed the single element case. This can be explained by the fact that 

optimization has been performed for optimal operation within an array configuration. The 

array with a 0.6λ0 element spacing still does not achieve a 20 GHz frequency band. However, 

for 0.7λ0 and 0.8λ0 spacing, the required bandwidth is fully reached. 

 

Figure 5.40. Measured and simulated S11 of a single modified bow-tie antenna element. 

 

Figure 5.41. Measured and simulated S11, S22, S33, of a not-connected array of five modified 

bow-tie antenna elements with element spacing 0.6λ0. 
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Figure 5.42. Measured and simulated S11, S22, S33, of a not-connected array of five modified 

bow-tie antenna elements with element spacing 0.7λ0. 

 

Figure 5.43. Measured and simulated S11, S22, S33, of a not-connected array of five modified 

bow-tie antenna elements with element spacing 0.8λ0. 

 

Figure 5.44. Measured and simulated S11, S22, S33, of a connected array of five modified 

bow-tie antenna elements with element spacing 0.6λ0. 

 

Figure 5.45. Measured and simulated S11, S22, S33, of a connected array of five modified 

bow-tie antenna elements with element spacing 0.7λ0. 
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Figure 5.46. Measured and simulated S11, S22, S33, of a connected array of five modified 

bow-tie antenna elements with element spacing 0.8λ0. 

The connected array design, as has been expected, demonstrates a significantly wider 

bandwidth. Therefore, only the connected arrays will be considered further in the rest of the 

chapter. The very good agreement between simulation and measurement also confirms the 

applied design ideas and supports the outputs of [33] and [31], which have been based only 

on simulation. 

The probe measurements have a few important limitations. First of all, it is not possible to 

measure the level of mutual coupling between elements in order to obtain a complete 

scattering S-matrix. As a result, it is not possible to determine the active ARC or TARC 

parameters. Secondly, the probe-based set-up can also not be used to measure the element 

patterns in an accurate way. To obtain those characteristics another series of prototypes has 

been realized that include wideband baluns that allow the use of mini SMP connectors. 

 

5.2.4.2. Array prototypes with mini SMP connectors for element pattern 

measurements 

The design and geometrical details of the single modified bow-tie antenna element with a 

wideband balun are shown in Fig. 5.47. The size of the ground plane has been adjusted to 

accommodate the mini SMP connectors. The balun has been optimized for wideband 

performance. Fig. 5.48 shows a photo of the experimental set-up in the near-field facility at 

the Eindhoven University of Technology. 

We used a TRL calibration [175] to accurately measure the scattering parameters. First, 

we measured a single isolated element. The results are provided in Fig. 5.49 (S11) and Figs. 

5.50-5.52 (embedded element patterns at 20, 30, and 40 GHz)). 

According to Fig. 5.49, we observe a good agreement between simulation and 

measurement results for a single modified bow-tie antenna element. Although the balun could 

limit the wideband performance, we achieved a (passive) impedance matching bandwidth of 

around 22 GHz. 

The far-field pattern of a single array element has been optimized to provide the least 

distorted pattern within ±400 in the azimuth and elevation plane. For 20 GHz (Fig. 5.50) and 

30 GHz (Fig. 5.51) the far-field pattern is a hemisphere with a low directivity, which could 

be used for proper reflector illumination. Within ±400 in the azimuth and elevation plane, the 

pattern drops by about 3 to 6 dB. For 40 GHz (Fig. 5.52), there is a significant degradation, 

the pattern drops up to 12 to 15 dB in the worst case. The overall agreement between 

simulation and measurement is relatively good for small azimuth and elevation angles. At 
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extreme angles (+900 or -900) there is a significant difference in results. This could be 

explained by the fact that the feeding cable affects the radiation pattern as well as the antenna 

holder. 

 

Figure 5.47. Single modified bow-tie antenna element with a wideband balun for 

connector-based measurements. 

 

Figure 5.48. Impression of the connector-based measurements. 

 

Figure 5.49. Measured and simulated input reflection coefficient (S11) of a single modified 

bow-tie antenna element with a wideband balun. 
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Figure 5.50. Measured and simulated far-field pattern in the azimuth and elevation plane 

of a single modified bow-tie antenna element with a wideband balun, f = 20 GHz. 

 

Figure 5.51. Measured and simulated far-field pattern in the azimuth and elevation plane 

of a single modified bow-tie antenna element with a wideband balun, f = 30 GHz. 

 

Figure 5.52. Measured and simulated far-field pattern in the azimuth and elevation plane 

of a single modified bow-tie antenna element with a wideband balun, f = 40 GHz. 

The next step is to investigate the performance of a connected array of five modified bow-

tie antenna elements with a wideband balun, see Fig. 5.53. Similar to the measurements with 

the probe, three different element spacings were used (0.6λ0, 0.7λ0, and 0.8λ0). An example 

of the measurement setup is presented in Fig. 5.54. Note that there is symmetry in the results 

for elements 1 and 5, 2 and 4. 

The measured embedded element patterns in the azimuth and elevation plane at 30 GHz 

are presented in Figs. 5.55 – 5.63 for the 1st, 2nd, and 3rd element for the three element 

spacings. In addition, Figs. 5.64 – 5.65 show the frequency behavior of the embedded element 

pattern of the center element in the case of a 0.8λ0 element spacing. The 2D contour plots 

with co- and cross-polar levels of the embedded elements patterns are shown in Fig. 5.66 for 

the center array element. 
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Figure 5.53. The connected array of five modified bow-tie antenna elements with a 

wideband balun for measurements through connectors. 

 

Figure 5.54. Measurement set-up of the connected array of five modified bow-tie antenna 

elements with a wideband balun. 

 

Figure 5.55. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 1st element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.6λ0, f = 30 GHz. 
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Figure 5.56. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 2nd element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.6λ0, f = 30 GHz. 

 

Figure 5.57. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 3rd (central) element in the connected array of five modified bow-tie 

antenna elements with element spacing 0.6λ0, f = 30 GHz. 

 

Figure 5.58. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 1st element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.7λ0, f = 30 GHz. 

 

Figure 5.59. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 2nd element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.7λ0, f = 30 GHz. 



5. FPA Design and Implementation 

 

140 

 

Figure 5.60. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 3rd (central) element in the connected array of five modified bow-tie 

antenna elements with element spacing 0.7λ0, f = 30 GHz. 

 

Figure 5.61. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 1st element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.8λ0, f = 30 GHz. 

 

Figure 5.62. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 2nd element in the connected array of five modified bow-tie antenna 

elements with element spacing 0.8λ0, f = 30 GHz. 

 

Figure 5.63. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 3rd (central) element in the connected array of five modified bow-tie 

antenna elements with element spacing 0.8λ0, f = 30 GHz. 
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Figure 5.64. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 3rd (central) element in the connected array of five modified bow-tie 

antenna elements with element spacing 0.8λ0, f = 20 GHz. 

 

Figure 5.65. Measured and simulated embedded element pattern in the azimuth and 

elevation plane of the 3rd (central) element in the connected array of five modified bow-tie 

antenna elements with element spacing 0.8λ0, f = 40 GHz. 

 

Figure 5.66. Measured a) co-polar (b) cross-polar 2D far-field contour image of 3rd 

(central) element in the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0, f = 30 GHz. 

As we can observe from the measured embedded element patterns, there is a clear 

difference between arrays with different element spacings. For all examined elements (array 

elements 1, 2, and 3 of Fig. 5.53) with narrow element spacing (0.6λ0) there is significant 

distortion of the patterns, see Fig. 5.55, Fig. 5.56, and Fig. 5.57. For this case, within ±400 in 

azimuth and elevation plane, the pattern drops up to 9 dB. For 0.7λ0 element spacing (Fig. 

5.58, Fig. 5.59, and Fig. 5.60) the overall quality is better, but the maximum observed roll-

off is also up to 9 dB. The best-obtained patterns are related to a 0.8λ0 element spacing, see 

Fig. 5.61, Fig. 5.62, and Fig. 5.63. The distributions are smooth and within ±400 in the 
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azimuth and elevation plane, the pattern drops only up to 3 dB in the measurement results. In 

addition, the frequency behavior of the array with 0.8λ0 element spacing (Fig. 5.63 – Fig. 

5.64) demonstrates that there are more or less smooth distributions within a ±400 angular 

range, similar to the single element pattern. Only at higher frequencies (Fig. 5.65), there is a 

significant drop up to 16 dB at 40 GHz. At the same time, the 2D far-field contour images 

(Fig. 5.66) show relatively low cross-polar components. The 2D far-field contour images also 

validate that the -3 dB contour is located within ±400 in the azimuth and elevation plane. This 

means that the dominant part of the energy is going to contribute to the reflector illumination. 

 

5.2.4.3. Evaluation of the active wideband performance of the PAF with 

the classical prime-focus reflector and the complex offset double-

reflector system 

The next step is to determine the ARC and TARC of the connector-based prototypes. For 

that purpose, we need to postprocess the measured S-matrix. The TARC is the most 

informative characteristic since it illustrates the combined performance of the whole array 

within the required frequency range. 

To determine the TARC of an FPA, it is required to specify the used reflectors. In GRASP 

two different reflector configurations have been simulated. The first one is again the classical 

prime-focus reflector with F/D = 0.6. The other configuration is the double-reflector antenna 

with improved scan capabilities - the complex offset double-reflector as introduced by our 

research group in [23]. This design is presented in Fig. 5.67. The wide scan range of this 

reflector has been achieved by using the idea of discontinuous surfaces. This idea is illustrated 

in Fig. 5.68. The operation of this design has been validated by measurements with the 

prototype of Fig. 5.69 [23]. 
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Figure 5.67. Complex offset double-reflector model [23]. 
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Figure 5.68. The complex offset double-reflector model with discontinuities in the sub-

reflector [23]. 

 

Figure 5.69. Photo of the prototype using the complex offset double-reflector setup [23]. 

The excitation coefficients from the reflectors have been obtained from GRASP 

simulations [39] and have been combined with the measured S-matrix to prove the wideband 

performance. Thus, the obtained TARC results contain both simulations and actual 

measurements. In the text below those results are called “measurements”. In its turn, the 

TARC “simulation” results are obtained from the simulation of the array in CST [139] plus 

the simulated excitations from GRASP [39]. 

Three different arrays have been tested with element spacing of 0.6λ0, 0.7λ0 and 0.8λ0, 

where λ0 = 1 cm. All arrays are related to the connected configuration with five modified 

bow-tie antenna elements with mini SMP connectors. In addition, for the configuration with 

element spacing of 0.8λ0, the excitation coefficients have been obtained in the case of an 

incoming plane wave with the angle of incidence equal to 50, 100, 150, and 200. This allows 

us to determine the performance in the case of scanning as well. 

Figs. 5.70-5.74 present the measured and simulated TARC with element spacing of 0.8λ0 

for broadside operation and scanning up to 200. Fig. 5.75 shows the TARC with an element 

spacing of 0.7λ0, and Fig. 5.76 – with an element spacing of 0.6λ0. In addition, Figs. 5.77 – 

Fig. 5.80 present summaries of the TARC results for various scan angles and element 

spacings for both the classical prime-focus and complex offset double-reflector system. 
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Figure 5.70. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with reflectors based on simulated and measured S-

parameters for broadside operation. 

 

Figure 5.71. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with reflectors based on simulated and measured S-

parameters for incidence angle 50. 

 

Figure 5.72. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with reflectors based on simulated and measured S-

parameters for incidence angle 100. 

 

Figure 5.73. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with reflectors based on simulated and measured S-

parameters for incidence angle 150. 
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Figure 5.74. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with reflectors based on simulated and measured S-

parameters for incidence angle 200. 

 

Figure 5.75. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.7λ0 in combination with reflectors based on simulated and measured S-

parameters for broadside operation. 

 

Figure 5.76. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.6λ0 in combination with reflectors based on simulated and measured S-

parameters for broadside operation. 

 

Figure 5.77. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with classical prime-focus reflector based on 

measured S-parameters for different incidence angle. 
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Figure 5.78. TARC of the connected array of five modified bow-tie antenna elements with 

element spacing 0.8λ0 in combination with the complex offset double-reflector based on 

measured S-parameters for different incidence angle. 

 

Figure 5.79. TARC of the connected array of five modified bow-tie antenna elements with 

different element spacings in combination with a classical prime-focus reflector based on 

measured S-parameters for broadside operation. 

 

Figure 5.80. TARC of the connected array of five modified bow-tie antenna elements with 

different element spacings in combination with a complex offset double-reflector based on 

measured S-parameters for broadside operation. 

In Fig. 5.70 – Fig. 5.76 we see a very good agreement between simulation and 

measurement up to 40 GHz, for frequencies higher than 40 GHz there is a significant 

difference. This could be related to the wideband balun which limits the wideband 

performance. In addition, Fig. 5.70 – Fig. 5.76 demonstrate that the array excitation by the 

complex offset double-reflector leads to better wideband performance as compared to the 

classical prime-focus reflector. This is nice evidence that the concept of field optimization of 

the reflector works well. This reflector provides a more uniform field distribution and linear 

phase shift between array elements. This leads to a reduced effect of mutual coupling between 

array elements and, as a result, provides a wider active frequency bandwidth. The difference 

between the applied reflectors is less significant for limited scan angles (00 - 100), see Fig. 
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5.70 – Fig. 5.72, and quite significant in the case of wide-angle scanning, see Fig. 5.73 and 

Fig. 5.74. This is expected since the complex offset double-reflector is optimized for wide-

scan performance. 

The scan angle has a pronounced effect on the TARC. For the classical prime-focus 

reflector, in Fig. 5.77, the TARC curve increases about 2 – 4 dB in the range from 00 to 200. 

Of course, that limits the frequency band since the overall level of matching is about -15 dB 

– -8 dB. For the complex offset double-reflector of Fig. 5.78, there is almost no variation 

within the required scan range. Again, this is expected since the scan performance of the 

reflector has been optimized. The broadside operation is a little bit different since at broadside 

scan the reflectors have a very wide field distribution with two separated maxima (bi-focal 

distribution) and the array is located between them [23]. 

The most crucial factor in achieving a wideband TARC performance is the element 

spacing, see Fig. 5.79 and Fig. 5.80. We observe that even with the optimized reflector 

configuration it is not possible to achieve a good TARC level over a bandwidth of 20 GHz if 

the element spacing is less than 0.8λ0. The bandwidth obtained with the classical prime-focus 

reflector (Fig. 5.79) is totally unacceptable even for broadside operation. The results of Fig. 

5.78 – Fig. 5.80 are summarized in Table 5.2. This table presents a clear comparison between 

the classical prime-focus reflector and the complex offset double-reflector. In addition, the 

TARC variation for different element spacings is clearly visible, especially for the classical 

prime-focus reflector which is not optimized for wide-angle scanning FPAs. Of course, with 

wider element spacing we lose some reflector performance, but, as has been demonstrated, 

the quality of the embedded element patterns could be improved with wider element spacing, 

as has been shown in section 5.2.3.2. Also, it is important to notice that in a real application, 

the array should be two-dimensional using significantly more elements. In Section 5.2.5.1. 

an FPA with about 200 elements is presented to analyze the potential FPA system capability. 

Table 5.2 Realized impedance matching bandwidth based on the measured TARC of the connected 
array of five modified bow-tie antenna elements. 

Reflector type 
Classical prime-focus 

reflector 

Complex offset double-

reflector 

Broadside operation with element spacing 

0.6𝜆0 
7.3 GHz 17.7 GHz 

Broadside operation with element spacing 

0.7𝜆0 
13.1 GHz 17.9 GHz 

Broadside operation with element spacing 

0.8𝜆0 14.2 GHz 21.6 GHz 

Scan angle ofangle 50, with element spacing 

0.8𝜆0 
13.7 GHz 21 GHz 

Scan angle of 100, with element spacing 

0.8𝜆0 
13.7 GHz 20.8 GHz 

Scan angle of 150, with element spacing 

0.8𝜆0 
12.5 GHz 20.6 GHz 

Scan angle of 200, with element spacing 

0.8𝜆0 
6.8 GHz 20.1 GHz 
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5.2.4.4. Far-field pattern measurements of the complex offset double-

reflector fed by modified bow-tie antennas 

Before investigating the FPA system capability it is necessary to measure the far-field 

pattern of the complex offset double-reflector with the designed modified bow-tie antenna. 

This evaluation allows to compare the measured secondary far-field patterns of the 

combination of reflector and antenna feed with our FPA model implemented in 

GRASP/CST/MATLAB. 

Unfortunately, it was not possible to use the whole array as a feed. Therefore, the single 

array element has been used to feed the complex offset double-reflector, see Fig. 5.81. Note 

that a combination of the proposed reflector with the designed array is presented in [27], 

where an LNA chip with an optical beamforming network has been used to feed the designed 

array. 

In [23] a horn antenna has been used in combination with the complex offset double-

reflector to prove the scan performance and to validate the reflector concept with a well-

known feed. Unfortunately, the horn antenna is not wideband enough, the frequency range is 

limited to 26.4 GHz – 40.1 GHz. Thus, it is necessary to use the designed modified bow-tie 

antenna to test the reflector far-field properties and scan capability in the required 20 GHz – 

40 GHz operational band. 

The near field test facility of the Eindhoven University of Technology was used, as shown 

in Fig. 5.81. To test the required scan capability up to ±200 in the azimuth plane, a modified 

bow-tie antenna has been placed at different positions along the array plane. For each of these 

positions, the radiation patterns have been measured. 

According to [23], the complex offset double-reflector requires to have an array length of 

28 cm to provide a ±200 scan range in the azimuth plane. Thus, we first measured the far-

field patterns with the feed located in the center of the array (Fig. 5.82 –Fig. 5.84) and then 

shifted the feed in steps of 2 cm until it reaches the edge of the array at 14 cm shift (Fig. 5.85 

– Fig 5.91). Figs. 5.82-5.84 present the far-field patterns in the azimuth plane, 2D far-field 

images, and 2D far-field contour images with the bow tie placed at the center of the array at 

20 GHz, 30 GHz, and 40 GHz, respectively. 

Figs. 5.85–5.91 present the far-field patterns at 30 GHz for various feed displacements in 

the range between 2-14 cm. These figures also show the frequency dependence of the far-

field pattern. The agreement between simulation and measurement is in all cases quite good. 

The differences in sidelobe levels are mainly due to the large support structure of the reflector 

in the prototype, see also Fig. 5.81. This was not included in the simulation. The complex 

offset double-reflector has a bi-focal filed distribution in the array plane for the receive case 

[23]. Thus, the far-field of the reflector is a bi-focal kind of distribution when only a single 

array element is used. The difference between the co-polar and cross-polar components of 

the electric field is sufficiently high (about 20 dB) in all investigated scan positions over the 

frequency band of interest. For the maximum feed displacement of 14 cm (Fig. 5.91), the 

main lobe deviation is about 190. This is less than the expected 200, but could be improved 

somewhat by using additional phase control in a complete array-fed system. 
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Figure 5.81. Photo of the experimental set-up using a single modified bow-tie antenna 

element to measure the far-field patterns of the complex offset double-reflector system. 
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Figure 5.82. (a) Far-field pattern in azimuth plane (b) 2D far-field image (c) 2D far-field 

contour image of single modified bow-tie antenna feed at the center of the array, f = 20 

GHz. 
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Figure 5.83. (a) Far-field pattern in azimuth plane (b) 2D far-field image (c) 2D far-field 

contour image of single modified bow-tie antenna feed at the center of the array, f = 30 

GHz. 
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Figure 5.84. (a) Far-field pattern in azimuth plane (b) 2D far-field image (c) 2D far-field 

contour image of single modified bow-tie antenna feed at the center of the array, f = 40 

GHz. 
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Figure 5.85. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 2 cm from the array center. 
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Figure 5.86. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 4 cm from the array center. 
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Figure 5.87. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 6 cm from the array center. 
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Figure 5.88. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 8 cm from the array center. 
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Figure 5.89. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 10 cm from the array center. 
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Figure 5.90. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 12 cm from the array center. 
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Figure 5.91. (a) The far-field pattern in the azimuth plane (b) 2D far-field image (c) 2D 

far-field contour image, f = 30 GHz, (d) Far-field pattern in the azimuth plane for different 

frequencies with antenna feed displaced 14 cm from the array center. 

 

5.2.5. FPA system capability 

In the previous sections, we have investigated and experimentally validated the FPA 

performance using small linear arrays of bow-tie elements. A very good agreement between 

measurements and simulations has been obtained. What we still miss is the overall 

performance when the reflector system is fed by a large number of array elements. For that 

purpose, a two-dimensional array with about 200 elements is simulated in combination with 

the complex offset double-reflector configuration. Note that the array size is determined by 
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the reflector design, thus the actual number of elements depends on the element spacing. 

Results are presented in subparagraph 5.2.5.1. To estimate the overall expediency of such 

FPAs systems the equivalent phased-array configuration has been analyzed in subparagraph 

5.2.5.2. and compared against our proposed FPAs. 

 

5.2.5.1. FPA system analysis 

In [23] arrays of horn antennas have been used to determine the scan performance of the 

realized reflector prototype. The horn antenna has a limited frequency range between 26.4 

GHz – 40.1 GHz. In addition, mutual coupling between array elements was ignored as well 

as feed mismatch efficiency and phase efficiency. 

In this section, we will use the connected array of modified bow-tie antennas with three 

different elements spacings (0.6λ0, 0.7λ0 and 0.8λ0, where λ0 = 1 cm) to determine the overall 

system-level performance. The array dimensions are chosen based on the required dimension 

of the complex offset double-reflector configuration [23]. Thus, the size of the arrays is 28 

cm in length and 4 cm in width. As a result, the array with 0.8λ0 element spacing has 180 

elements, with 0.7λ0 – 200 elements, and with 0.6λ0 – 230 elements. The far-field pattern of 

each array element has been simulated in CST [139] and then imported to GRASP [39]. In 

GRASP the conjugate field matching coefficients have been applied to each antenna element. 

In this way, the directivity includes the radiation efficiency of the reflector, taper efficiency, 

spill-over efficiency, polarization efficiency, and potential blockage efficiency. In addition, 

all effects of mutual coupling between array elements are also included. However, since 

power normalization was used, mismatch efficiency and phase efficiency in the array are not 

included, so the array radiates all energy with perfect phase and amplitude, but with a realistic 

embedded element pattern. 

The simulated set-up is illustrated in Fig. 5.92. For broadside operation investigations were 

done at 20 GHz, 30 GHz, and 40 GHz. The scan performance has been explored at 30 GHz 

with scan angles 00, 50, 100, 150, and 200. Fig. 5.93, Fig. 5.94, and Fig. 5.95 show present the 

realized directivity patterns of the complex offset double-reflector configuration at the 

broadside with element spacing varying between 0.6λ0 and 0.8λ0. The 900-cuts correspond to 

the scan plane or the azimuth plane. In the 00-plane, the patterns show similar behavior as the 

classical prime-focus reflector. Fig. 5.96, Fig. 5.97, and Fig. 5.98 show the performance 

versus element spacing in the case of scanning. Excitations of the array elements have been 

adjusted to realize the scan performance up to 200. We can observe that for a scan range of 

±150, the directivity drop is limited to only a few dB and remains above 40 dBi. This proves 

the concept viability of this reflector system and designed array feed. Table 5.3 and Table 5.4 

summarize the realized directivity and reflector efficiencies. 

It is important to notice that the proposed complex offset double-reflector configuration 

(see Fig. 5.67) uses the reflector elevation incline β as one of the geometrical parameters 

optimized by geometrical optics (GO) code [155], [158]. This parameter is equal to 400 which 

is also visible in the photo of the prototype in Fig. 5.69. According to [23] this incline could 

significantly improve the reflector scan properties, but it limits the effective area of the main 

reflector with a cosine from this angle. Thus, the maximum directivity of the tested system is 

potentially 23.4% less than for a classical prime-focus reflector of the same size. This factor 

is considered during the estimation of reflector efficiencies. An alternative reflector system 

with improved scan performance and without this issue is presented in [171]. 
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Figure 5.92. The complex offset double-reflector configuration fed by a connected array 

of modified bow-tie antennas. 
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Figure 5.93. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.8λ0 at 30 GHz for (a) f = 

20 GHz, (b) f = 30 GHz, (c) f = 40 GHz. 
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Figure 5.94. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.7λ0 at 30 GHz for (a) f = 

20 GHz, (b) f = 30 GHz, (c) f = 40 GHz. 
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Figure 5.95. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.6λ0 at 30 GHz for (a) f = 

20 GHz, (b) f = 30 GHz, (c) f = 40 GHz. 
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Figure 5.96. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.8λ0 for different scan 

angles, f = 30 GHz. 
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Figure 5.97. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.7λ0 for different scan 

angles, f = 30 GHz. 
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Figure 5.98. Directivity pattern of the complex offset double-reflector fed by an array of 

connected modified bow-tie antennas with element spacing of 0.6λ0 for different scan 

angles, f = 30 GHz. 

Table 5.3 Performance of the system with different array element spacings. 

Array type, number of array 

elements, and element spacing 

(λ0 = 1 cm) 

Directivity [dBi] Reflector aperture efficiency, % 

Frequency, GHz Frequency, GHz 

20 30 40 20 30 40 

The array of 

modified bow-

tie antennas 

180 elements, 0.8λ0 41.50 45.28 47.76 65.26 69.12 68.87 

200 elements, 0.7λ0 41.67 45.44 47.92 67.71 71.75 71.40 

230 elements, 0.6λ0 41.97 45.74 48.22 72.59 76.88 76.54 

The array of 

horn antennas 

[23] 

180 elements, 0.8λ0 - 45.80 48.01 - 77.97 72.91 

200 elements, 0.7λ0 - 45.91 48.18 - 79.95 75.94 

230 elements, 0.6λ0 - 46.07 48.24 - 82.94 76.82 

 

Table 5.4 Scan performance of the system with different array element spacings at 30 GHz. 

Array type, number of array 

elements and element spacing 

(λ0 = 1 cm) 

Directivity [dBi] Efficiency, % 

Scan angle, deg Scan angle, deg 

5 10 15 20 5 10 15 20 

The 

array of 

modified 
bow-tie 

antennas 

180 elements, 0.8λ0 45.67 45.92 42.64 39.23 75.9 81.42 38.99 18.29 

200 elements, 0.7λ0 45.79 46.05 42.79 39.42 78.1 83.78 40.41 19.11 

230 elements, 0.6λ0 46.09 46.34 43.16 39.87 83.6 89.68 43.96 21.16 

 

According to Table 5.3, there is a trade-off between the size of the feed array, the number 

of antennas, and the realized efficiency. Higher directivities and reflector efficiencies are 

obtained by using a smaller array grid and more array elements. Nevertheless, the difference 

is not more than a few percent between the array of 180 and 230 elements. At the same time, 

we know that wideband properties are only realizable for the array with 0.8𝜆0 element 

spacing. Thus, the slight directivity drop is probably an acceptable price to pay in the design 

process of a complete FPA system. Overall, the achieved directivity with our array of 

modified bow-tie antennas is lower than for an array with ideal horn antennas. However, it is 

important to notice that for an array of horn antennas even a 0.8𝜆0 element spacing is 

physically not possible to realize in practice since the horn antennas are simply too large. 

Thus, the results for the array of horn antennas from [23] should be seen as an orientation 

point. The results obtained with the modified bow-tie antennas are more realistic and include 

mutual coupling and realistic embedded element patterns. However, only a few percent 

degradations in efficiency is observed when compared to an array of horns. 

The results of Table 5.4 demonstrate that the best directivity is achieved with scan angles 
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around 100. This could be explained by the fact that the reflector is optimized for operation 

within ±200 scan in the azimuth plane and the 100 scan angle is in the middle of this range. 

In addition, the embedded element patterns of the array elements also have maxima between 

100 and 300 (see also Fig. 5.52). As a result, the directivity performance with the proposed 

modified bow-tie antennas could be better at some scan angles as compared to the case of 

horn antennas. 

 

5.2.5.2. Equivalent phased-array configuration 

As a final step, it is interesting to compare our realized FPAs performance with 

conventional phased-arrays configurations. For that purpose, we have created equivalent 

phased-array configurations with modified bow-tie antennas for three different element 

spacings (0.6λ0, 0.7λ0, and 0.8λ0). The array with 0.8λ0 element spacing has 180 elements, 

with 0.7λ0 – 200 elements, and with 0.6λ0 – 230 elements. The far-field pattern of each array 

element has been simulated in the CST [139] and then imported to GRASP [39]. In GRASP 

it is possible to combine the fields of all array elements with the proper phase to form the 

phased array. Using the feed power normalization, we can obtain the reflector directivity. 

This way the directivity is including all effects of mutual coupling between array elements 

and realistic element patterns. 

Fig. 5.99, Fig. 5.100, and Fig. 5.101 show the performance at broadside over the frequency 

band, for 0.8λ0, 0.7λ0, and 0.6λ0 element spacing, respectively. Fig. 5.102, Fig. 5.103, and Fig. 

5.104 show the performance in the case of scanning up to 200. Table 5.5 and Table 5.6 

summarize the realized directivity and array efficiencies. In all cases, a uniform tapering was 

used. 

Degree
(a)

D
ir

e
c
ti
v
it
y
 [
d
B

i]

f = 30 GHz

f = 20 GHz

f = 40 GHz

Co-polar

Cross-polar

0
0    

 cut

90
0 
 cut 

0.8 

180 elements 

with spacing

Degree
(b)

Degree
(c)

D
ir

e
c
ti
v
it
y
 [
d
B

i]

D
ir

e
c
ti
v
it
y
 [
d
B

i]

 

Figure 5.99. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.8λ0 at 30 GHz for (a) f = 20 GHz, (b) f = 30 GHz, (c) f 

= 40 GHz. 
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Figure 5.100. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.7λ0 at 30 GHz for (a) f = 20 GHz, (b) f = 30 GHz, (c) f 

= 40 GHz. 
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Figure 5.101. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.6λ0 at 30 GHz for (a) f = 20 GHz, (b) f = 30 GHz, (c) f 

= 40 GHz. 
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Figure 5.102. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.8λ0 for different scan angles, f = 30 GHz. 
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Figure 5.103. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.7λ0 for different scan angles, f = 30 GHz. 
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Figure 5.104. Directivity pattern of the equivalent phased array of modified bow-tie 

antennas with element spacing of 0.6λ0 for different scan angles, f = 30 GHz. 

The investigated phased arrays have the same dimensions and number of elements as the 

feeds of the studied FPAs, 28 cm in length and 4 cm in width. The main difference when 

comparing a phased array with an FPA is the directivity level, which is at least 20 dB higher 

for FPAs. 

Table 5.5 Performance of the equivalent phased array of modified bow-tie antennas. 

Array type, number of array 

elements and element spacing 

(λ0 = 1 cm) 

Directivity [dBi] Efficiency, % 

Frequency, GHz Frequency, GHz 

20 30 40 20 30 40 

A phased 

array of 

modified 
bow-tie 

antennas 

180 elements, 0.8λ0 20.88 24.49 26.69 78.61 80.25 74.82 

200 elements, 0.7λ0 21.5 25.12 27.3 81.65 83.48 77.67 

230 elements, 0.6λ0 22.4 26.02 28.21 87.36 89.39 83.27 

 



5. FPA Design and Implementation 

 

161 

Table 5.6 Scan performance of the equivalent phased array of modified bow-tie antennas at 30 GHz. 

Array type, number of array 

elements and element spacing 

(λ0 = 1 cm) 

Directivity [dBi] Efficiency, % 

Scan angle, deg Scan angle, deg 

5 10 15 20 5 10 15 20 

Phased 

array of 
modified 

bow-tie 

antennas 

180 elements, 0.8λ0 24.72 24.79 23.86 23.09 86.38 93.93 84.58 82.73 

200 elements, 0.7λ0 25.28 25.29 24.42 23.66 88.58 94.94 87.06 85.47 

230 elements, 0.6λ0 26.09 25.97 25.24 24.49 92.73 96.82 91.72 90.68 

 

For an array with 180 elements, the highest directivity is observed at scan angles around 

100, with 200 elements – around 50 and 100, and for 200 elements – around 50. This is related 

to the embedded element pattern shape. The overall directivity drop is about 1.5 dB within 

the scan range of 200 while for FPAs it has been around 6 dB. This of course shows that the 

overall scan performance of an FPA is still less productive than traditional phased arrays. 

Nevertheless, this drop is fully compensated by the significantly higher directivity of PFAs. 

According to Table 5.5 and Table 5.6, like in the case of an FPA, there is a trade-off 

between the size of the feed array, the number of antennas, and the realized efficiency. Higher 

directivities and efficiencies are also obtained by using a smaller array grid and more array 

elements. As we can observe in Table 5.5 and Table 5.6, the phased arrays efficiencies are 

higher than the corresponding reflector efficiencies (see Table 5.3 and Table 5.4). So, this 

means that for a phased array a sufficient number of array elements is more crucial than 

improving the mutual coupling between array elements or the shape of the embedded element 

patterns. For PFAs those factors are important as well, but the overall beamforming is much 

more complicated. As a result, PFAs have more difficulties to achieve a wideband 

performance. Thus, the actual reflector aperture efficiency could be sacrificed by using an 

array with wider element spacing. This wider element spacing in combination with our 

optimized reflector allows to achieve an active bandwidth of more than 20 GHz in the K and 

Ka-band for a 200 scan range. 

 

5.2.6. Conclusions 

Future FPA antenna systems require a wide bandwidth, a wide scan range, and a high level 

of integration and co-optimization between the reflector system and array feed. In this 

chapter, an array design with wideband capabilities is proposed and investigated against well-

known antenna designs. The factors that determine the performance are investigated and 

analyzed for the proposed design. A large number of prototypes have been manufactured and 

tested to support the design ideas. The proposed design using modified bow-tie antennas 

allows us to achieve good active matching properties over a frequency band of more than one 

octave. At the same time, other relevant characteristics, like a high total radiation efficiency, 

phase-center stability, and reflector aperture efficiency remain at an acceptable level. In 

addition, a novel reflector design was proposed to realize wide-scan FPAs. This concept was 

tested in combination with the designed array feed. The demonstrated simulations and 

measurements fully support the feasibility studies of both reflector and array concepts of [33], 

[31], and [23]. 

The presented connected array of modified bow-tie antennas achieves an active impedance 

matching bandwidth (based on the TARC) of more than 20 GHz within the scan range of 
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±200 with the complex offset double-reflector configuration. This wideband performance has 

been achieved with only a relatively small sacrifice on the reflector aperture efficiency. The 

demonstrated tradeoff between array element spacing and FPA far-field properties allows to 

satisfy the TARC requirements. Both simulation and measurement demonstrate a good 

agreement of the scattering matrix and far-field patterns for a single antenna, for arrays, and 

for reflectors in combination with the arrays. 

We have also shown that an FPA system based on our complex offset double-reflector fed 

by an array of 200 connected modified bow-tie antennas outperformance a conventional 

phased array using the same type of element for a scan range of +/- 200. 

 

 



 

1Current chapter is published as a journal paper: Smolders, A.B., Dubok, A., Tessema, N.M., 

Chen, Zhe, Al-Rawi, A.N.H., Johannsen, U., Bressner, T.A.H., Milosevic, D., Gao, H., 

Tangdiongga, E., Gerini, G., Baltus, P.G.M., Geurts, Marcel & Koonen, A.M.J., "Building 

5G millimeter-wave wireless infrastructure: wide-scan focal plane arrays with broadband 

optical beamforming," IEEE Antennas and Propagation Magazine, 2018, and included here 

in its entirety without any changes. 
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CHAPTER SIX 

 

6. FPA DEMONSTRATOR1, 2 
 

 

Summary 

 

A wide-scan and broadband focal-plane array (FPA) concept is introduced that provides 

high antenna gain and effective isotropic radiated power (EIRP) with electronic beam 

steering within a relatively large field-of-view (FoV) up to +/-200. The antenna uses a bi-

focal double-reflector concept that optimizes the illumination of the focal-plane region. In 

this way, we have reduced the required size of the feed array and have maximized the number 

of simultaneously active array elements. By using a photonics beamformer, a broadband 

system for the 20 – 40 GHz band can be created with a fiber-based interface to a central 

processing unit. This hybrid antenna system proves to be a very interesting concept for future 

5G and beyond-5G millimeter-wave base stations, two-way satellite communication systems, 

and point-to-point wireless backhaul systems. A silicon BiCMOS low noise amplifier and a 

photonic integrated circuit for the optical beamformer have been developed and integrated 

into the overall system. A system-level demonstrator was developed and experimentally 

validated in receive mode. Our concept provides an antenna gain of more than 40 dBi over a 

FoV of +/-150 at 28.5 GHz. 

 

6.1. Introduction 

The continuously growing need for higher data rates in wireless communications drives 

new applications into the millimeter-wave (mm-wave) frequency domain. Emerging 

applications include base stations for 5G wireless communication, two-way satellite 

communication, point-to-point wireless backhaul, and commercial radar [1], [2], [3], [4]. 

These mm-wave applications would benefit from using advanced phased-array technologies. 

Phased arrays offer the ability of fast electronic beam-steering, multi-beam operation, 

adaptive pattern shaping and MIMO (Multiple-Input-Multiple-Output) capabilities. 

However, traditional full phased-array solutions have major limitations: they are far too 

expensive and have a very high-power consumption due to the low efficiency of state-of-the-

art mm-wave integrated circuits [5], [6]. In addition, phased arrays have high complexity and 
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provide a limited operational bandwidth [7]. An alternative to phased-arrays is the focal-

plane array (FPA), which is a hybrid solution that combines the best of both worlds: the 

robustness, low cost and large bandwidth of conventional reflector-based antenna systems 

and the flexibility and adaptivity of phased-arrays. However, conventional FPA systems 

[176], [177] have a limited field-of-view (FoV) and are often used in narrow-band 

applications. In this chapter, we will investigate how these limitations can be overcome. 

Fig. 6.1 shows two target applications of FPAs. Base stations for mm-wave 5G should 

provide massive-MIMO capabilities and should be able to cover urban macro-cell sizes up to 

300 m [2]. This requires a large antenna gain in order to overcome the non-line-of-sight 

(NLOS) propagation loss, which can be as high as 140 dB. Fig. 6.1(a) shows an illustration 

of such a base station utilizing the FPA concept, providing high antenna gain and a highly 

effective isotropic radiated power (EIRP). The base station provides omnidirectional 

coverage in the azimuth (horizontal) direction and limited beam scanning in elevation. Note 

that the 3600 azimuth coverage could be split into several sections. Another application that 

is considered is Ka-band two-way satellite communication as illustrated in Fig. 6.1(b). In this 

case, multiple satellites operating at different frequency bands can be addressed 

simultaneously. In order to obtain a wide instantaneous bandwidth, we propose to use a novel 

optical beamforming system that can be controlled by the home communication controller. 

In order to explore the limitations of FPAs, we have developed a system demonstrator with 

the following set of challenging design goals: 

• large operational bandwidth between 20-40 GHz, 

• wide FoV with a scan range of +/- 20 degrees in the azimuth direction (horizontal 

plane), 

• limited FoV in the elevation plane, 

• antenna directivity larger than 40 dBi with an overall efficiency of 80%, 

• use of low-cost silicon BiCMOS technology to realize the RF electronics, 

• use of integrated photonic chips to realize a compact wideband optical 

beamformer that is connected to a central processing unit using low-cost optical 

fibers. 

In this way, we comply with the requirements of two-way satellite communications. In 

addition, the demonstrator can be used to cover a sector of an mm-wave 5G base station. The 

use of optical fibers to connect the remote antenna station to the central site also allows us to 

use this concept in future beyond5G systems utilizing distributed massive MIMO (DM-

MIMO) in which multiple remote antenna stations within a single urban macro-cell are used 

to further enhance the capacity of the wireless network [178]. 

In this chapter, we will describe the design and experimental validation of the complete 

antenna system including FPA, feed array with integrated silicon electronics, and an optical 

beamformer using photonic integrated circuits which are connected to a remote central 

processing unit by means of optical fibers. The demonstrator that was realized operates in 

receive mode. 
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(a) 

 

(b) 

Figure 6.1. Examples of applications (a) base station for 5G mm-wave (massive) MIMO, 

(b) Ka-band two-way satellite communication. Beamforming to multiple satellites is 

established with an FPA with optical beamforming. The control of the FPA is provided by 

the home communication controller (HCC). 

The outline of this chapter is as follows. In Section 6.2, the overall system concept is 

introduced. In Section 6.3, the scan limitations of FPA systems are explored. A double-

reflector bi-focus concept is proposed that provides a wide FoV. Section 6.4 introduces the 

optical beamformer for which a new photonic integrated circuit was developed using ring 

resonators. Section 6.6 is devoted to the design of BiCMOS low-noise amplifiers with a large 

dynamic range and integrated with a 4x1 wideband linear feed array. Finally, in Section 6.7, 

the measurement results of the system demonstrator are presented. 

 

6.2. Overall system concept 

The basic set-up of the overall antenna system is illustrated in Fig. 6.2. It consists of an 

FPA antenna built up from a main reflector with diameter D and a phased-array feed located 

at a distance F from the main reflector. The incident field illuminates the reflector. As a result, 

a focused field distribution will be generated in the focal region of the array. A phased-array 

feed receives this incident field. In Fig. 6.2(a), the basic symmetric parabolic reflector 

configuration is shown. Later on in this chapter, we will extend this concept by adding a 

shaped sub-reflector and shape the offset main reflector in order to optimize the FoV. In 

receive mode (Fig. 6.2(b)), each of the N antenna elements in the phased-array feed is 
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connected to a low-noise amplifier (LNA) and external modulator (EM) that provides 

amplification and conversion to the optical domain. The optical beamformer generates M 

beams simultaneously by using M laser diodes of which the emission wavelengths are 

separately tunable. The phase shifts between the antenna elements are achieved by optical 

phase shifters, i.e. micro-ring resonators. The phase shift in a micro-ring resonator depends 

periodically on the wavelength and on the refractive index of the optical micro-ring 

waveguide [36]. By positioning the wavelength of each tunable laser diode individually on 

the slope of one of the group delay peaks, a different group delay (and thus phase shift) at 

each wavelength can be obtained. This allows the simultaneous reception of M radio beams 

for which the antenna reception patterns are individually adjustable, by remotely wavelength-

tuning the laser diodes in the central site. There is an important note, that the multiple beams 

are tuned simultaneously. After wavelength de-multiplexing at the central site, individual 

amplitude weighing of each of the received wavelength channels is done to provide the 

optimal conjugate match of the incident field in the focal plane of the FPA [29]. In transmit 

mode (Fig. 6.2(c)), multiple beams are generated by using multiple tunable optical 

wavelengths. 

 

(a) 

 

(b) 

 

(c) 

Figure 6.2. Overall system concept (a) basic form of a single-dish FPA antenna, (b) optical 

beamforming network in receive mode consisting of N antenna nodes that generate M 

simultaneous beams, (c) optical beamforming network in transmit mode generating 

multiple beams by using multiple tunable optical wavelengths. 
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6.3. Broadband wide-scan focal-plane arrays 

The FoV of a classical parabolic prime-focus FPA (Fig. 6.2(a)) is very limited. Only a very 

small number of antenna elements in the phased-array feed are illuminated simultaneously. 

In [162] it was shown that for a prime-focus FPA with F/D = 0.6, only 3.1% of all active 

array elements are used at the same time for a scan range up to 30 and aperture efficiency of 

80%. In the case of transmitting, this would result in a low EIRP and would exclude the use 

of low-cost silicon-based RF integrated circuits. For even larger scan-angles the situation 

becomes even more dramatic. A way to improve this is by using a double-parabolic reflector 

FPA as shown in Fig. 6.3. The double-reflector configuration of Fig. 6.3(a) significantly 

improves the number of simultaneously active elements as compared to a single-reflector 

FPA. For a configuration with Fm/Dm = 0.6 up to 9.1% of the array elements are active at 

the same time when scanning up to 30 [162]. However, a major drawback of the double-

reflector configuration of Fig. 6.3(a) is the so-called magnification factor Ma [38], which 

states that the incident angle seen by the phased-array feed is a factor Ma larger as compared 

to the incidence angle 0. As a result, the required number of array elements to support a 

certain scan range is much larger. 

 

 (a)           (b) 

Figure 6.3. Double-reflector FPAs with (a) symmetrical double-parabolic reflector, (b) 

optimized ring-focus double reflector. 

This situation can be improved by optimizing the shape of the sub-reflector. In this way, 

up to 22.7 % of the array elements are active simultaneously for scan angles up to 30. For a 

configuration operating at 30 GHz, this would require an array feed size of about 115 mm, 

with element spacing of 0/2=5 mm at this frequency. However, our application requires a 

much larger FoV. This can be achieved by using a more complex double-reflector system 

with a shaped bi-focus sub-reflector as illustrated in Fig. 6.4. An offset configuration is used 

to avoid blocking from the relatively large reflector. The required array size for scanning up 

to ±200 with an aperture efficiency of 80% is now 280 mm at 30 GHz of which 21.4% of the 

array elements are active simultaneously to create a single beam. 
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Figure 6.4. Optimized offset double-reflector FPA with a bi-focus shaped sub-reflector 

providing a scan range up to 200. The wave trajectory of an incident wave is shown. Key 

dimensions of optimized configuration are: main reflector size is 80 cm, sub-reflector size 

is 83 cm by 25.5 cm, the focal length of sub-reflector Fs=79 cm, and offset between main 

and sub-reflector zoff =10 cm. 

 

6.4. Optical beamforming using ring resonators 

As discussed in section 6.2, an optical beamforming network provides wideband 

beamforming control of an FPA antenna system with the capability to create multiple beams 

by using multiple wavelengths for the lasers. The optical beamformer utilizes true time delay 

(TTD), implemented in a photonic integrated circuit (PIC). The beamforming control is 

enabled by an optical micro-ring resonator (ORR) which provides a continuously tunable 

delay via thermos-optic tuning. Thermo-optic tunability in an ORR is enabled via a heater. 

The schematic structure of a thermally-tunable ORR is shown in Fig. 6.5(a). The heaters 

generate a phase shift on the waveguide due to thermally induced change in the refractive 

index. 

 

(a) 

 

(b) 

Figure 6.5. Schematic of (a) an Optical Micro ring resonator (ORR) (b) Optical Sideband 

Filter (OSBF). 
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The principle of operation involves thermal control of the power coupling ratio κ via a 

heater within the coupling section which controls the amount of power fed into the feedback 

loop of an ORR [128], [179] - [180]. Accordingly, the amount of time the input light stays 

inside the ORR is controlled and hence the generated time delay by the optical beamformer 

is continuously tuned. The relation of the generated time delay in an ORR with κ is 

graphically illustrated in Fig. 6.6. For decreasing values of κ, increased ORR delay is 

generated. A second heater on the feedback loop of an ORR enables fine tuning of the ORR 

delay response. Because of the spectral periodicity in an ORR delay response, several unique 

delay values can be tuned simultaneously with the use of multiple input wavelengths. This 

allows generating multiple radio beams via multiple wavelengths in a single ORR [128], 

[181]. 

The ORR functionality is supported by an optical sideband filter (OSBF) which converts 

a double side-band modulated signal into a single side-band signal and band limits the signal. 

This relaxes the delay bandwidth requirement of an ORR TTD [180]. A typical OSBF 

implementation is shown in Fig. 6.5(b). Via the use of thermo-optic tunability of its heating 

elements, the OSBF can be configured to a desired shape. 

We realized a four-channel optical beamformer implementation (with four input and four 

output fibers) based on ORR delay in an integrated circuit. It is fabricated and packaged as 

shown in Fig. 6.7. The optical beamforming chip is realized in a Si3N4 integration platform, 

because of its low-loss and thermo-optic features [128]. The optical chip is transparent only 

to transverse electromagnetic (TE) polarization. The optical beamformer chip is placed on a 

PCB for the wire bonding of the DC power-supply contacts pads of the ORR heaters. 

Embedded arrays of voltage drivers supply a DC voltage for the thermo-optic tuning of the 

ORRs. The voltage level is controlled on a computer via digital-to-analog (DAC) units. The 

packaging has a mechanism to stabilize the temperature of the optical beamformer chip via 

thermoelectric cooling (TEC) controllers. The electro-packaging facilitates system 

integration of the TTD chip within the optical beamformer system. As a result, the packaged 

optical beamforming chip is used in the system demonstrator presented in section 6.6. 

 

Figure 6.6. Simulated group delay response (for an ORR with a free spectral range of 0.21 

nm (26.5 GHz)), as a function of power coupling ratio κ. 
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Figure 6.7. Electro-optically packaged TTD chip on the Si3N4 platform for a four-channel 

radio beamformer (with 4 ORRs). 

 

6.5. Active phased-array feed using low-noise amplifiers with a large dynamic 

range 

In this hybrid RF-optical system, broadband LNA is one of the bottlenecks. The LNA 

should provide a low noise figure and high gain over a large operational bandwidth to satisfy 

the sensitivity and dynamic range requirements. A high power gain of at least 25 dB is 

required since the LNAs should drive the optical modulators. In addition, the LNA should be 

realized in low-cost silicon technology to ensure future integration with other analog and 

digital electronic circuits. Furthermore, the packaged LNA should fit within the array grid 

spacing that is required in our FPA concept. Fig. 6.8(a) shows a photo of the realized phased-

array feed, consisting of four wideband bowtie like antennas [165] - [172] connected to high-

gain LNAs which are connected via a rat-race balun to RF cables used to validate the 

performance of the active 4x1 array. The differential antenna elements are directly matched 

to the input of the LNA to ensure a low overall noise figure and good power matching. The 

packaging concept is illustrated in Fig. 6.8(b). The silicon LNA chips and bond wires are 

covered with black glob-top material as can be observed in Fig. 6.8(a). 

The input noise-matching network is the most crucial part of this LNA to ensure both noise 

matching and power matching. The common-emitter (CE) structure with inductive 

degeneration and series input inductor is widely used in LNA designs to achieve simultaneous 

noise- and power matching [182] - [183]. However, the matching condition is only valid 

within a narrow frequency band if the input matching network only uses a single inductor-

capacitor (LC) tank. To achieve both broadband power- and noise matching, a dual-LC tank 

matching method was previously proposed in [184] and implemented in a cascade structure. 

The equivalent small-signal model of the dual-LC tank matching network is shown in Fig. 

6.9, which consists of a shunt tank (L1, C1), a series (L2, C2) tank, and an equivalent 

resistance REQ. Both shunt and series tanks are resonant at the same radial frequency ωC. The 

input impedance, ZIN, can be expressed as a function of the radial frequency ω and REQ: 

      (6.1) 
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The ZIN curves are shown in Fig. 6.9 with REQ changing from 30 to 70 Ω. The blue dashed 

circle indicates the region in which the reflection coefficient (ΓIN) is below -10 dB. Clearly, 

the S11 bandwidth is extended when REQ is decreased. 

 

(a) 

 

(b) 

Figure 6.8. (a) Photo of the 4x1 linear feed array with SiGe BiCMOS LNAs, (b) cross-

section of the packaging concept. The silicon chips and bond wires are covered with black 

glob-top material. 

The dual-LC tank can also be applied for broadband noise matching. The output impedance 

of the matching network (ZS) is shown in Fig. 6.10. The minimal noise figure of the transistor 

is achieved under the noise matching condition of ZS = ZOPT, where ZOPT is the optimal noise 

impedance of the transistor. If ZS = ZOPT = ZIN*, we can realize simultaneous noise- and power 

matching. For an inductively-degenerated CE structure (Fig. 6.10) with the effect of the load 

ignored, the input impedance ZIN and the optimal noise source impedance ZOPT are found by: 

    (6.2) 

    (6.3) 
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Figure 6.9. Simulated ZIN of a dual-LC tank matching network for different values of REQ 

(30/50/70 Ω). Frequency increases from 10 to 50 GHz by 5 GHz per step. The dashed circle 

indicates the region of ΓIN < –10 dB. 

 

Figure 6.10. Simulated input impedance ZIN (and its conjugate ZIN*) and the optimal noise 

impedance ZOPT of an inductively degenerated CE structure and simulated output 

impedance ZS of the dual-LC tank matching network. R0 is the source resistance. Frequency 

increases from 10 to 50 GHz by 5 GHz per step. 

where CBE and CBC represent the base-emitter and base-collector capacitances, RB is the 

equivalent base resistance, gm is the trans-conductance, LE is the degeneration inductance and 

M is a coefficient related to the Miller effect. The difference between ZIN and ZOPT is mainly 

due to RB and CBC [185], whereas it is alleviated by LE. Simulation results are provided in 

Fig. 6.10, showing the curves of ZS, ZIN, and ZOPT versus frequency. Obviously, ZIN and ZOPT 

deviate from each other at all frequencies, thus there is no ideal case of a simultaneous power 

and noise match. ZS crosses both ZIN and ZOPT twice at different frequencies, which indicates 

that ZS provides a wideband matching situation. 

The final design of the LNA was realized in a silicon-germanium (SiGe) BiCMOS 

technology [186] and was experimentally validated on a probe station using a fully calibrated 

four-port vector network analyzer setup (for S-parameter measurement) and a two-port 

spectrum analyzer for noise figure and linearity measurements. The results are summarized 

and compared with other LNAs in Table 6.1. We can conclude that this LNA can support this 
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wireless-optical link by providing a power gain of 28.5 dB and a noise figure of 3.1 dB with 

an 8 GHz bandwidth. To cover a broader bandwidth, two or more LNAs should be put in 

parallel. 

Table 6.1. Performance summary and comparison of the BiCMOS LNA chip. 

 This work 
TMTT 

2015 [187] 

ASSCC 

2016 [184] 

MWCL 

2007 [185] 

Gain (dB) 28.5 26 10.5 23.5 

3-dB Gain BW (GHz) 29-37 25-34* 17-43 31-35* 

NF (dB) 3.1-4.1 2.1-3.5 2.5-4.0 2.6-3.2 

S11<-10dB BW (GHz) 24-40 N/A 17-50 26-40* 

IIP3 (dBm) -12.5 to - 7 -5@31GHz 1.8 to 5.9 -19.5@30GHz 

Power (mW) 80 134 24 11 

Technology 0.25 µm SiGe 0.25 µm SiGe 0.25 µm SiGe 0.12 µm SiGe 

 

 

6.6. System demonstrator 

The overall system demonstrator is shown in Fig. 6.11. It operates in receive mode and 

consists of the optimized offset double-reflector FPA with the 4x1 active phased-array feed 

of Fig. 6.8(a) which is connected to the four-channel optical beamformer. The feed array is 

positioned in the center of the focal plane. Measurements have been performed in the near-

field test facility of the Eindhoven University of Technology. 

A detailed block diagram of the optical beamformer setup is shown in Fig. 6.12. The first 

part of the optical beamformer (consisting of lasers and the optical Mach-Zehnder (MZM) 

modulators) is placed inside the anechoic chamber and is connected with the rest of the 

optical beamforming system outside the anechoic chamber via a 10 meter optical fiber link. 

The output of two lasers tuned at λ1:1545.398 nm and λ2:1546.033 nm are used to supply 

a continuous wave (CW) light input to the four optical beamformer channels. The output of 

the four active antenna elements supplies four 28 GHz signals input to the optical 

beamformer. The conversion of the RF signals from each antenna element into the optical 

domain is realized using separate MZMs via intensity modulation. The optical signals are 

then transported outside of the anechoic chamber via the four 10 meter optical fiber links. 

Then, optical amplifiers (OAs) compensate for any optical loss in the modulators. Erbium-

Doped Fiber Amplifiers are used as a OAs. Polarization controllers (PC) are used to align the 

light into TE-mode prior to being input into the packaged TTD chip for efficient fiber-to-chip 

coupling. The thermo-optic tuning of the ORRs is used to control the generated time delay 

of the optical beamformer as explained in section 6.4. The measured delay versus heater 

voltage is shown in Fig. 6.13. Any amplitude imbalance is controlled by variable power 

attenuators (VAtt). After further optical amplifications and double side-band to single side-

band conversion via two optical filters, a 2×1 optical combination of the signals is used to 

generate 2×1 beamforming. After photodetection, a power combiner is used to generate the 

4×1 beamformer output. 
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(a) 

 

(b) 

Figure 6.11. System demonstrator in the near-field scanner antenna test facility. It consists 

of a wide-scan double-reflector FPA with a 4-element active phased array feed (see Fig. 

6.8(a)) connected to the optical beamformer. This antenna system is connected to a remote 

central processing unit using optical fibers. The main reflector size is 80 cm, sub-reflector 

size is 83 cm by 25.5 cm. The focal length of sub-reflector Fs = 79 cm. 

 

Figure 6.12. Optical beamformer setup in the system demonstrator (MZM: Mach-Zehnder 

modulator, OA: optical amplifiers, ODL: optical delay lines, Vatt: variable attenuator, PD: 

photo-detectors, EA electrical amplifiers). 
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Figure 6.13. Measured single-channel delay versus thermo-optic control voltage of the 

optical beamformer measured in the demonstrator set-up. 

We have measured the antenna far-field patterns of the single channels and compared the 

response with our simulation model. Fig. 6.14 shows the measured antenna pattern at 28 GHz 

for a single channel. Clearly, the bi-focal behavior of the double-reflector FPA can be 

observed. The somewhat higher measured sidelobes are due to the large construction required 

to accommodate the supporting equipment of the optical beamformer (see Fig. 6.11(b)). In a 

full-operating system, we would require about 200 active array elements in order to cover the 

entire scan range of +/- 200. Fig. 6.15 shows the predicted antenna gain of our system. Clearly, 

scanning up to +/- 150 can be done with only a limited loss in gain. Further optimization of 

the double-reflector FPA is required to improve the performance at larger scan angles. 

 

Figure 6.14. Measured far-field antenna pattern of a single-channel of the complete 

demonstrator system at the output of optical beamformer, frequency is 28.5 GHz. 

 

6.7. Conclusions and future research directions 

It is shown that it is possible to use focal-plane-arrays with a high antenna gain for beam-

steering with a relatively large field-of-view up to +/-200. By using an optical beamformer, a 

wideband system for the 20-40 GHz band can be created with a fiber-based interface to a 

central processing unit. This hybrid antenna system proves to be a very interesting candidate 

to be used in future 5G and beyond-5G mm-wave base-stations and in two-way satellite 



6. FPA demonstrator 

 

176 

communication systems. We have developed integrated circuits for the most critical 

components in our system, the low-noise amplifier with high gain and the optical beamformer 

chip using ring-resonators. A system-level demonstrator was developed that operates in 

receive mode. Experimental results provide a good correlation with the predicted 

performance. 
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Figure 6.15. Predicted directivity of the double-reflector FPA when using a feed-array with 

200 active elements. 

 

 

 



 

1Current chapter is published as a journal paper: Dubok, A.; Smolders, A.B., "Focal-Plane 

Arrays with Improved Scan Capabilities," IEEE Antennas and Propagation Magazine, 2022, 

and included here in its entirety without any changes. 

 

 

 

CHAPTER SEVEN 

 

7. FOCAL-PLANE ARRAYS WITH IMPROVED SCAN 

CAPABILITIES1 
 

 

Summary 

 

This chapter investigates the limits of focal plane array technology by studying a double-

reflector antenna system with wide-angle scan capabilities. The proposed reflector 

configurations are analyzed in terms of effective isotropic radiated power (EIRP) 

maximization, minimization of the required total number of array elements for a wide-scan 

range, and the highest number of simultaneously active array elements of the phased-array 

feed. Presented configurations have capabilities to operate in the scan range up to ± 300 in 

azimuth and ± 30 in elevation. It has been demonstrated how different optimizations could 

allow to build systems with varying performance in terms of the key operation parameters, 

like array size, effective isotropic radiated power (EIRP), and the number of active array 

elements. A detailed analysis is provided that demonstrates the potential applicability of this 

concept in future millimeter-wave applications. 

 

7.1. Introduction 

Focal-plane arrays (FPAs) form a promising antenna technology allowing to combine the 

benefits of reflector-based systems that provide high antenna directivities and phased-arrays 

which are traditionally used for multi-beam and electronic beam-scanning applications. As a 

result, FPAs are widely used in radio astronomy [8], satellite and point-to-point 

communications [9], and low-cost Ka-band (30-40 GHz) multi-function radars. An 

interesting area of research is to investigate if FPAs can be used to realize base stations (also 

referred to as remote radio units) for future millimeter-wave (mm-wave) wireless 

communications infrastructure to meet the demands of 5G and beyond. 

One of the main limiting factors of existing solutions for mm-wave 5G base stations is the 

limited range and insufficient power budget due to the lack of system directivity [16], [17]. 

This leads to the necessity to use a huge number of array elements when using traditional 

phased array based systems. The FPA concept could solve those issues if it would be possible 

to design FPA systems with wide-scan capabilities. The proposed concept should 

demonstrate improved performance compared to the traditionally used phased arrays in terms 

of required array elements. 
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Traditionally, reflector systems have limited scanning potential and are dedicated to 

applications that required high directivity within an extremely narrow angular section. 

Classical reflectors focus the received wavefront on a relatively small spot in the focal plane. 

Multi-beam operation with such reflectors is normally done by placing a few separate feeds 

in the focal plane. This approach only works well over a relatively small angular range, since 

the point in the focal plane on which the energy is focused deviates strongly with increasing 

offset angle [18], [19], even for small offset angles w.r.t. broadside. 

The use of arrays as feeds for reflector systems allows to scan the main beam over a wider 

angular range. At the same time, the focusing properties of traditional reflectors significantly 

deteriorate during scanning. As a result, only a small number of active array elements are 

typically used in the focal plane [18], [21], [22], [23]. This limits the number of 

simultaneously available beams or scan range [24], [25] and limits the achievable effective 

isotropic radiated power (EIRP) [26], [27], [28]. At the same time, the required array size 

grows dramatically with increased scan range requirements. Nevertheless, the array feed 

could compensate for the reflector defocusing to achieve a high level of EIRP over the entire 

scan range. At the same time, mutual reposition of the reflector and array feed, the so-called 

axial displacement of the array, allows to increase in the number of involved array elements 

within the required scan range [29]. Moreover, the previously presented paper [23] 

demonstrates that it is possible to optimize the scan performance of FPAs and to improve its 

scan capabilities. In [23] we have investigated a complex offset double-reflector system as 

illustrated in Fig. 7.1 and Fig. 7.2, which provides a scan range of ±200 in the azimuth plane. 

Our model uses a geometrical optics (GO) approach, which applies Snell's law according to 

[153], [154] and [155]. When we describe the reflector surface as a mathematical function 

and divide the surface into a finite number of points, it is possible to find the normal at each 

point of the reflector. Based on Snell's law, the reflected wave in each reflector point can be 

calculated. In this way, the field distribution in the array plane can be determined, resulting 

in a cost-function used in our optimization process. 

In this chapter we will bring the concept of [23] to the next level by investigating the 

following research challenges: 

• investigate the maximum achievable scan range that FPA systems can provide, in 

particular for the double-reflector model with wide-scan capabilities, 

• decrease the beam deviation in the focal plane region during scanning, 

• investigate the most crucial factors of wide scanning FPAs, 

• explore configurations with a wide illumination area of the array to maximize the 

EIRP, 

• develop a wideband FPA system, operating over a wide operational bandwidth in 

K- and Ka-band between 20-40 GHz. 

Similar to [23], we will work at a frequency of 30 GHz. It is important to note that the 

results of array size minimization are not only related to a certain scan range, but also to the 

reflector sizes. It is obvious, that a larger main reflector could provide a higher directivity, 

but it will require a larger array as well. 

The structure of the chapter is as follows. Section 7.2 describes the concept of a complex 

offset double-reflector model optimized for different optimization goals. The situation with 
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sub-reflectors is more complicated and is discussed in section 7.3 where we will show 

reflector optimization results for a minimum array size for different sizes of the sub-

reflectors. Both the length and height of the sub-reflectors have been varied for those 

optimizations. The last section 7.4 discusses the most challenging optimization of the 

required array size for two-dimensional scanning with fixed sizes of the reflectors. In addition 

to the previously used azimuth scan range up to ± 300, an additional elevation scan range up 

to ± 30 is demonstrated. 

 

7.2. Double-reflector antenna with improved scan capabilities 

The traditional problems for FPAs with a wide-scan range are twofold: (1) we need to use 

a relatively large array to compensate for the beam deviation while scanning; (2) we need to 

use a sufficient number of active array elements to meet the required EIRP level. At the same 

time, the array elements are costly in such systems and the idea is to use them as much as 

possible. It is required to have a mechanism to connect the defined properties of the system, 

required directivity, scan range, and overall dimensions, with the properties of the array, like 

array size, the number of involved elements, and the distribution of amplitude and phase 

along the array. Knowing such relations, it is possible to find a way to control, optimize, and 

improve the FPA properties over the entire scan range. Such a method as a strictly 

deterministic mathematical algorithm has been proposed by the authors in [23]. The necessity 

to control additional parameters like amplitude and phase along the array is highlighted in 

[21], [188], [189], [190], [191], [129]. 

The concept presented in [23] investigates a complex offset double-reflector model (Fig. 

7.1 and Fig. 7.2) for a scan range of ±200 in the azimuth plane without scanning in the 

elevation plane. The size of the array in the elevation plane has been fixed to 4 cm and in the 

azimuth plane the size is subject of optimization. The main reflector size is 0.8 m in diameter 

which provides a maximum directivity of 48dBi at 30 GHz. The maximum sub-reflector size 

is limited to 83 cm x 30 cm. The obtained configuration has been used to construct a prototype 

for experimental validation (see Fig. 7.3). The simulation and measurement results confirm 

the proposed method, proves that the optimization algorithm works well, and allows to 

significantly improve the performance within a pre-defined scan range. Nevertheless, the 

question about the applicability of the proposed method for other optimization goals has not 

been disclosed. In addition, other scan range requirements could also lead to other optimal 

configurations. Thus, in the frame of this chapter additional investigations are done. 

In the proposed configuration of paper [23], the reflector elevation incline angle β acts as 

one of the geometrical parameters optimized by GO [192], [193], see Fig. 7.1. This incline is 

also visible in the photo of the prototype in Fig. 7.3. It is important to note that this parameter 

has been limited during optimization with a maximum value for up to 400. It is obvious that 

with a higher elevation incline, the effective area of the main reflector will be lower, reduced 

according to cosβ. As a result, the directivity of the reflector system will degrade with 

increasing β. At the same time, as will be demonstrated in this chapter, the introduction of 

this elevation aspect could improve the optimization results for reflector minimization during 

scanning. To find a balanced solution within this chapter, the reflector optimizations have 

been done for three different maximum values of β defined in the optimization code. Like in 

[23], one compilation of optimization limits the maximum value for β to 400, which is related 

to a 23.4% potential loss of directivity. Two other cases limit the maximum β to 200 and 00, 
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which is equivalent to a potential loss of directivity of 6% and 0%, respectively. 
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Figure 7.1. Complex offset double-reflector model [23]. 

In [23] the optimization has been done for a “complex“ or multi-variable set of 

optimization goals. This set is a combination of the minimum required array size to realize a 

certain scan range, the maximization of the ratio of active versus non-active array elements, 

and the minimization of the amplitude and phase errors along the array. Depending on the 

FPA application, different optimization goals could be more relevant than others. Thus, to 

cover the technology applicability it is necessary to investigate optimization goals that 

improve a certain aspect of the FPA. For example, the overall number of array elements could 

be minimized by minimizing the array dimension during operation within the required scan 

range. Nevertheless, the foundation stone is the optimization of the ratio of active versus the 

total number of array elements of the FPA within the scan range. As we know, the focusing 

properties of traditional reflectors significantly deteriorate during scanning. As a result, only 

a small number of active array elements are typically used in the focal plane. This limits the 

FPA technology and makes it vulnerable compared to phased arrays. 

We will introduce a new parameter RATA, which represents the Ratio between the number 

of Active array elements contributing to the reflector illumination for a certain scan angle to 

the Total number of Array elements [23]. The RATA will vary over the scan range, between 

a minimum and maximum value, as illustrated in Fig. 7.4. A high RATA results in a high 

EIRP level. 

Fig. 7.4 presents the typical situation for classical prime-focused reflectors. For larger scan 

angles, the focusing properties of the reflector deteriorate and the beam is broadened in the 

array plane. As a result, the number of active array elements is at its minimum for broadside 

operation and increases with scanning, reaching a maximum at the maximum scan incline. 
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Figure 7.2. Complex offset double-reflector model with discontinuities of the three-

dimensional offset reflector [23]. 

 

Figure 7.3. Photo of the prototype using a complex offset double-reflector setup [23]. 

For classical prime-focused reflectors, the field distribution in the focal plane is presented 

as an Airy pattern with a ring-like distribution. The aperture efficiency is found by integrating 

the electric field on the focal plane along the aperture and normalizing it to the total power 

received by the reflector [194]. An aperture efficiency of 100% for any distribution of the 

electric field in the array plane could be achieved only by using an infinitely large aperture 

radius. The array element is considered active if it is included in the aperture radius related 

to an aperture efficiency of 80% [162]. It is obvious that for different reflector configurations 

that operate within a defined scan range, the field distribution in the focal plane could take 

various forms. Nevertheless, the definition of “active array element” remains relevant [23]. 

Within this chapter, we will extend the optimization method of the paper [23] by 

investigating in subparagraph 7.2.1 how the multi-variable optimization can be extended to 

more extreme scan ranges up to ± 300. Next to this, alternative optimization goals will be 

investigated. Subparagraph 7.2.2 presents the results of optimizations for the maximization 

of the peak EIRP only or optimization of the maximum RATA only. Subparagraph 7.2.3 

presents the results of maximizing the minimum RATA that can occur in a certain scan range 

(Fig. 7.4). Subparagraph 7.2.4 demonstrates the combination of goals of subsections 7.2.2 

and 7.2.3, by maximizing the peak EIRP for broadside operation and improve the minimum 

RATA over the entire scan range. In subparagraph 7.2.5 we look at the minimum array size 

which could serve the required scan range. Subparagraph 7.2.6 summarizes the results 

achieved by different optimization methods. 



7. Focal-Plane Arrays with Improved Scan Capabilities 

 

182 

Broadside operation

Minimum 

number of 

active array 

elements

Maximum 

number of 

active array 

elements

Total 

number 

of array 

elements

/

/

Minimum 

RATA

Maximum 

RATA

=
Minimum number of 

active array elements

Total number of array 

elements

Maximum number of 

active array elements
Total number of array 

elements =
 

Figure 7.4. Maximum and minimum RATA of FPA within the scan range. 

For all optimizations, we have used a fixed array size of 4 cm in the elevation plane. The 

main reflector size is 0.8 m in diameter and the maximum allowed sub-reflector size is 100 

cm x 45 cm. 

 

7.2.1. Multi-variable optimization goal 

Within this subparagraph, the optimization results for 21 different reflectors configurations 

for a multi-variable optimization goal are presented. The configurations vary based on the 

maximum required scan range and are based on the maximum allowed angle β of the reflector 

configuration, see Fig. 7.1. The scan range starts from 00 (broadside operation) and increases 

up to ±300 maximum. Each scan range corresponds to different optimized reflector 

configurations. The multi-variable set of optimization goals combines the root mean square 

(RMS) amplitude and phase error along the array, minimum array size, and maximization of 

the RATA. Note that the definitions of the RMS amplitude and phase errors along the array 

are provided in [23]. The optimization set combines those goals with the same weighting 

coefficients as in the paper [23]. 

Table 7.1 contains the optimization results of the complex offset double-reflector models 

for β limited to 400, Table 7.2, and Table 7.3 for 200 and 00, respectively. 

A comparison between reflector configurations with different limits on β is presented in 

Fig. 7.5 for varying array sizes, in Fig. 7.6 for the RATA, and in Fig. 7.7 for the RMS 

amplitude and phase errors along the array. 

An azimuth scan range of 00 corresponds to broadside operation only. If we do not scan, 

the minimum and maximum RATA are always equal to 100% since there is no beam 

deviation related to scanning. As a result, for broadside, we only optimize the array size 

minimization and the RMS amplitude and phase error along the array. 

In the case of scanning, it is possible to optimize the RATA of the reflector configuration 
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within a defined scan range. Each scan range corresponds to the different optimized reflector 

configurations and to different values of the minimum and maximum RATA. For example, 

the configuration optimized to operate within a scan range of ±200 will have a certain value 

for the minimum and maximum RATA within this ±200 range. The configuration optimized 

to work within ±300 is going to be different and will have other values of minimum and 

maximum RATA. 

Table 7.1. Optimization results with the multi-variable goal for the complex offset double-reflector 
model for 𝜷 = 400. 

 Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 0.2 6.2 11.6 20.5 21.7 27.7 40.63 

Maximum RATA, % 100 99.53 95.73 44.07 61.25 50.66 20.75 

Minimum RATA, % 100 35.75 24.91 6.45 5.27 5.05 6.48 

Amplitude uniformity maximum RMS error, % 0.03 3.50 6.68 5.52 8.27 6.40 4.73 

Phase linearity maximum RMS error, deg 0.17 1.56 2.88 4.23 5.48 7.69 9.18 

 

Table 7.2. Optimization results with the multi-variable goal for the complex offset double-reflector 
model for 𝜷 = 200. 

 Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 0.3 9.9 20.5 34.4 43.2 79.7 121.3 

Maximum RATA, % 100 61.48 62.46 39.65 61.53 41.71 42.14 

Minimum RATA, % 100 3.15 0.99 2.18 6.73 26.60 34.36 

Amplitude uniformity maximum RMS error, % 0.05 4.24 8.75 9.12 16.67 12.12 17.82 

Phase linearity maximum RMS error, deg 0.21 1.79 3.59 5.38 7.46 10.47 12.87 

 

Table 7.3. Optimization results with multi-variable goal for the complex offset double-reflector 
model for 𝜷 = 00. 

 Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 0,04 24,9 52,3 80,1 110 154,2 210,9 

Maximum RATA, % 100 3.63 7.75 10.76 13.74 13.33 24.59 

Minimum RATA, % 100 2.67 4.04 4.66 5.75 1.93 8.56 

Amplitude uniformity maximum RMS error, % 0.01 0.25 1.16 2.48 4.36 5.92 14.87 

Phase linearity maximum RMS error, deg 2.32 3.26 4.71 6.31 7.74 7.23 6.86 

 

When only optimizing the maximum RATA, we improve the best-case operation, the best-

case peak EIRP. At other scan angles, the RATA might be much lower. On the other hand, 

when we only optimize the minimum RATA, we improve the RATA over the whole scan 

range. Both optimization goals could be combined with a certain proportion. Those could be 

interesting for radar applications since system sensitivity could be optimized in a certain 

direction and balanced with a minimum required sensitivity in other directions. 

Table 7.1 contains the results of the reflector optimization for ± 200 scanning with a limit 

of 400 of the maximum β, see Fig. 7.5. This is the same optimization requirement as for the 

proposed configuration in the paper [23]. The required minimum array size, which was 28 

cm in paper [23] based on physical optics (PO) simulations in GRASP [39], is now reduced 

to 21.7 cm in this chapter based on the GO optimization code. The slight improvement can 

be explained by the fact that in [23] the sub-reflector length has been limited to 83 cm due to 
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the prototype production restrictions, while in this chapter the maximum dimension the of 

sub-reflector size has been limited to 1 m. 
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Figure 7.5. Array size for the complex offset double-reflector model optimized for a multi-

variable goal. 
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Figure 7.6. RATA for the complex offset double-reflector model optimized for a multi-

variable goal. 
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Figure 7.7. RMS amplitude uniformity and phase linearity error along the array for the 

complex offset double-reflector model optimized for a multi-variable goal. 

From Fig. 7.5, it is clear that the required array size is increasing with increased scan range 

quite linearly. In addition, there is a clear difference versus an incline angle. A limit of β to 

200 results in an increase of the required array size of almost a factor 3 for a scan range of ± 

300 as compared to the situation of a 400 limit of β. In case β is not provided, the required 

array size is more than 5 times larger as compared to the maximum value for β = 400. From 

Fig. 7.6 we can observe a similar trend for the RATA. Both the maximum and the minimum 

RATA show a degradation with strict limits on β and degradation for wider scan ranges. 

Thus, it is obvious that some degradation in directivity could be acceptable to significantly 

reduce the array size and, as a result, the number of array elements for a wide-scan range. 

Fig. 7.7. shows the mixed dependence of amplitude uniformity and phase linearity RMS 

error along the array for various values of the reflector elevation incline angle. 
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7.2.2. Maximization of EIRP within the defined scan range 

Within this subparagraph, the optimization results for another 21 different reflectors 

configurations when maximizing the EIRP are presented. As in the previous case, the 

configurations vary based on the maximum required scan range and are based on the 

maximum allowed β angle. 

For this optimization, it is possible to create a situation where the entire array is active for 

a certain scan angle, so we could achieve a maximum RATA of 100%. Thus, in this case, a 

second-order optimization factor has been used. The minimization of the overall array 

dimension is applied if the maximum RATA achieves 100%. 

Within this chapter, we investigate the use case when the maximum RATA is optimized 

for broadside operation. If the maximum RATA for this optimization achieves 100%, this 

means that this configuration has all elements active for broadside operation and at the same 

time capable to provide scanning within the defined scan range (of course with less RATA 

than 100% for non-broadside operation) and achieves all of that with a minimum required 

array size. An example of such a system is presented in Fig. 7.8. 
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Figure 7.8. Illustration of an FPA with scanning capabilities and with the maximum RATA 

equal to 100% for broadside operation. 

Table 7.4 contains the optimization results of complex offset double-reflector models for 

β limited to 400, Table 7.5, and Table 7.6 for 200 and 00, respectively. 
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A comparison between the reflector configurations is presented in Fig. 7.9 for varying 

array size, in Fig. 7.10 for the RATA, and in Fig. 7.11 for the RMS amplitude uniformity and 

phase linearity error along the array. 

Table 7.4. Optimization results for EIRP maximization using a multi-variable goal for the complex 
offset double-reflector model for 𝜷 = 400. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 6.82 8.97 13.66 18.062 26.69 40.6 

Maximum RATA, % 100 100 100 100 100 100 

Minimum RATA, % 2.14 11.06 6.63 9.84 29.41 56.84 

Amplitude uniformity maximum RMS error, % 4.73 6.01 8.86 12.17 12.62 17.63 

Phase linearity maximum RMS error, deg 1.54 2.88 4.28 5.63 7.41 10.66 

 

Table 7.5. Optimization results for EIRP maximization using a multi-variable goal for the complex 
offset double-reflector model for 𝜷 = 200. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 9.3 17 35.8 42.6 89.8 118.2 

Maximum RATA, % 100 100 100 100 100 100 

Minimum RATA, % 3.12 4.03 34.47 24.66 52.09 49.94 

Amplitude uniformity maximum RMS error, % 6.53 11.55 18.69 23.11 38.69 54.34 

Phase linearity maximum RMS error, deg 1.88 3.96 6.10 7.87 10.83 14.25 

 

Table 7.6. Optimization results for EIRP maximization using a multi-variable goal for the complex 
offset double-reflector model for 𝜷 = 00. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 9.67 46.7 90.6 102.5 162.2 210.8 

Maximum RATA, % 100 100 89.61 74.88 45.10 24.62 

Minimum RATA, % 4.56 47.63 61.15 47.65 41.46 8.55 

Amplitude uniformity maximum RMS error, % 6.28 24.43 33.34 33.16 28.13 14.88 

Phase linearity maximum RMS error, deg 2.48 4.41 6.07 7.01 11.47 6.87 

 

Table 7.4 and Table 7.5 show the optimized results with a maximum β of 400 and 200, 

respectively. As we can see from those tables, within the investigated azimuth scan range up 

to ± 300, there is always a situation for each reflector when the entire array is active. Thus, in 

those tables, the array size is also optimized for minimum dimensions. Table 7.6 contains the 

results of the reflector optimization without the possibility of elevation incline. As we can 

observe, this implies a more challenging situation on the peak EIRP optimization and only 

within a limited scan range up to ± 100, it is possible to achieve the situation that all array 

elements are active for broadside operation. For scan ranges beyond ± 100, the optimization 

is done only for peak EIRP and does not include the array size minimization. 
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Figure 7.9. Array size for the complex offset double-reflector model optimized for EIRP 

maximization. 
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Figure 7.10. RATA for the complex offset double-reflector model optimized for EIRP 

maximization. 
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Figure 7.11. RMS amplitude uniformity and phase linearity error along the array for the 

complex offset double-reflector model optimized for EIRP maximization. 

Similarly to the previous optimization, Fig. 7.9 shows that the required array size is 

increasing with increased scan range in an almost linear way and with a stricter limit of the 

maximum β. Moreover, the limit on β limits the optimized peak EIRP as we could see in Fig. 

7.10. For β = 400 and β = 200 the maximum RATA is equal to 100% for all investigated scan 

ranges. Whereas for β = 00, the maximum RATA is decreasing linearly with increasing 

azimuth scan range. On the other hand, the minimum RATA is the highest when β = 00. This 

means that the difficulty to achieve the highest peak EIRP is in some way compensated by a 

higher minimum RATA. 

The RMS amplitude uniformity and phase linearity error along the array, as shown in Fig. 

7.11, demonstrates the overall increase for wider scan ranges. 

 

7.2.3. Minimum RATA 

Within this subparagraph, the optimization results for 21 different reflectors configurations 
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toward increasing the minimum RATA are presented. The lowest RATA value within the 

scan range characterizes how efficient array elements are used. Normally, this parameter is a 

weak spot of traditional reflector configurations. Classical prime focused reflectors have a 

very low RATA while scanning, so most of the array elements remain inactive [170], [144]. 

The complex offset double-reflector model of [23] allows to have about a quarter of the array 

elements to be active within a ± 200 scan range. Here we will explore if we can further 

improve the minimum RATA at the cost of deteriorating other characteristics. 

Table 7.7 contains the optimization results for maximizing the minimum RATA for β 

limited to 400, Table 7.8, and Table 7.9 for 200 and 00, respectively. 

A comparison between reflector configurations with different limits on β is presented in 

Fig. 7.12 for the array size, in Fig. 7.13 for the RATA, and in Fig. 7.14 for the RMS error of 

the amplitude uniformity and phase linearity along the array. 

Table 7.7. Optimization results for the maximization of the minimum RATA using a multi-variable 
goal for the complex offset double-reflector model for 𝜷 = 400. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 38.4 28.27 33.3 35.9 41.8 47.2 

Maximum RATA, % 99.96 99.04 98.64 99.99 99.61 95.69 

Minimum RATA, % 99.95 99.02 98.54 97.28 95.22 91.68 

Amplitude uniformity maximum RMS error, % 14.97 9.11 11.28 13.15 15.47 16.79 

Phase linearity maximum RMS error, deg 4.56 3.39 5.93 7.47 10.18 12.99 

 

Table 7.8. Optimization results for the maximization of the minimum RATA using a multi-variable 
goal for the complex offset double-reflector model for 𝜷 = 200. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 37.8 69.4 69.3 95.7 96.4 107.9 

Maximum RATA, % 99.86 99.32 98.16 92.98 77.99 99.96 

Minimum RATA, % 99.83 99.31 98.15 82.83 70.46 56.99 

Amplitude uniformity maximum RMS error, % 13.62 28.29 26.03 35.32 30.81 48.59 

Phase linearity maximum RMS error, deg 4.50 5.56 9.93 13.69 14.83 17.26 

 

Table 7.9. Optimization results for the maximization of the minimum RATA using a multi-variable 
goal for the complex offset double-reflector model for 𝜷 = 00. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 85.5 82.5 94.4 141.3 162.2 210.7 

Maximum RATA, % 99.96 86.44 75.85 63.85 45.10 24.62 

Minimum RATA, % 99.89 84.34 72.29 59.77 41.46 8.55 

Amplitude uniformity maximum RMS error, % 34.55 27.48 26.98 35.66 28.12 14.88 

Phase linearity maximum RMS error, deg 4.49 8.13 10.44 14.25 11.47 6.87 

 

According to Tables 7.7, 7.8, and 7.9, it is not possible to achieve a situation where the 

entire array remains active within the whole scan range. The minimum RATA is always less 

than 100% when there is a scan capability realized. Nevertheless, we could see that a 

dedicated optimization of the complex offset double-reflector allows to obtain results 

radically different from classical prime focused reflectors. If the prime focused reflector 

without reflector elevation incline has a RATA of about 19% for 200 elevation incline [23], 
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the corresponding complex offset double-reflector (see Table 7.9) optimized for ± 200 scan 

range has a minimum RATA of almost 60%. 
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Figure 7.12. Array size for the complex offset double-reflector model optimized for 

maximization of the minimum RATA. 
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Figure 7.13. RATA for the complex offset double-reflector model optimized for 

maximization of the minimum RATA. 
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Figure 7.14. RMS error of amplitude uniformity and phase linearity along the array for the 

complex offset double-reflector model optimized for maximization of the minimum RATA. 

The costs of the achieved RATA improvement are visible in Fig. 7.12. The sizes of the 

required arrays are significantly larger than for other types of optimizations. In addition, even 

for a limited scan range, a larger array is required. For reflectors with an elevation incline up 

to 400, the array is almost independent of the scan range. For a strict limit to β=00, the array 

size remains almost constant up to the 150 scan range and then linearly increases. 

The RATA of Fig. 7.13 demonstrates that up to a 150 scan range, it is possible to keep 

almost the entire array in active mode for configurations with maximum β of 200 and 400. As 

we know, a β equal to 400 corresponds to a potential loss of directivity of 23.4% and for a β 

value of 200 to 6%. This fact proves that some compromise towards a potential directivity 

drop and improvements of the array illumination by the reflector, in terms of a RATA 

increase, could be done. For β equal to 00 the maximum and minimum RATA strongly 

decreases for wider scan ranges. 
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7.2.4. Maximization of EIRP and the minimum RATA 

As we can see in the previous subparagraphs, the optimization of the minimum RATA is 

leading to the fact that the maximum RATA is also increasing. In addition, the optimization 

toward peak EIRP is possible using up to 100% of the active array elements for most of the 

configurations. Thus, it is interesting to combine those goals in one optimization. Both the 

peak EIRP and the minimum RATA are optimized with equal optimization weight within 

this paragraph. The optimization outcomes are again presented for 21 different reflectors 

configurations. 

When we look at the results of subparagraph 7.2.2 there is no need for a second-order 

optimization factor like array size minimization in this case. As it has been demonstrated the 

minimum RATA never achieves 100% within a nonzero scan range. Thus, the combined goal 

never could be satisfied fully. 

Table 7.10 contains the optimization results for β limited to 400, Table 7.11, and Table 

7.12 for 200 and 00, respectively. 

A comparison between reflector configurations with different limits on β is presented in 

Fig. 7.15 for array size, in Fig. 7.16 for the RATA, and in Fig. 7.17 for the RMS amplitude 

and phase linearity error along the array. 

Table 7.10. Optimization results for the maximization of EIRP and minimum RATA for the complex 
offset double-reflector model for 𝜷 = 400. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 42.79 50.3 52.66 60.7 48.6 58.23 

Maximum RATA, % 99.97 100 100 100 99.99 100 

Minimum RATA, % 99.95 99.25 96.80 96.84 95.28 91.25 

Amplitude uniformity maximum RMS error, % 17.76 19.81 20.44 22.76 18.63 22.72 

Phase linearity maximum RMS error, deg 4.86 5.47 8.36 12.09 12.12 16.19 

 

Table 7.11. Optimization results for the maximization of EIRP and minimum RATA for the complex 
offset double-reflector model for 𝜷 = 200. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 37.8 69.6 69.7 72.4 82 115.5 

Maximum RATA, % 99.96 99.34 98.15 100 100 98.08 

Minimum RATA, % 99.82 99.29 98.13 95.85 79.87 56.11 

Amplitude uniformity maximum RMS error, % 13.62 28.37 26.20 28.97 33.86 48.01 

Phase linearity maximum RMS error, deg 4.51 5.58 9.98 13.97 16.60 17.05 

 

Table 7.12. Optimization results for the maximization of EIRP and minimum RATA for the complex 
offset double-reflector model for 𝜷 = 00. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Array size, cm 90.5 81.1 86 145.5 162.2 210.8 

Maximum RATA, % 99.97 99.99 81.29 61.15 45.11 24.62 

Minimum RATA, % 99.89 97.96 76.00 57.39 41.46 8.56 

Amplitude uniformity maximum RMS error, % 37.51 31.29 27.61 34.97 28.13 14.88 

Phase linearity maximum RMS error, deg 6.08 8.86 8.33 14.07 11.47 6.87 
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Figure 7.15. Array size for the complex offset double-reflector model optimized for 

maximization of EIRP and minimum RATA. 
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Figure 7.16. RATA for the complex offset double-reflector model optimized for 

maximization of EIRP and minimum RATA. 

As we could see from Tables 7.10, 7.11, and 7.12 for the combined goal the maximum 

RATA could achieve 100%. This means that within a scan range, there is a certain scan angle 

when all array elements are going to be involved. For optimization results with a maximum 

reflector incline angle up to 400 (Table 7.10), the minimum RATA is also relatively close to 

100%. Thus, it is possible to claim that for β maximally equal to 400, the optimization goal 

is almost satisfied within the investigated scan range and it is possible to build an FPA with 

maximum use of the array elements. 
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Figure 7.17. RMS error of amplitude uniformity and phase linearity along the array for the 

complex offset double-reflector model optimized for maximization of EIRP and minimum 

RATA. 

Like the optimization results of the previous subparagraph the cost of the improvement is 

the need for a larger overall array size, see Fig. 7.15. For reflectors with β up to 200 and 400 

the array size almost does not depend on the scan range. In the case β = 00 the array size 

remains almost constant up to a 150 scan range and then increases further for wider scan 

ranges. 
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According to Fig. 7.16, the maximum RATA stays almost up to 100% for a ± 300 scan 

range for a maximum β of 400, within ± 200 – for a maximum β of 200, and ± 100 – for a 

maximum β of 00. 

 

7.2.5. Array size minimization 

From a cost point of view, the most important configuration could be the one that 

minimizes the overall number of required array elements. In other words, to optimize the 

shape of the reflector to achieve a minimum array size that could provide the required 

performance over the specified scan range. Within this subparagraph, the optimization results 

for 21 different reflectors configurations toward array size minimization are presented. It is 

important to notice that the obtained optimization results are scalable with the size of the 

reflectors and relevant only for the chosen sizes and proportions of the main and sub-

reflectors. 

Table 7.13 contains the optimization results of array minimization for β limited to 400, 

Table 7.14, and Table 7.15 for 200 and 00, respectively. 

A comparison between reflector configurations with different limits on β is presented in 

Fig. 7.18 for the array size, in Fig. 7.19 for the RATA and in Fig. 7.20 for the RMS of 

amplitude uniformity and phase linearity error along the array. 

Table 7.13. Optimization results for array size minimization for the complex offset double-reflector 
model for 𝜷 = 400. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Achieved minimum array size, cm 4.3 8.6 12.8 15.1 21.9 32.83 

Maximum RATA, % 99.97 99.98 99.98 99.32 99.99 54.07 

Minimum RATA, % 17.31 13.97 14.78 27.32 7.54 47.81 

Amplitude uniformity maximum RMS error, % 2.74 5.71 8.52 10.21 11.66 7.87 

Phase linearity maximum RMS error, deg 1.76 2.88 4.19 5.40 6.99 8.76 

 

Table 7.14. Optimization results for array size minimization for the complex offset double-reflector 
model for 𝜷 = 200. 

 Azimuth scan range, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Achieved minimum array size, cm 6.88 12.94 26.07 40.6 75.6 108.7 

Maximum RATA, % 99.96 100 53.03 28.06 36.93 57.08 

Minimum RATA, % 6.58 4.12 1.68 1.79 32.09 41.05 

Amplitude uniformity maximum RMS error, % 4.37 8.42 9.27 7.92 8.69 29.50 

Phase linearity maximum RMS error, deg 1.83 3.66 5.21 6.66 9.49 10.95 

 

Table 7.15. Optimization results for array size minimization for the complex offset double-reflector 
model for 𝜷 = 00. 

 Azimuth scan, deg 

±5 ±10 ±15 ±20 ±25 ±30 

Achieved minimum array size, cm 10.2 18.2 42.6 87.9 123.9 210.2 

Maximum RATA, % 99.16 88.79 18.82 8.64 28.47 24.55 

Minimum RATA, % 3.55 2.96 2.32 1.22 23.67 8.45 

Amplitude uniformity maximum RMS error, % 7.11 10.77 5.28 3.29 12.95 14.79 

Phase linearity maximum RMS error, deg 2.13 4.24 6.05 7.40 7.81 6.87 
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According to Tables 7.13, 7.14, and 7.15, it is possible to achieve significant array 

compactness compared to the previous cases. In addition, we could see that dedicated 

optimization of the complex offset double-reflector allows to obtain significantly different 

array sizes as compared to a similar configuration presented in the paper [23] where for ± 200 

scanning an array length of 28 cm length was required. In the dedicated optimization of this 

subparagraph, the configuration with the same β just requires a maximum length of 15.1 cm 

to provide the same scan range. This is achieved due to the dedicated optimization and due 

to the larger sub-reflector size up to 1 m, against 83 cm of the paper [23]. 
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Figure 7.18. Array size for the complex offset double-reflector model optimized for array 

size minimization. 
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Figure 7.19. RATA for the complex offset double-reflector model optimized for array size 

minimization. 
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Figure 7.20. RMS error of amplitude uniformity and phase linearity along the array for the 

complex offset double-reflector model optimized for array size minimization. 

The overall optimized array sizes almost increase quadratically with the scan range 

according to Fig. 7.18. For smaller scan ranges, the elevation inclines practically do not affect 

the required array size. However, with the increase of scan range, the difference between 

configuration limits becomes more pronounced and achieves a ratio of more than 6 for a ± 

300 scan range between β = 00 and β = 400. 
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The RATA of Fig. 7.19 demonstrates that there are certain scan angles when a significant 

part of the array will be active. However, the minimum RATA during scanning is 

significantly reduced compared to the dedicated optimization for RATA maximization (see 

subparagraph 7.2.2). Combined with the factor that optimization toward a compact array also 

minimizes the overall number of elements, we can conclude that there will be certain scan 

angles where the number of active elements is really low. 

 

7.2.6. Summary of optimizations 

An overview of the required array size for the different optimization goals presented in the 

previous subparagraphs is provided in Fig. 7.21 for reflector configurations with maximum 

β=400, Fig. 7.22 – 200, and Fig. 7.23 – 00, respectively. 
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Figure 7.21. Array size for the complex offset double-reflector model with β =400 

optimized for different goals. 

As we could see there is a tradeoff between different array characteristics. We could 

minimize the array size and have more complicated beamforming or have a significant RATA 

within all scan ranges, but with a relatively large array size. Interesting to notice is that the 

most significant difference between the required array sizes is observed for cases where the 

maximum β is equal to 400, see Fig. 7.21. For other values of β, it is more difficult to optimize 

the reflector for a certain optimization goal, see Figs. 7.22 and 7.23. Moreover, the increase 

in the required scan range also minimizes the output optimization results. The required array 

sizes of Figs. 7.22 and 7.23 are becoming the same or almost the same for the scan range of 

± 300. Those factors demonstrate that there is a clear limit on reflector designs with improved 

scanning capabilities. Scan ranges wider than ± 300 are not advisable since it is impossible to 

improve the reflector to obtain acceptable characteristics of the array. In addition, the 

optimization effect will be significant only if there are compromises on the directivity that 

the reflectors could provide as compared to classical reflector configurations. 
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Figure 7.22. Array size for the complex offset double-reflector model with β = 200 

optimized for different goals. 
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Figure 7.23. Array size for the complex offset double-reflector model with β = 00 optimized 

for different goals. 

 

7.3. Array size minimization for different sub-reflector sizes 

The previously presented optimization results of the array size minimization are relevant 

for a certain size of the main and sub-reflectors. The size of the main reflector defines the 

directivity of the whole system. In addition, scaling the main reflector size will cause scaling 

of the required sub-reflector and array. The RATA will remain the same. Normally the main 

reflector is the bulkiest part of the system and defines the required directivity, while the sub-

reflector could be a bit smaller and stretched out in one of the dimensions to provide scan 

capabilities. Thus, it is interesting to investigate how the sub-reflector size could affect the 

scan capabilities of the whole system. 

Within this section, the optimization results for 49 different reflectors configurations 

toward array length minimization are presented for different sub-reflector sizes. The 

investigation is done for a complex offset double-reflector model with β of 400. The required 

scan range has been fixed to ±200 in the azimuth plane. In the orthogonal non-scanning plane, 

the width of the array has been fixed to 4 cm. The sub-reflector sizes 𝐷𝑦𝑠 vary from 80 cm 

to 110 in the scanning plane and 𝐷𝑧𝑠  from 15 cm to 30 cm in the orthogonal plane. 

The optimization results of the array size minimization are presented in Table 7.16 and 

Fig. 7.24, the maximum RATA - in Table 7.17 and Fig. 7.25, the minimum RATA - in Table 

7.18 and Fig. 7.26, the RMS error of amplitude uniformity - in Table 7.19 and Fig. 7.27, the 

RMS error of phase linearity - in the Table 7.20 and Fig. 7.28. 
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According to Table 7.16, there is an optimum size of the sub-reflector for a defined 

reflector specification. We could see that the minimum array size is achieved with a sub-

reflector size of 90 - 100 cm in the scan plane and 25 cm in the orthogonal plane. Both 

dimensions are affecting the achieved size of the array. In Fig. 7.24 we can see the limitation 

of 𝐷𝑧𝑠 has a significant effect on the array size. In addition, it is important to notice that a 

further increase in the dimensions of the sub-reflectors does not help to minimize the array 

size further. 

The maximum RATA (Table 7.17 and Fig. 7.25) depends on the sub-reflector size in a 

straightforward way. With increasing sub-reflector size, the maximum number of 

simultaneously involved elements within the defined scan range is also increasing. It is 

achieving almost 100% for a maximum 𝐷𝑧𝑠 of 30 cm. The minimum RATA (Table 7.18 and 

Fig. 7.26) in its turn has a mixed dependence. However, some of the sub-reflector sizes 

achieve a minimum RATA of up to 40%. For example, one of the smallest achieved arrays 

corresponded to a 𝐷𝑧𝑠 equal to 25 cm and 𝐷𝑦𝑠 - 90 cm. 

 

Figure 7.24. Achieved minimum array size of the complex offset double-reflector for 

different sub-reflector sizes. 
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Table 7.16. Achieved minimum array size of the complex offset double-reflector for different sub-
reflector sizes. 

Achieved minimum array size, cm 

 
Dys, cm 

80 85 90 95 100 105 110 

D
z s

, 
cm

 

15 62.2 64.5 63.6 76.4 85.9 87.3 120.3 

17,5 56.6 74.6 75.0 74.4 69.9 79.2 70.2 

20 41.9 41.9 46.1 35.1 44.5 52.9 42.4 

22,5 29.3 29.4 25.4 29.4 34.6 38.2 44.8 

25 34.4 20.0 16.1 16.5 16.1 18.0 32.8 

27,5 54.3 36.5 35.5 26.7 25.4 18.3 28.8 

30 22.1 21.4 23.9 24.1 18.4 21.1 33.4 

 

Table 7.17. Maximum RATA of the complex offset double-reflector model for different sub-reflector 
sizes. 

Maximum RATA, % 

 
Dys, cm 

80 85 90 95 100 105 110 

D
z s

, 
cm

 

15 11.69 16.37 18.35 22.59 28.48 30.99 44.75 

17.5 11.35 27.64 26.69 24.38 25.31 48.91 51.93 

20 45.75 18.45 13.84 46.82 33.01 42.98 24.93 

22.5 34.66 43.01 35.17 23.99 12.82 21.03 30.62 

25 45.21 79.49 75.59 99.99 99.88 99.99 11.53 

27.5 21.99 50.97 21.87 42.70 49.93 99.99 41.59 

30 98.13 99.99 99.99 99.98 99.98 100 52.95 
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Figure 7.25. Maximum RATA of the complex offset double-reflector for different sub-

reflector sizes. 
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Table 7.18. Minimum RATA of the complex offset double-reflector for different sub-reflector sizes. 

Minimum RATA, % 

 
Dys, cm 

80 85 90 95 100 105 110 

D
z s

, 
cm

 

15 7.30 10.23 11.66 15.52 16.77 16.48 44.26 

17.5 5.92 23.34 24.32 15.71 18.49 26.32 12.32 

20 7.29 10.29 3.72 11.80 2.05 1.38 0.98 

22.5 21.18 13.58 21.99 4.12 3.52 2.13 3.62 

25 4.84 7.35 41.53 9.53 3.21 2.29 6.84 

27.5 4.84 11.56 8.68 11.39 4.69 1.49 15.12 

30 32.30 9.22 19.66 17.11 13.30 3.24 25.50 
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Figure 7.26. Minimum RATA of the complex offset double-reflector for different sub-

reflector sizes. 

Table 7.19. RMS error of amplitude uniformity of the complex offset double-reflector for different 
sub-reflector sizes. 

Amplitude uniformity maximum RMS error, % 

 
Dys, cm 

80 85 90 95 100 105 110 

D
z s

, 
cm

 

15 1.74 2.85 3.28 4.99 7.27 8.13 21.62 

17.5 1.52 8.39 6.85 5.27 7.93 20.11 21.92 

20 11.89 3.58 4.09 9.85 10.21 15.52 7.33 

22.5 5.59 7.26 2.55 4.46 2.96 5.50 9.31 

25 9.90 10.86 7.35 8.51 8.41 12.26 1.11 

27.5 6.54 10.70 2.27 6.26 7.90 11.64 6.32 

30 13.23 14.90 15.64 15.89 12.27 14.18 10.08 
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Figure 7.27. RMS amplitude uniformity error of the complex offset double-reflector model 

for different sub-reflector sizes. 

Table 7.20. RMS phase linearity error of the complex offset double-reflector model for different sub-
reflector sizes. 

Phase linearity maximum RMS error, deg 

 
Dys, cm 

80 85 90 95 100 105 110 

D
z s

, 
cm

 

15 2.39 2.31 2.74 2.28 2.09 2.41 0.87 

17.5 3.26 2.83 2.89 3.32 3.42 3.25 4.24 

20 4.37 4.45 4.45 4.86 4.86 5.15 5.22 

22.5 5.00 4.71 5.18 4.78 5.15 5.41 5.88 

25 5.82 5.26 5.36 5.58 5.67 6.31 6.34 

27.5 5.42 5.13 5.49 5.59 5.73 6.02 6.72 

30 6.00 5.70 6.32 6.32 5.94 5.99 7.56 
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Figure 7.28. RMS phase linearity error of the complex offset double-reflector model for 

different sub-reflector sizes. 

 

7.4. Array size minimization for two-dimensional scanning 

Next to scanning in the azimuth plane, scanning in elevation could be very useful, for 

example, to compensate for antenna tower vibrations due to wind, which could lead to a beam 

misalignment of a few degrees [15]. Thus, in addition to the wide-scan capabilities in the 

azimuth plane, it is crucial to have a limited scanning functionality in the opposite orthogonal 

plane. In the previous paragraph, we have seen that the sizes of both sub-reflectors affect the 

minimum required array size. 

Within this subparagraph, the optimization results for 49 different reflectors configurations 

toward array size minimization are presented for scanning in two planes. Like the previous 

cases, the scanning in azimuth is investigated in the range up to ± 300. In the orthogonal 

elevation plane, the scan range is limited to ± 30. The investigation is done for a complex 

offset double-reflector with β=400. The sub-reflector size is 100 cm x 45 cm. The desired 

array size is minimized in the main scanning plane and remains equal to 4 cm in the elevation 

plane. 

Table 7.16 presents the optimization results of the array size and associated dimensions. 

Figs. 7.29 and 7.30 present a comparative analysis of the minimum required array size for 

different scan ranges in azimuth and elevation. Fig. 7.31 presents the same results in a 3-D 

surface chart. The maximum RATA is presented in Table 7.22 and Fig. 7.32, the minimum 

RATA - in Table 7.23 and Fig. 7.33, the RMS error of amplitude uniformity - in Table 7.24 

and Fig. 7.34, the RMS error of phase linearity - in Table 7.25 and Fig. 7.35. 
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Table 7.21. Achieved minimum array size for the complex offset double-reflector model for two-
dimensional scanning. 

Achieved minimum array size, length, cm, width cm, area, cm^2 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
at

io
n

 s
ca

n
 r

an
g
e,

 d
eg

 
0 

0.1x3.1 

0.3 

4.4x3.6 

15.5 

8.9x4.1 

36.5 

14.2x4.5 

64.1 

19x4.4 

83.9 

25.1x5.2 

129 

53.7x4.7 

253 

±0.5 
0.8x5.9 

4.5 

5.5x5.1 

27.8 

9.7x5.4 

52.7 

14.5x5.8 

83.4 

18.6x6.4 

118.5 

25.9x6.7 

174.8 

64.5x6.1 

396.0 

±1 
0.7x10.1 

6.8 

7.2x6.6 

47.8 

10.9x6.7 

73.7 

15.4x7.4 

113.7 

19.6x7.7 

150.7 

27.5x8.1 

222.7 

64.9x7.6 

498.0 

±1.5 
1.1x12.4 

13.5 

8.5x8.2 

69.1 

12.1x8.2 

98.8 

18.7x8.4 

158.3 

20.7x9 

186.4 

28.7x9.8 

282.8 

69.4x9.1 

634.0 

±2 
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Figure 7.29. Array size for two-dimensional scanning with the complex offset double-

reflector. Azimuth scan range up to ± 300 and elevation scan range up to ± 30. 
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Figure 7.30. Array size for two-dimensional scanning with the complex offset double-

reflector. Azimuth scan range up to ± 200 and elevation scan range up to ± 30. 
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Figure 7.31. Achieved minimum array size of the complex offset double-reflector for two-

dimensional scanning. 
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Table 7.22. Maximum RATA of the complex offset double-reflector for two-dimensional scanning. 

Maximum RATA, % 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
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n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 100 95.75 91.08 80.48 79.93 76.43 77.48 

±0.5 62.56 69.44 71.11 64.84 61.45 57.94 40.65 

±1 58.34 55.82 59.04 53.34 53.01 48.56 30.78 

±1.5 49.41 47.63 50.81 35.10 47.47 40.94 30.45 

±2 42.42 28.49 34.57 33.26 41.97 34.25 26.02 

±2.5 39.47 26.11 29.59 30.66 38.63 28.51 23.96 

±3 36.67 24.40 28.41 27.46 25.22 23.70 17.78 
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Figure 7.32. Maximum RATA of the complex offset double-reflector for two-dimensional 

scanning. 

Table 7.23. Minimum RATA of the complex offset double-reflector for two-dimensional scanning. 

Minimum RATA, % 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
at

io
n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 100 34.26 20.75 11.81 10.24 20.78 51.91 

±0.5 46.58 14.14 9.94 5.23 5.59 10.65 28.20 

±1 43.17 6.50 6.77 6.39 5.35 5.29 20.84 

±1.5 34.54 5.63 7.26 3.62 3.94 2.54 17.29 

±2 26.89 4.95 3.18 2.85 3.15 6.91 12.69 

±2.5 22.79 6.53 2.37 2.28 2.46 3.27 8.82 

±3 20.63 5.23 1.95 1.76 1.58 1.36 5.19 
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Figure 7.33. Minimum RATA of the complex offset double-reflector for two-dimensional 

scanning. 

Table 7.24. RMS error of amplitude uniformity of complex offset double-reflector model for different 
two-dimensional scanning. 

Amplitude uniformity maximum RMS error, % 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
at

io
n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 9.16 10.35 12.74 12.06 11.43 13.62 23.14 

±0.5 9.98 10.22 12.90 15.28 16.51 13.25 13.47 

±1 14.01 10.25 12.44 13.49 14.29 13.06 13.45 

±1.5 13.83 10.38 13.13 11.99 14.27 16.50 14.50 

±2 13.52 10.18 11.53 12.22 12.88 15.07 14.24 

±2.5 13.93 10.65 11.48 11.99 12.70 13.20 16.48 

±3 14.54 10.65 11.51 12.02 12.54 12.43 11.82 

 

 

 



7. Focal-Plane Arrays with Improved Scan Capabilities 

 

205 

A
m

p
lit

u
d
e
 u

n
if
o
rm

it
y
 m

a
x
im

u
m

 r
m

s
 e

rr
o
r,

 %

Amplitude linearity maximum rms error, %

 

Figure 7.34. RMS error of amplitude uniformity of complex offset double-reflector model 

for different two-dimensional scanning. 

Table 7.25. RMS error of phase linearity of complex offset double-reflector model for two-
dimensional scanning. 

Phase linearity maximum RMS error, deg 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
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v
at
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n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 14.45 11.12 11.44 11.75 11.88 12.02 13.12 

±0.5 11.07 11.10 11.38 11.52 11.51 11.80 12.91 

±1 11.82 11.10 11.35 11.46 11.39 11.75 12.88 

±1.5 11.82 11.10 11.34 11.42 11.29 11.55 12.99 

±2 11.82 11.10 11.20 11.20 11.19 11.46 12.93 

±2.5 11.83 11.11 11.18 11.19 11.12 11.26 11.75 

±3 11.82 11.12 11.18 11.16 11.16 11.18 11.50 
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Figure 7.35. RMS error of phase linearity of the complex offset double-reflector model for 

two-dimensional scanning. 

According to Table 7.21, as has been expected, the minimum required array size strongly 

depends on the scanning requirements in both planes. We can observe this in Figs. 7.29 and 

7.30 that scanning in the elevation plane makes the array size minimization much more 

challenging. For example, for scanning up to ± 200 in the azimuth plane (red color in Figs. 

7.29 and 7.30) the required array size is significantly larger in both dimensions if there is 

scanning in the elevation plane. For 00 scan in elevation, the array size is: 19 cm x 4,4 cm, 

whereas for ± 30 we obtain a size of 28,6 cm x 13,1 cm. The main reason is the difficulty to 

avoid blockage when we scan in the elevation plane. In addition, the focusing properties of 

the reflectors are sacrificed for wider scanning. The overall shapes of the reflector are more 

stretched in the azimuth plane where the main scanning is provided. Fig. 7.31 shows the array 

size versus the scan range. As could be expected a larger array size is required for an increased 

scan range in one of the planes. 

The maximum RATA (Table 7.22 and Fig. 7.32) depends quite straightforward on the scan 

requirements. As could be expected for zero scans in both planes, all array elements are all-

time active. With increasing scan range the maximum RATA is gradually decreasing and 

achieves a minimum for the widest scan ranges in both planes. 

The minimum RATA (Table 7.23 and Fig. 7.33) has a maximum value for the non-

scanning cases. For other situations, it is significantly lower and demonstrates that most of 

the array elements are not involved in two-dimensional scanning. The most challenging 

situation occurs for an elevation scan range up to ± 30. In this case, the RATA drops to a few 

percent due to the significant beam deviation and limited focusing properties in the offset 
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plane. 

Traditionally, the parabolic shape is considered the most common type of surface for 

classical prime focus reflectors [145]. It is also well-known that a spherical reflector could 

provide a minimum beam deviation during scanning [150]. Nevertheless, the situation for the 

investigated complex offset double-reflector is more complicated. The main reflector shape 

for different scan ranges is presented in Table 7.26, for the sub-reflector – in Table 7.27. 

Table 7.26. Main reflector shape of the complex offset double-reflector for two-dimensional 
scanning. “H” stands for a hyperbolic shape and “P” – for a parabolic shape. 

Main reflector shape 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
at

io
n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 H P P P H P P 

±0.5 H P P P H P P 

±1 H P P P P H P 

±1.5 H H H H P H H 

±2 H H H H P H P 

±2.5 H H P P P P P 

±3 H P P P P P P 

 

Table 7.27. The sub-reflector shape of the complex offset double-reflector for two-dimensional 
scanning. “H” stands for a hyperbolic shape and “P” – for a parabolic shape. 

Sub-reflector shape 

 
Azimuth scan range, deg 

0 ±5 ±10 ±15 ±20 ±25 ±30 

E
le

v
at

io
n

 s
ca

n
 

ra
n
g

e,
 d

eg
 

  

0 H H H H H P H 

±0.5 H H H H H P H 

±1 H H H H H P H 

±1.5 H H H H H H H 

±2 H H H H H H H 

±2.5 H H H H H H P 

±3 H H H H H H P 

 

From Tables 7.26 and 7.27 we could see that parabolic reflector shapes are not always the 

optimal solutions. It really depends on the scanning requirements. For the main reflector, the 

parabolic shape has a mixed variation of hyperbolic and parabolic shapes whereas the optimal 

shape of the sub-reflector is always a hyperbolic shape. 

 

7.5. Conclusion 

Within this chapter, a detailed analysis of FPA configurations has been presented in terms 

of technology limits for wide-angle scanning. It has been shown how different optimizations 

could allow building systems with various performances in terms of key operating parameters 

like array size, EIRP, and the RATA. 

It is possible to improve the best-case operation or create configurations where the entire 

array is active for a certain scan angle, with a maximum RATA of 100%. For instance, 

reflector configurations can be obtained with all elements active for broadside operation. At 

the same time, these configurations are capable to provide scanning within the defined range 

at the expense of a much lower RATA. 
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For improving the overall array performance, we only optimize the minimum RATA or 

improve the RATA over the whole scan range. The minimum RATA is always well below 

100% when there is a scan capability realized. Nevertheless, we have shown that this 

parameter can be significantly improved using optimization. The proposed double-reflector 

is optimized for a ± 200 scan range and provides a minimum RATA of almost 60% while for 

classical prime-focused reflectors, this is equal to 19% only. 

It is also possible to significantly reduce the required array size by a dedicated 

optimization. With a size of the main reflector of 80 cm, the minimum array size to provide 

± 200 azimuth scanning is equal to 15.1 cm x 4 cm while for a classical prime focused reflector 

the array size is 52 cm x 9 cm [23]. The required minimum array size is significantly larger 

in both dimensions when we also require additional scanning in the elevation plane. 

The ratio between the main and sub-reflector can also be subject to optimization. We have 

shown that there are optimum dimensions of the sub-reflector in order to achieve a minimum 

array size. 

Overall, it has been shown that there is a tradeoff between different FPA characteristics. It 

is possible to minimize the array size and, at the same time, have a smaller number of active 

array elements or have a significant RATA within all scan ranges, but with a relatively large 

array size. 

 

 



 

 

 

 

 

8. CONCLUSION AND RECOMMENDATIONS 
 

 

The thesis has addressed the FPA technology, and more specifically an antenna system 

capable to operate in the frequency band of 20-40 GHz with a scan range up to ±200 in the 

azimuth plane. The aim of the project has been to develop a hybrid system that combines the 

benefits of phased arrays and traditional reflector-based solutions. Next to this, an array 

design to be used as a wideband phased-array feed (PAF) is proposed and investigated against 

state-of-the-art antenna designs. The factors that determine the active wideband performance 

are investigated and analyzed for the chosen configuration of the reflector and array. Several 

prototypes have been manufactured and tested to support the design ideas. The proposed 

design allows us to get good active matching properties over a frequency band of more than 

one octave. This is based on the active reflection coefficient and the total active antenna 

reflection. At the same time, other relevant characteristics, like total radiation efficiency, 

phase-center stability, and reflector aperture efficiency remain at an acceptable level. In 

addition, an innovative reflector design was proposed for a wide scan range up to ±200 in the 

azimuth plane and was tested in combination with the designed array feed. The demonstrated 

simulations and measurements fully support the visibility study of both reflector and array 

designs. 

 

8.1. Thesis overview 

In chapter 3 an overview of the main design challenges of FPAs has been provided. The 

main focus was to explore wideband concepts for the phased array feed and issues of scanning 

with the reflector. The proposed modified bow-tie antenna has been investigated and 

analyzed as a single element. It demonstrated excellent input matching properties over a 

frequency band of more than one octave and nearly reaches the theoretical Chu-Harrington 

limit. The reflector configuration for a narrow scan range has been proposed as a double-

reflector concept. This design allows expanding the illuminated region of the array by a factor 

of 60 as compared to traditional prime-focus configurations. The proposed configuration also 

decreases the magnification factor by a factor of 2.5, as compared to the double-parabolic 

configuration for a ±1.50 scan range. As a starting point for the reflector analysis for a wide-

scan range application, a solid mathematical analysis of reflector shaping for wide-angle 

scanning was presented. Parabolic, hyperbolic, and spherical reflectors were defined based 

on the geometrical optics method in order to have the smallest deviation of the focused beam 

during wide-angle scanning. It has been demonstrated that it is possible to expand the 

illuminated region of the array by a factor of 3 for parabolic reflectors with axial 

displacement. In addition, it has been verified that the spherical reflector has the smallest 

deviation from the axis of revolution during wide-angle scanning. 

Chapter 4 described the optimization algorithm based on geometrical optics for reflector 

optimization for wide scan-range applications with limited computational effort. The main 

result of this procedure is the new complex offset double reflector configuration for a 
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wideband FPA which is optimized for Ka-band applications with a scan range of ±200 in the 

azimuth plane. The proposed reflector configuration was capable to maximize the number of 

simultaneously active array elements of the PAF and minimize the required total number of 

array elements for this wide scan range. To realize an aperture efficiency of at least 80% at 

30 GHz, this concept has half of the antenna elements in the array be active during scanning 

for a scan range of ±100 and at least a quarter of the array elements to be active for a scan 

range of ±200. This is a major improvement as compared to the scan capabilities of focal-

plane arrays based on conventional single and double-parabolic reflector configurations. In 

addition, the FPA configuration has been optimized for wideband optical TTD beamforming 

which requires a linear phase distribution along the array elements. The phase linearity was 

obtained with an rms error of 2.810 at 30 GHz. The experiments from the realized prototype 

demonstrated good agreement between simulation and measurement and fully prove the 

required scan performance over a ±200 scan range. The prototype demonstrated a high 

directivity up to 46 dBi at 30 GHz and 48 dBi at 40 GHz and aperture efficiency up to 83 % 

at 30 GHz and 77 % at 40 GHz. 

An additional output of the optimization algorithm is the possibility to design more 

complex reflector configurations with multiple interactions. The design presented in chapter 

4 fully combines the advantages of phased arrays in terms of wide-angle scanning and FPA 

systems in terms of high antenna gain. There is almost no beam deviation in the array plane 

anymore during scanning. The main operational feature of the new system is the double sub-

reflector interaction. This FPA system achieved a 15 dB higher antenna gain as compared to 

a phased array with a size equal to the feed array of the proposed reflector system. Based on 

a minimum required 80% aperture efficiency at 30 GHz, the illuminated array region is 

increased by a factor of 200 as compared to traditional prime-focus configurations. In 

addition, the FPA configuration significantly reduces the required overall array size by a 

factor of 1.5 as compared to conventional double-parabolic reflector configurations. The 

proposed concept maximizes the percentage of active array elements up to 90% within the 

required scan range of ±100 along the azimuth plane. Since almost the whole array is active, 

a high EIRP could be obtained with this configuration. The downside of this feature is the 

requirement of a relatively large sub-reflector. The size is 33.5 cm x 77.4 cm with a 

pronounced V-shape due to the discontinuity of the function defining the sub-reflector 

surface. 

In chapter 5 several array designs were investigated in detail including the design 

challenges to obtain a wideband performance during scanning, issues for reflector aperture 

efficiency, and integration of wideband PAFs and reflectors. The array elements were based 

on a modified version of the well-known bow-tie antenna. The analysis was performed for 

both the classical prime-focus reflector and for a novel double reflector configuration that 

provides a wide-scan range. The optimal element spacing for various scan ranges was 

investigated. The proposed optimized array demonstrated excellent active matching 

properties over a frequency band of more than one octave and within a ±200 azimuth scan 

range, realized with the double-reflector FPA. Multiple FPA prototypes were realized to 

validate the performance of our concept. The active wideband performance has been achieved 

with a limited sacrifice of the reflector aperture efficiency. The demonstrated tradeoff 

between array element spacing and FPA far-field properties allows to satisfy the design 

requirements of the total active reflection coefficient (TARC). Both simulation and 

measurement results demonstrate good agreements of the S-matrix and far-field patterns for 

a single antenna, for arrays, and for reflectors in combination with the PAFs. 
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Chapter 6 was focused on the FPA system-level demonstrator, which is the result of the 

collaboration of several sub-project into one system concept. The broadband wide-scan focal-

plane array designed in this thesis was combined with optical beamforming using ring 

resonators and low-noise amplifiers with a large dynamic range. A system-level demonstrator 

was experimentally validated in receive mode. The concept provided an antenna gain of more 

than 40 dBi over a FoV of ±150 at 28.5 GHz. It has been demonstrated that it is possible to 

use focal-plane arrays with a high antenna gain for beam-steering with a relatively large field-

of-view up to ±200. By using an optical beamformer, a wideband system for the 20-40 GHz 

band can be created with a fiber-based interface to a central processing unit. Experimental 

results provided a good correlation with the predicted performance. 

In chapter 7 it has been shown that the proposed double-reflector antenna system with 

wide-angle scan capabilities could be extended and further optimized for different use cases, 

for two-dimensional scanning in the frame of various design limits. The proposed reflector 

configurations were analyzed in terms of EIRP maximization, minimization of the required 

total number of array elements for a wide-scan range, and the highest number of 

simultaneously active array elements of the phased-array feed. Presented configurations have 

capabilities to operate in the scan range up to ± 300 in azimuth and ± 30 in elevation. It has 

been demonstrated how different optimizations could allow building systems with varying 

performance in terms of key operation parameters like array size, EIRP, and the number of 

active array elements. A detailed analysis was provided that demonstrates the potential 

applicability of this concept in future millimeter-wave applications. 

 

8.2. Recommendations 

Future FPA antenna systems require active wideband performance, wide-scan range 

operation, and a high level of integration and co-optimization between the reflector system 

and array feed. At the same time, the cost-related parameters should be carefully controlled 

in order for FPAs to compete with traditional phased arrays. This thesis presents outcomes 

that would make PFAs competitors to the phased arrays for a number of applications where 

the limited scan capability of FPAs could be improved and be sufficient. Nevertheless, there 

are a wide variety of PFAs characteristics which are required further development and 

improvements. 

Based on the research presented in the thesis it is possible to specify the number of most 

promising recommendations for further development in the field of wideband FPAs with 

improved scanning capabilities: 

• Extension of the GO model to include more flexibility in the reflector's shaping. 

Within this thesis, the surfaces of the investigated reflectors are described as 

second-order polynomial functions. This allows the investigation of traditional 

elliptical, spherical, and hyperbolic reflectors with different discontinuities, axial 

displacement, and different mutual positions of reflectors and arrays. 

Nevertheless, it is possible to use other types of functions to describe the reflector 

surface like polynomials of higher order. In addition, we can investigate the 

possibility to describe different parts of the reflectors by different functions. 

Those will allow to provide further reflector optimizations for dedicated reflector 

illumination and scanning capability. 
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• Increased scan range by using shaped main reflectors. Within this thesis, the 

surface of the main reflector has been described differently in elevation and 

azimuth planes. This has been done in order to satisfy different scanning 

requirements in those orthogonal planes. As could be expected scanning demands 

in the azimuth plane are significantly more challenging than in elevation. 

Nevertheless, the overall shape of the main reflector has been a traditional circular 

dish. It is possible to significantly improve the scanning properties if to reshape 

the main dish and extend its dimension in the more demanding scanning plane. 

The best example of such a design is a torus reflector antenna which has a wider 

dimension in the horizontal plane to provide increased scan range in the azimuth. 

• Further extend the idea of reflector optimization to obtain 3600 azimuth scanning. 

This could be done by creating the reflector from a circular disk with the surface 

of revolution around the vertical. For this design, only part of the reflector could 

be involved for certain azimuth scans and effective use of the array will be created 

by reflector optimization. A conceptual example of such a system is presented in 

Fig. 8.1. This type of reflector could be interesting for base station applications 

and compete with phased arrays in the field of mobile communication. 

Nevertheless, the idea requires extensive optimization and evaluation against 

traditionally used based stations. 

• Investigation of cost minimization and control of cost-related parameters. It is 

obvious that the applicability of FPA is only possible in applications where there 

is a clear price benefit compared to the well-known phased arrays. Thus, it is 

important to analyze and compare not only the RF performance of the FPAs 

compared to phased arrays but to take into account cost-related factors. For 

example, the required array feed size should be minimized as well as further 

improvement of the RATA is required. As we know the most costly part of FPAs 

are PAFs where each element requires amplitude and phase tuning. The most 

beneficial optimization is to use all available array elements as much as possible 

within the whole scan range, in other words, to maximize the RATA. This could 

be the main priority for FPAs design and could be achieved by further 

improvement of the optimization algorithm for this dedicated goal. 

• As shown in chapter 3, the frequency band is a tradeoff to the size of the array 

element, since the array element should be large enough to be capable to provide 

the minimum required frequency band. In its turn, the size of the array element 

will limit the available element spacing within an array. This could affect the 

mutual coupling within the array as a result of the active wideband performance. 

In addition, the element spacing defines the quality of the far-field patent provided 

by the reflector. Thus, further investigation and optimization are required of the 

trade-off between achievable wideband performance and quality of the FPAs far 

filed patent. 
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Figure 8.1. Reflector base station with 3600 azimuth scanning. 

• In this thesis it is claimed that reflector and PAF have been mutually optimized 

for better performance. This has been done from the perspective of an 

optimization of field uniformity along the array surface and optimization of the 

reflector illumination by the array within a wide scanning range. Nevertheless, 

the PAF and reflector always have been simulated separately by field export-

import functions of CST [138] and GRASP [39]. Thus, the next step could be an 

investigation of combined simulation models where the effect of mutual 

reflection from the reflector and PAF could be taken into account. For example, 

using Ansys HFSS [194] with applying hybrid boundaries methods. 

• The proposed reflector design in this thesis is based on the multi-variable 

optimization goal, including the minimum required array size to realize a certain 

scan range, the maximization of the ratio of active versus non-active array 

elements, and the minimization of the amplitude and phase errors along the array. 
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The goals have been combined in one function by balanced coefficients and 

optimized for scanning with a reflector up to ± 200 in the azimuth plane. The 

choice of balanced coefficients is an open question, which could be investigated 

further. In addition, it is important to study further how those balances between 

different characteristics could be matched the best with different requirements of 

the FPAs. Improving one of the performance aspects of the FPAs causes the 

design restriction or need to increase the cost or complexity of other design 

parameters. Every variation in FPA’s requirements will lead to a different 

optimization process and a different balance between design characteristics. 

Overall exploring the different optimization processes is an essential 

recommendation for future research. 
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