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NASA’s Jet Propulsion Laboratory, which completed eighty years of its existence 

in 2016, builds instruments for NASA missions. Exploring the universe and our 

own planet Earth from space has been the mission of NASA. Robotics missions 

such as Voyager, which continues to go beyond our solar system, missions to Mars 

and other planets, exploring the stars and galaxies for astrophysics missions, 

exploring and answering the question, “are we alone in this universe?” has been 

the driving force for NASA scientists for more than six decades.   

 

Fundamental science questions drives the selection of NASA missions. We develop 

instruments to make measurements that can answer those science questions. In this 

presentation, we will present an overview of the state of the art instruments that we 

are currently developing and layout the details of the science questions they will try 

to answer. Rapid progress on multiple fronts, such as commercial software for 

component and device modeling, low-loss circuits and interconnect technologies, 

cell phone technologies, and submicron scale lithographic techniques are making it 

possible for us to design and develop smart, low-power yet very powerful 

instruments that can even fit in a SmallSat or CubeSat. We will also discuss the 

challenges of the future generation instruments in addressing the needs for critical 

scientific applications.  

 

The research described herein was carried out at the Jet Propulsion Laboratory, 

California Institute of Technology, Pasadena, California, USA, under contract with 

National Aeronautics and Space Administration. 
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Abstract 
RADAR has proved its reliability and performance in ADAS applications like adaptive cruise control, and it is expected that 

its use will be extended. This presentation analyses the trends for automotive radar systems, including high-definition imaging 
and new sensor architectures. The focus will be on RF performance and its impacts on the frontend design. Design bottlenecks 
like the interface between the MMIC and the radar board, electromagnetic interference or the effect of the casing and the fascia 
will be discussed. 
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Abstract 

“Metasurface” (MTS) denotes a surface constituted at microwave frequency by PCB or 3D printed elements small in terms of 

wavelengths that collectively exhibits equivalent homogeneous boundary conditions to any interacting electromagnetic fields. 
MTSs have had and are having a strong impact in Antenna applications. In the years 2000-2010 MTS for antennas were 

essentially uniform in space and realized by periodic printed elements.  This was the first generation of MTS. In the second 

generation (2010-2020), MTS for antennas was constructed in such a way to change boundary conditions in space and control 

the scattered field. Today we are facing a transition to the third generation of MTS antennas, where MTSs change boundary 

conditions in space and time, opening new perspectives in 5G communications and beyond. In this presentation, the evolution 

of MTS antennas is described, with new ideas and examples on future communication scenarios. Fig. 1 presents a roadmap and 

some pictures of prototypes presented in the talk.  

 

 

 

Fig. 1 Roadmap of metasurface antennas and some of the prototypes discussed in the talk.   
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Abstract 

Gap waveguide (GWG) technology will be introduced in this talk, which is a highly efficient guiding structure at millimeter-wave bands. It is 
self-packaged with no radiation losses. Based on this technology, several highly efficient antenna arrays will be presented. In addition, 
examples of added functions to the arrays will be presented, such as Diplexers separating transmit and receive bands and monopulse array 
with compact comparable based on the gap waveguide technology, and leaky-wave antenna array for frequency scanning properties.  

 

The fifth-generation (5G) and beyond for the wireless network was the driving force in increasing the demand for millimeter-

wave frequency systems to cover the high demand for faster data and reliable service in mobile communication. At these 

frequencies, the propagation path loss and material losses increase reducing the system efficiency. Therefore, there is a need for 

efficient millimeter-wave guiding structures that overcome such limitations. Gap waveguide (GWG) technology is found to 
overcome such limitations at millimeter-wave bands. The advantages of this structure are in its suitability for millimeter-wave 

applications as it is self-packaged with no radiation losses. Such a guiding structure is based on the bandwidth of the 

electromagnetic bandgap (EBG) of a periodic structure within which the guiding structure is operating. A minimum of 1:2 

bandwidth is achievable with the possibility of increasing it under some conditions. The GWG can be realized using several 

technologies. Using such highly efficient guiding structures, highly efficient antenna arrays are realized. In this talk, several 

highly efficient antenna arrays will be presented. In addition, examples of added functions to the arrays will be presented such 

as Diplexers separating transmit and receive bands and monopulse array with compact comparable based on the gap waveguide 

technology, and leaky wave antenna array for frequency scanning properties.  
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Abstract 

The transverse electromagnetic waves generated by oscillating Hertzian dipole emitters are major 

information and energy carriers. In 1996, Hellwarth and Nouchi theoretically identified a radically new, 

non-transfer type of propagating electromagnetic pulses of toroidal topology that are propagating 

counterparts of the localized toroidal dipoles. In this talk we overview recent progress in toroidal 

electrodynamics including generation and detection of toroidal pulses, the study of their space-time 

“entanglement” and isodiffraction behaviour and light-matter interactions involving anapoles. We will 

report on the unique supertoroidal pulses, propagating skyrmionic formations of electromagnetic fields that 

can be non-diffracting and exhibit superoscillatory behavior. 
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Abstract 

It has been over a quarter of a century that modern engineered materials have found their ways in manipulating 

electromagnetic waves.  Advanced prototyping approaches and sound theoretical developments attracted many researchers 

worldwide to contribute and suggest novel devices with out-of-the-box characteristics. There exist now many applications in 

diverse areas of electromagentics engineering and antenna designs that researchers and engineers are excited to utilize the so-

called “meta-materials” as part of their design tool kits.  From frequency selective surfaces (FSS) to electromagnetic band-gap 

(EBG) ground planes, from impedance boundaries to Huygens metasurfaces, novel electromagnetic structures have been 

emerging in both microwaves and optics. Many intriguing phenomena occur within and on the surfaces of these structures with 
profound utilizations in practical applications such as low profile antennas, reflectarrays, transmitarrays, bending lights, orbital 

angular momentum beams, etc.  This plenary talk will review the development of various electromagnetic meta-structures, as 

well as the state-of-the-art concepts, designs and manufacturing techniques including Fused Deposition Modeling (FDM), 

Stereolithography (SLA), Direct Metal Laser Sintering (DMLS), Inkjet printing and Charge-Programmed Multi-material 3D 

Printing. Furthermore, a wealth of practical examples will be presented to illustrate promising applications of these intriguing 

concepts. Representative materials will also be presented from two recent books, “Surface Electromagnetics: With  

Applications in Antenna, Microwave and Optical Engineering”, Eds. F. Yang and Y. Rahmat-Samii, Cambridge University 

Press, 2019, and “Electromagnetic Band Gap Structures in Antenna Engineering”,  F. Yang and Y. Rahmat-Samii, Cambridge 

University Press, 2009. 
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Abstract 

We present the case for waveguide-fed, metasurface apertures as spaceborne antennas for synthetic aperture radar (SAR) 

imaging. Remote surveillance of earth has gained increasing relevance, both for military as well as commercial purposes. 
Low- and mid-frequency microwaves have the advantage of penetrating clouds and possibly other obstructions, enabling the 

capability to persistently monitor terrestrial targets. However, widescale coverage over large portions of the earth requires a 

significantly large constellation of satellites, each equipped with an appropriate SAR system operating in either a monostatic 

mode or cooperating with other satellites in a multstatic mode. The SAR antenna must have a suitably large aperture to 

produce a reasonable beam profile; must have minimal DC power requirements; must be efficient, preferably without active 

heat management; should be able to steer over a wide angular range electronically; should be low-cost; and should have 

minimal weight and profile. These and many other similar requirements motivate the use of metasurface apertures, which can 

be designed to satisfy all of these requirements due to their simplified architecture. With recent advances in launch capabilities 

rapidly driving down the costs and complexity of satellite deployment, a high-performance, low-profile, and low-cost SAR 

antenna is the key component to enable an appropriately sized constellation for earth observation. Such a constellation could 

achieve rapid revisit times, allowing the same target to be imaged at radio frequencies over intervals of tens of minutes or 
fewer. Given the cost per square meter and relative performance of the metasurface aperture, we believe metasurface apertures 

will play a pivotal role in future satellite-based SAR systems. 
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Abstract 

This talk describes the concept and experimental 

demonstration of nonreciprocal phased-array antennas able 

to exhibit (i) an independent control of their transmission and 

reception patterns at the same operation frequency; and (ii) 

nonreciprocity at the polarization level, i.e., the antennas 

transmit with one polarization but receive with the opposite 

handedness. The proposed approach can be applied to 

develop efficient nonreciprocal phased-array antennas across 

the electromagnetic spectrum and find broad applications in 

wireless communication and polarimetric radar and sensing 

systems.  

1. Summary 

Magnetless nonreciprocity [1] has recently attracted 

significant attention to realize a wide variety of CMOS-

compatible devices such as isolators [2], circulators [3], and 

filters [4,5] operating from radiofrequencies to the infrared 

and telecom wavelengths [6,7]. However, these techniques 

have mostly been applied to develop nonreciprocal guided 

components whereas little attention has so far been devoted 

to nonreciprocal antennas. Such devices have the potential 

to significantly impact wireless communication, radar, and 

sensing systems by enabling an independent manipulation of 

their transmission and reception patterns, including 

polarization, at the same operation frequency. The 

prospective applications of such devices are enormous: from 

enhanced channel capacity in MIMO radio links and radar 

systems able to effectively handle jamming signals and 

strong interferences to polarimetric sensors with boosted 

performance that do not interfere the environment that they 

are monitoring.  

Very recent efforts in the field of nonreciprocal antennas 

have been focused on spatio-temporally modulated leaky-

wave structures [8-10] that exploit space-time transition to 

provide isolation between transmission and reception in 

specific directions in space. Unfortunately, it is challenging 

to manipulate the radiation pattern and polarization of leaky-

wave antennas at a fixed frequency, and these devices are 

usually bulky and with little use in practice. Other option 

could be to connect a standard antenna, like a planar Yagi-

Uda, with a nonreciprocal band-pass filter based on spatio-

temporal modulation [11]. Even though this approach 

provides over 20dB of isolation between transmission and 

reception that can be reversed at will, it lacks reconfiguration 

schemes to favor specific directions in space. In this context, 

it should be mentioned that several types of time-modulated 

metasurfaces have recently been put forward [12-15] to 

manipulate plane waves propagating in free-space, including 

frequency translation and nonreciprocal reflection/refraction 

at fixed spatial directions.  

In this invited talk, we will discuss a new type of 

nonreciprocal component recently developed in our group: 

phased-array antennas able to independently manipulate 

their transmission and reception patterns at the same 

operation frequency [16]. Our approach is based on merging 

time-modulated resonators with high-Q structures –such a 

patch antennas– to achieve very efficiency conversion 

between only two frequencies (one related to waves in free-

space and other to guided signals) and then taking advantage 

of the photonic Aharonov-Bohm effect [17] to control in a 

nonreciprocal manner the relative phases of the fields 

radiated/received by the elements of the array. We will 

demonstrate isolation over 40dB at desired, tunable 

directions in space using a simple 2 element phased-array 

system at 2.4 GHz, with important implications in the next 

generation of radar and wireless communication systems. 

Furthermore, we will theoretically and experimentally 

demonstrate that a single antenna element can exhibit 

nonreciprocity at the polarization level – i.e., transmit waves 

with one polarization but receive waves with opposite 

handedness [18]. Nonreciprocal polarization control has 

critical implications in sensing systems. For instance, let us 

consider an antenna radiating right-handed circularly 

polarized (RHCP) waves. Upon a simple reflection on a 

metallic screen, such waves acquire a left-handed circular 

polarization (LHCP) and thus cannot be effectively received 

by the same antenna. Antennas with nonreciprocal 

polarization handedness are perfectly suited to receive 

circularly polarized waves reflected on metallic surfaces and, 

more broadly, to test the polarization response of unknown 

objects. Our efforts constitute a significant step forward in 

the state of the art of polarimetric systems, which usually 

require independent transmit and receive antennas prone to 

misalignments, and find exciting applications in sensors and 

weather radars among many others. 
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Abstract 
Terahertz  spectrum, through its ability to foster ultra-high speed dense networks and high resolution sensing applications, can 
address a new class of emerging and exciting applications in autonomous systems, robotics, cyber-physical systems and 
industrial quality control for 6G and beyond. While the last decade has seen tremendous advances in the field, enabling scalable 
and chip-scale THz technology is still a major challenge. In this talk, we will discuss how new design approaches crosscutting 
circuits/EM/systems partitions, to open new possibilities in enabling programmability and adaptability in these THz chip 
technologies including programmable chip-scale THz sensors, THz metasurfaces and spatio-temporal control of THz fields for 
physical layer security, and how these can enable new applications in sensing, imaging, security and localization. 
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Abstract 
Gap waveguide technology was first proposed ten years ago. Most of the existing designs are based on the use of the bed of nails 
as periodic structure to create the required parallel plate stop band. In this work, the use of holes instead of pins for the 
implementation of the groove version is presented. The periodic structure based on the use of holes requires the glide symmetrical 
disposition of the unit cell to provide a complete and wide stopband for the parallel plate modes. Design guidelines for this 
version will be detailed and the advantages in terms of manufacturing will be discussed together with the limitations when 
compared to the use of pins. Some examples of designed antennas and components in the millimeter wave band using this 
approach will be presented in the talk.  
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Abstract 

The talk will briefly introduce the principles of medical microwave imaging (MWI) and then review recent progress from Dr 

Kosmas’ team on the development and validation of this technique for brain imaging. This will include a study on the impact of 

using a metasurface to enhance signal penetration as well as a comparison of two-dimensional and three-dimensional 

tomographic approaches. Results from complex numerical and experimental phantoms will examine the impact of critical MWI 

aspects such as prior information. 
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Abstract 
Among the different ways to solve Maxwell’s equations, integral-equation approaches are probably offering the most physical 
insight. They allow the prediction of surface waves and their transformation into leaky waves. We will explain how integral 
equations can be turned into a direct design tool, beyond traditional field analysis. This allows the design of metasurfaces with 
prescribed radiation patterns, as well as the creation of multi-beam metasurfaces. Such a perspective on numerical methods may 
also serve other fields of engineering. 
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Abstract 
We introduce a terahertz receiver that uses plasmonic photomixing for frequency downconversion to offer quantum-level 
sensitivities at room temperature for the first time. Frequency downconversion is achieved by mixing terahertz radiation and a 
heterodyning optical beam with a terahertz beat frequency in a plasmonics-enhanced semiconductor active region. With a 
versatile design capable of broadband spectrometry, over a 0.1-5 THz bandwidth, we demonstrate receiver sensitivities down 
to 3 times the quantum-limit at room temperature. 
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Abstract 

Metaoptics offer unique opportunities for light control through dispersion engineering and optical nonlinearities. Here we 
demonstrate ultrashort pulse shaping with metasurfaces and new schemes for spatial light modulation and Gigahertz speed 

transmission modulation based on Mie resonances and on organic layers with giant electrooptic coefficient.     

 

Transparent materials do not absorb light but have profound influence on the phase evolution of transmitted radiation. One 

consequence is chromatic dispersion causing ultrashort laser pulses to elongate in time while propagating. We  experimentally 

demonstrated ultrathin nanostructured coatings that resolve this challenge: we tailored the dispersion of silicon nanopillar arrays 

such that they temporally reshape pulses upon transmission using slow light effects and act as ultrashort laser pulse compressors.1 

The coatings induce anomalous group delay dispersion in the visible to near-infrared spectral region around 800 nm wavelength 

over an 80 nm bandwidth. We characterized the arrays' performance in the spectral domain via white light interferometry and 

directly demonstrate the temporal compression of femtosecond laser pulses. Applying these coatings to conventional optics 

renders them ultrashort pulse compatible and suitable for a wide range of applications. 
 

Tailored nanostructures also provide at-will control over the properties of light using nonlinear optics, with applications in 

imaging and spectroscopy. Nanomaterials with χ(2) nonlinearities achieve highest switching speeds. Current demonstrations 

typically require a trade-off: they either rely on traditional χ(2) materials, which have low non-linearities, or on quantum well 

heterostructures that exhibit a high χ(2) in a narrow band. We have shown that a thin film of organic electro-optic molecules 

JRD1 in polymethylmethacrylate combined with nanograting provides excellent  performance for free-space optics: broadband 

record-high nonlinearity (10-100 times higher than traditional materials at wavelengths 1100-1600 nm), a custom-tailored 

nonlinear tensor at the nanoscale, and engineered optical and electronic responses.2 We demonstrated  a tuning of optical 

resonances by Δλ = 11 nm at DC voltages and a modulation of the transmitted intensity up to 40%. We realize 2 × 2 single- and 

1 × 5 multi-color spatial light modulators and  demonstrated their potential for imaging and remote sensing.2 The compatibility 

with compact laser diodes, the achieved millimeter size and the low power consumption are further key features for laser ranging 

or reconfigurable optics emitters.  
 

We have also employed a metasurface from sub-wavelength Mie resonators that support quasi bound  states in the continuum 

(BIC) as a key mechanism to demonstrate electro-optic modulation of 34 free-space light with high efficiency at GHz speeds. 

Our geometry relies  on hybrid silicon-organic 35 nanostructures that feature low loss (Q = 550 at λ=1594 nm) while being 

integrated with GHz compatible coplanar waveguides. We maximize the electro-optic response by using high-performance 

electro-optic molecules (whose electro-optic tensor we engineer in-device to exploit r33 = 100 pm/V) 38 and by nanoscale 

optimization of the optical modes. We demonstrate both DC tuning and high -speed modulation up to 5 GHz . 

 

1. M. Ossiander, Y.-W. Huang, W. T. Chen, Z Wang, X Yin, YA Ibrahim, M Schultze, and F. Capasso. Nature 

Communications, 12, 6518 (2021)  

2. Ileana-Cristina Benea-Chelmus, M.  L Meretska, D. L Elder, M. Tamagnone, L. R Dalton, and F. Capasso. Nature 
Communications, 12, 5928 (2021)  
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Abstract 

The active manipulation of optical properties via external stimuli and the nonlinear wave-mixing of light with controlled means 

are among compelling research directions in nanophotonics. In this talk, we explore active and nonlinear plasmonic 

metamaterials by leveraging the field-induced disruption of the inversion symmetry for second-order optical processes, and 

exploiting the hot-carrier-induced perturbation in structured optical media for ultrafast all-optical modulation and nonlinear 

signal generation. 
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Abstract 
We will present our recent work on integrated quantum photonics based on a hybrid system made of colour centres in 
nanodiamonds and single photons within a common optical bus. This platform is a first step towards scalability for quantum 
communications. Ultimately, we aim to achieve entanglement via the interaction between two nodes thanks to a common 
photonics waveguide. We will present how we plan to control the positioning of nanodiamonds as well as the quantum 
optics properties of such emitters. 
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Abstract 

The talk will outline a novel strategy for uncooled, tunable, multispectral infrared detection. Due to the low 

photon energy, detection of infrared photons is challenging at room temperature. One atom thick graphene 

offers an alternative mechanism bypassing material bandgap restriction. Further, the ability of carrier 

concentration modulation on graphene via external voltage offers dynamic spectral selectivity for “color” 

night vision/sensing. The performance of preliminary demonstration compares favorably even with present 

cryogenically cooled detection schemes paving the path for commercial development. 
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Abstract 
We present our recent theoretical and experimental works regarding ways to generate photonic topological states in photonic 
crystals, by breaking the crystal symmetry, with adding phase-change materials / non-Hermitian periodic modulation. We also 
show various interplays of polarization singular points and exceptional points in non-Hermitian photonic crystals, leading to 
interesting chiral properties.  
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Abstract 
Advancement in nanotechnology has made it possible to manufacture sensors, circuits and devices measuring only nano-meters 
in size. This development is creating an extraordinary opportunity to observe, interact, and optimize physical systems from the 
very bottom. Wireless communication and networking at nanoscale, however, faces new challenges not encountered in 
conventional sensor networks. For example, nanoscale antenna calls for wireless communication in the Terahertz band, which 
encounters new path loss d noise phenomena posing significant challenges for many target applications of such networking. 
Nanoscale computing and communication is a new and rapidly growing field of research promoting collaboration between 
wireless networking, nanotechnology, and other fundamental disciplines. However, the research is in its early stages to realize 
communication and networking at the nanoscale. Currently, there is no definitive standard that provides guidelines and regulation 
for nanoscale communication and networking. This motivates this proposal to shed light on and promote this area of research 
and foster. 
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Abstract 
Metasurfaces constitute a class of thin metamaterials, which can be used from microwave to optical frequencies to create new 
electromagnetic engineering devices. At microwave frequencies, they are obtained by a dense periodic texture of small elements 
printed on a grounded slab. Changing the dimension of the elements, being the sub-wavelength 2D-periodicity equal, gives the 
visual effect of a pixelated image and the electromagnetic effect of a modulation of the equivalent local reactance. The modulated 
metasurface reactance (MMR) so obtained is able to transform surface or guided waves into different wavefield configurations 
with required properties. The MMR allows a local modification of the dispersion equation and, at constant operating frequency, 
of the local wavevector. Therefore, a metasurface modulation permits addressing the propagation path of a surface wave, 
according with a generalized Fermat principle, as happen in ray-field propagation in inhomogeneous solid medium. This may 
serve for designing lenses or point-source driven beam-forming networks. When the MMR exhibits a periodic modulation along 
the SW wavevector, the wave propagation is accompanied by leakage; i.e., a surface wave is transformed into a leaky-wave, and 
the structure itself becomes an extremely flat antenna. In every case, introducing asymmetry in the pixel allows for a polarization 
control. In this tutorial, the basic wave mechanisms will be reviewed showing several antenna applications. 
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Abstract 

This paper presents a single-metallic-layer, near-to-zero-

index metasurface (NZIM) as a superstrate for an antenna to 

achieve gain enhancement and circular polarization. The 

proposed metasurface comprises an array of split ring 

resonators (SRRs) rotated and aligned diagonally to provide 

linear-to-circular polarization conversion when placed 

above a linearly polarized patch antenna. Simulated and 

measured results show that the proposed antenna system has 

a 3-dB axial ratio bandwidth of 200 MHz, exhibits a right-

hand circular polarization (RHCP) with a good cross 

polarization level, and achieves a 6-dB gain enhancement 

thanks to the use of the NZIM superstrate.  

1. Introduction 

Metasurfaces with zero or near-to-zero refractive index, 

permittivity, or permeability are among emerging techniques 

to enhance performance of antennas [1-2]. While most 

studies in the literature have been focusing on integrating 

these metasurfaces with antennas to provide radiation 

patterns with enhanced gains and linear polariziations, very 

little attention has been given to circular polarization 

applications. Circularly polarized (CP) antennas with high 

gain, however, have being widely used in satellite, radar, 

and space wireless communication systems [3-5]. More 

recently, reference [6] introduces a linear-to-circular 

polarization convertor using a zero-index metasurface, 

which is implemented by two metallic layers sandwiching a 

dielectric substrate. The circular polarization is obtained by 

tuning two parameters, which are the two slits on the two 

square rings of the unit cell. In this work, we propose an 

NZIM with a similar function as the one presented in [6] but 

having only one metallic layer, allowing for potentially 

reduced implementation cost and simpler design procedure. 

The proposed NZIM is used as a superstrate of a linearly 

polarized patch antenna to achieve gain enhancement and 

circularly polarized radiation. The circular polarization is 

achieved by rotating the SRRs, which can generate two 

orthogonal modes with a 90º phase difference. In what 

follow, the design and numerical and experimental 

characterization of the proposed high-gain, circularly 

polarized antenna are presented.  

 

2. Proposed Superstrate-Loaded Antenna Design   

Fig. 1 shows the configuration of the proposed design. It 

consists of a rectangular patch antenna placed below an 

NZIM superstrate. The patch has dimensions of 16.29 × 21.5 

mm2 and is printed on a grounded substrate of Rogers 

RT/Duroid 5880 with a permittivity of 2.2, loss tangent of 

0.002 and thickness of 0.787 mm. The patch antenna is fed 

by a 50-Ω coaxial probe and was optimized in full-wave 

simulations using CST Microwave Studio to provide a low 

reflection coefficient as well as a linear polarization around 

the center frequency of 5.8 GHz. The NZIM superstrate is 

placed at a distance of 30 mm (about λ/2 at 5.8 GHz) above 

the patch antenna to convert the linear polarized wave 

radiated by the patch into a circularly polarized one. The 

metasurface is a 2-D array of 9 × 9 elements and has the 

same aperture area of 67.4 x 67.4 mm2
 as the radiating 

patch’s substrate. Each element of the metasurface consisted 

of a smaller split-ring resonator (SSR) nested inside another 

bigger SSR. The two SSRs have opposite slot orientations: 

one ring has the slot at φ=135o while another ring has the 

slot at φ=315o (refer to Fig. 1(b)). The outer ring has a radius 

of 3.3 mm, the widths of the rings are 0.8 mm, the gap 

between inner and outer rings is 0.8 mm, and the widths of 

the splits are 0.4 mm. These parameters were selected to 

place the quasi-static resonance of the unit SRRs within the 

C-band of the microwave spectrum according to the theory 

developed in [7]. The most attractive feature of this element 

is its ability to exhibit a quasi-static resonant frequency at 

wavelengths that are much larger than its own size. 

 

(a) (b)
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-~  
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Figure 1: Proposed circular polarization High-Gain antenna with 

NZIM polarizer. (a) Front view (b) NZIM metasurface polarizer 
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3. Simulation and Measurement Results 

We designed, fabricated, and measured a prototype of 

the proposed high-gain CP antenna. The measured and 

simulated reflection coefficients are presented in Figure 

2(a). It can be seen that placing the NZIM above the patch 

antenna slightly improves the impedance matching without 

shifting the resonant frequency of the patch. Figure 2(b) 

shows the simulated and measured axial ratios (ARs) of the 

superstrate-loaded antenna prototype, demonstrating the 

effectiveness of the NZIM metasurface in providing linear-

to-circular polarization conversion. The 3-dB axial-ratio 

bandwidths observed from the simulation and measurement 

are from 5.72 to 5.91 GHz (3.27 %) and from 5.83 to 

6.11GHz (4.82%), respectively.  
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Figure 2: (a) Simulation and measurement results for the (a) 

reflection coefficient and (b) axial ratio of the high gain CP 

antenna.  

The measured and simulated realized gains of the patch 

antenna without and with the NZIM metasurface around the 

resonant frequency are depicted in Fig. 3. The measurement 

and simulation results show good agreement. The measured 

peak gain of 11.8 dBic is observed for the superstrate-

loaded antenna at the central operating frequency of 5.8 

GHz, which is about 6 dB higher than that of the patch 

antenna without the superstrate. As expected, the antenna 

gain can be enhanced significantly in the whole operating 

bandwidth (5.72-5.92 GHz) when the patch antenna is 

loaded with the NZIM. The increase in gain can be 

explained by the fact that the NZIM superstrate exhibits a 

near-zero refractive index around the resonant frequency of 

the patch antenna as discussed above. According to the 

Snell–Descartes laws, when an incident wave radiated from 

the patch antenna goes from a positive medium (air) to a 

near-to-zero refractive index medium (the NZIM) with a 

grazing angle, the transmitted wave will propagates normal 

to the interface, producing a collimated beam, and hence the 

gain enhancement.  

There are slight frequency shifts observed between the 

simulation and measurement results for the AR/realized 

gain of the antenna with the NZIM superstrate (as seen in 

Figs. 2-3). These small frequency shifts can be mainly 

attributed to fabrication tolerances of the NZIM substrate 

and uncertainties in positioning of the superstrate with 

respect to the patch antenna. The fact that there is no 

discernible frequency shift between the simulation and 

measurement results for the patch antenna alone (shown in 

Fig. 3) further supports this hypothesis. 
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Figure 3: Simulated and measured realized gains of the antenna 

with and without ZIM polarizer superstrate. 

4. Conclusions 

A low profile, high-gain, circularly polarized antenna 

using a NZIM metasurface is presented. The measurement 

results agree well with full-wave simulations results, 

demonstrating the effectiveness of the NZIM in enhancing 

the antenna’s gain and converting a liner polarization to a 

circular one. Future research on achieving larger AR 

bandwidths is being conducted by the authors.     
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Abstract: 

A  New, compact, slotted partial ground plane, microstrip patch antenna developed for use in Ultrawide-

band application is studied in this paper. 

To obtain the final and optimal UWB antenna design, a parametric analysis of the defected ground plane 

structure was carried out to ensure that the antenna has a stable performance and an improved bandwidth,  

The size of the defected ground plane  was studied and investigated. This investigation and optimization 

study was generated with help of the computer simulation technology CST simulator. 

The antenna has an electrical small dimensions with a good gain, a notable efficiency and a wide  

impedance bandwidth. Which make this antenna a good candidate for ultawide-band wireless 

communication, microwave imaging and radar applications as well. 

Key words: 

Mictrostrip antenna, Ultrawide-band,  defected ground plane, slotted ground plane, partial ground plane. 
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Abstract

Fractal antennas allow for the design of Ultrawide-band

(UWB) antennas with a reduced footprint; we present a

novel technique for generating antenna geometries which

extend the Koch snowflake to angles other than 60 degrees.

This is achieved by generating a Koch curve of an arbi-

trary indentation angle and then circumscribing the curve

about the origin. Using our method, we achieve a 36 per-

cent footprint area reduction compared to a traditional Koch

snowflake antenna with a center frequency of 4.1 GHz.

1. Introduction

The self-similar characteristics of fractal antennas allow

unique multi-band characteristics that are of importance

in UWB applications [1]. As fractal iterations increase,

the area of the antenna approaches a finite limit while the

perimeter of the fractal theoretically diverges to infinity;

this yields the space-filling property of fractals [2]. The

space-filling property allows a fractal antenna to have a

large electrical length within a compact form factor [3].

The Koch curve is one of the most commonly-used frac-

tal antenna geometries because it demonstrates excellent ef-

ficiency at sizes approaching the theoretical limit for small

antennas [2].

The frequency characteristics of Koch curve antennas

are significantly affected by the fractal dimension of the

geometry, which is in turn affected by several factors: the

iteration, the indentation angle, and the scale. The frac-

tal iteration is an effective design parameter for the Koch

curve antenna; as the iteration increases, the first resonant

frequency decreases and the harmonics shift nearer to the

resonant frequency. Similarly, the indentation angle can be

modulated to achieve desired frequency characteristics [4].

A Koch curve is created by iteratively transforming a

line segment into 4 equal line segments, each 1

4
the size of

the initial segment, which are arranged such that an equi-

lateral triangle is added to the center of the line. A conven-

tional Koch snowflake is created by performing the afore-

mentioned iteration process on the sides of an equilateral

triangle. Because the initiator shape for a Koch snowflake

is an equilateral triangle instead of a simple line as in the

Koch curve, the indentation angle can not be modulated in

a Koch snowflake as it can be in a Koch curve.

This work provides an analytical framework for the an-

gular transformation of an arbitrary linear Koch curve into a

Figure 1: Visualization of transformation procedure of

Koch curve to polar Koch snowflake.

closed snowflake geometry that allows designers more con-

trol over frequency and bandwidth without compromising

the overall footprint. For our work we use inkjet printing as

it decreases fabrication time, and allows direct modification

of the design since the antenna can go from simulation to

fabrication in a few steps. The Koch snowflake antennas are

made of a conductive ink printed directly on a polyimide-

based dielectric substrate. Printed antennas have become

low cost to manufacture, compact form factor, and high-

frequency characteristics [5]. Examples of the use for this

type of inkjet-printed antennas on light and flexible sub-

strates are mobile devices that require lightweight antenna

elements that will not easily break if bent [6]. Other appli-

cations are low-cost IoT devices, and wearable RF devices

that can be flexed, bent, and manipulated without damage

or plastic deformation [7].

2. Polar Transformation of Koch Curve

2.1. Theoretical Modeling

The circumscription process begins with a Koch curve in

Cartesian coordinates generated from an initiating line seg-

ment of length L. The Koch curve iteration process is per-

formed on this line segment with a given indentation angle

until the desired curve is reached.

Let Kn be the set of all points in the nth iteration Koch

curve. We propose a transformation T : R2 7→ R
2 on Kn ⊂



R
2, defined as follows.

∀p = (a, b) ∈ Kn

T (p) = (b+R)

(

cos

(

2π

L
a

)

, sin

(

2π

L
a

))

This can be intuitively understood as the x-axis wrapping

around the unit circle in a counter-clockwise direction so

that the first and last points of the curve meet, thus forming

a closed geometry and can be visualized in Figure 1. The

resultant polar functions, r = r(ŷ) and θ = θ(x̂), are then

mapped to Cartesian coordinates for simplicity of plotting

and manufacturing with the transformation C : R2 7→ R
2

given as;

x = r cos θ (1)

y = r sin θ (2)

The composite transforms x(x̂, ŷ) and y(x̂, ŷ), are

given below.

x = (ŷ +R) cos

(

2π

L
x̂

)

(3)

y = (ŷ +R) sin

(

2π

L
x̂

)

(4)

Figure 2 shows that the return loss of the circumscribed

3rd iteration 60° Koch curve is very similar to that of a

Koch snowflake with the same height, angle, and itera-

tion. For the base case, a 60° snowflake, the polar trans-

formation method generates a snowflake with almost iden-

tical perimeter and area characteristics as a conventional

Koch snowflake. This suggests that the polar transforma-

tion method is a valid extension of the traditional Koch

snowflake.Furthermore, as can be seen in Figure 3, the area

and perimeter characteristics are similar for both a stan-

dard Koch snowflake and the transformation described in

this work.

2.2. Design & Simulation

There are several new parameters made available to the de-

signer by the polar transformation method which were not

previously available using a simple Koch snowflake, the

most significant being the indentation angle. The indenta-

tion angle strongly determines the fractal dimension of the

radiating patch geometry, which in turn inversely affects the

frequency response [4]. As the indentation angle decreases,

the center frequency also decreases and the additional res-

onant frequencies shift closer to one another. Conversely,

decreasing the angle has the opposite effect, moving the

resonant frequencies further apart and higher.

Increasing the fractal iteration of a conventional Koch

snowflake antenna decreases the resonant frequency, in-

creases the quality factor, and increases the radiation resis-

tance, but with diminishing returns [8]. The same trend is

reflected in simulations of the polar Koch geometries. The

Figure 2: S11 characteristics of Koch snowflake vs.

wrapped Koch snowflake for 60° indentation.
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Figure 3: Area plot(blue lines) and Perimeter(orange lines)

plots of a various wrapped Koch snowflakes in comparison

to a standard Koch snowflake.

radius of the polar circumscription affects the scale of the

patch geometry which in turn has an inverse relationship

with resonant frequency.

We designed antennas using the proposed method

which were printed with silver ink on Kapton polyimide

film as shown in Figure 7 and measured using an Agilent

PNA N5230A Vector Network Analyzer. The ground patch

was made small so that the effect of the radiating patch

geometries could be isolated from ground plane interac-

tions.Inkjet printing simplifies the antenna fabrication pro-

cess keeping it low-cost. The desired pattern is written di-

rectly onto the substrate followed by a rapid curing thermal

treatment. For the inkjet-printing of the antenna area we

used a conductive ink based on silver salt particles. After

curing at 140 °C for 10 minutes the ink forms a conductive

layer of the printed pattern. The printer used for this work

is a BotFactory SV2 PCB printer.

The measured results in Figure 5 show that the indenta-
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for various indentation angles & simulated S11 for tradi-

tional Koch snowflake

tion angle effectively sets the multi-band characteristics and

resonant frequencies as expected. The measured frequency

characteristics for the 60° polar Koch geometry are simi-

lar to the simulated characteristics for the standard Koch

snowflake. Additionally, the 60° transformed and standard

snowflakes have very similar areas and perimeters through

various iterations, suggesting that the polar transformation

method is a valid extension of the standard Koch snowflake,

maintaining the same radiative and geometric features. Fig-

ure 4 shows that the measured results for different scales of

60° polar snowflakes have the same pattern as in simula-

tion.

Simulations of standard Koch snowflake antennas and po-

lar Koch antennas with an angle of 75° which are designed

to have the same primary resonant frequency demonstrate

the area-saving capabilities of the method laid out in this

work. The extent of these savings can be seen in Figure 6.

The area savings in this instance appear to diminish as the

resonant frequency increases because as the radiating patch

becomes smaller, the feed lines become dominant. In or-

der to maintain a fair comparison, the feed lines were not

modified between resonant frequencies.
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Figure 6: Overall area savings achieved for different an-

tenna designs as a function of center frequency.

Figure 7: Design of three transformed Koch snowflakes for

45°, 60°, and 75°

3. Conclusions

This work introduces a method for expanding the design

space of Koch snowflake UWB antennas through an ad-

ditional design knob (indentation angle) with a procedure

for transforming a Koch curve into a polar Koch snowflake.

This allows designers to manipulate the indentation angle

to alter the frequency characteristics without increasing the

antenna footprint. Our measured results have validated the

technique and prove that indentation angle is an effective

additional design parameter for UWB antennas.
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Abstract 

A polarization reconfigurable patch antenna truncated at the 

corners has been presented in this paper. The proposed 

antenna is covering the sub-6GHz band (4.8-5GHz). In 

order to achieve reconfigurability, D-shaped slots have been 

cut in the ground plane and two PIN diodes are inserted in 

each slot. The antenna is capable of switching between two 
polarization states i.e. linear polarization and circular 

polarization. Moreover, 3D radiation pattern of the design is 

also shown in order to check the pattern stability. 

1. Introduction 

In recent years, reconfigurable antennas have gained 

extreme popularity due to their dynamic characteristics. 

According to their functionality, they can be classified into 

various types like polarization reconfigurable, pattern 

reconfigurable, and frequency reconfigurable antennas [1]. 

Nowadays, circularly polarized antennas are in high demand 

in the sub-6GHz band for 5G applications [2]. To fulfill such 

requirement, many antennas have been developed with 

dynamically switched polarization states. Polarization 

reconfigurable antennas mainly uses PIN diodes [3], micro 

electromechanical systems (MEMS) [4], or varactor diodes 

[5] for switching.  

Various single-fed [6-10] antennas have been developed in 

the last few decades. Some of them showed the alteration in 

the symmetry of the patch [6-8] while others shown the 

alteration in the ground plane [9-10] in order to switch the 

polarization states (linear to circular or LHCP to RHCP and 

vice versa). Additionally, multi-fed polarization 

reconfigurable antennas have also been developed in the 

past few years. In [11], a square patch antenna is fed by two 

ports at adjacent sides. Perturbations are added at the 

opposite corners of the patch to achieve circular polarization 

(CP). Ref. 12 presents a polarization diversity patch antenna 

using reconfigurable feeding network. This polarization 

reconfigurable design is able to provide dual linear and dual 

circular polarizations. Furthermore, some designs use 

metasurface to achieve the reconfigurability [13-15]. The 

metasurface is placed on top of the substrate and is able to 

switch the antenna between linear polarization (LP), left-

hand circular polarization (LHCP) and right-hand circular 

polarization (RHCP).   

In this paper, a polarization reconfigurable patch antenna 

which is truncated at the corners has been proposed. The 

design is able to cover the sub-6GHz band from 4.8GHz to 

5GHz. Two slots are cut in the ground plane and pin diodes 

are inserted in each slot to achieve reconfigurability. The 

paper is structured as follows: Section 2 describes the design 

of the proposed antenna, Section 3 shows the results and 

finally, the conclusion is drawn in Section 4. 

2. Design of the patch antenna with polarization 

reconfigurability  

The proposed reconfigurable antenna is composed of three 

layers namely patch, dielectric substrate, and ground. The 

patch and ground are made of metal (copper) having 

thickness 0.035mm and conductivity 𝜎=5.96×107 S/m. The 
antenna is designed on a low-cost FR-4 substrate having 

dielectric constant 4.4 and loss tangent tanδ=0.025. The 

thickness of a dielectric substrate is 0.8mm. The design 

configuration with detailed dimensions of the proposed 

reconfigurable antenna is shown in Fig. 1. The top layer 

consists of a metallic patch truncated at the corners while 

two D-shaped slots are cut from the bottom layer (ground 

plane). Further, two diodes are inserted in each slot, thus, in 

total four diodes are incorporated in the proposed antenna 

design to achieve polarization reconfigurability. The 

proposed design is excited by 50Ω coaxial cable.  
 

3. Results and Discussions 

All the simulations of the proposed design are carried out 

using CST MWS [16]. Fig. 2 shows the S-parameter at 

three different diode cases; case 1-when all the four diodes 
are on; case 2-when D1 (element 1), D2 (element 2) are on 

and D3 (element 3), D4 (element 4) are off; case 3- when 

D1, D2 are off and D3, D4 are on. It is observed that the 

simulated S-parameter bandwidth of the proposed design is 

more than 300MHz (4.73GHz-5.06GHz), covering the sub-
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6GHz band (4.8GHz-5GHz). Moreover, it is also noted that 

the resonance frequency remains same in all the cases. 

In order to check the polarization reconfigurability of the 

proposed antenna, axial ratio plot for the three mentioned 

cases are shown in Fig. 3. It is observed that in case-1, 

linear polarization is obtained as the axial ratio is more than 

3dB for the entire frequency band whereas in case-2 and 

case-3, circular polarization is obtained (axial ratio ≤ 3dB) 

with an axial ratio bandwidth of 80MHz. Fig. 4 shows the 

3D radiation pattern in three different cases. It is observed 
that the pattern at the resonating frequency is same in all the 

cases. Thus, it can be concluded that the proposed design is 

polarization reconfigurable in the sub-6GHz band, without 

affecting the frequency and pattern of the design. 

 

Figure 1: Detailed dimensions of the proposed 

reconfigurable antenna. a=30.00mm, b=9.28mm, c=3.51mm, 

d=5.69mm, and w=2.35mm. 

 

 
Figure 2: S-parameter of the proposed reconfigurable 

antenna. 

 

 
Figure 3: Axial ratio plot of the proposed reconfigurable 

antenna. 

Figure 4: 3D radiation pattern of the proposed antenna at 

4.8GHz in three different cases. 

4. Conclusion 

The paper describes the patch antenna, truncated at the 

corners with D-shaped slots in the ground plane for 

polarization reconfigurability. The proposed antenna is able 

to cover the sub-6GHz band i.e. 4.8GHz-5GHz. PIN diodes 

are incorporated in slots to switch the antenna between two 

polarization states i.e. linear polarization and circular 

polarization. 
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Abstract 

The Characteristic Mode Theory was developed by Professor Roger F. Harrington and his collaborators, relating currents in the 

radiating structure to the associated modal fields. It has been extensively developed following the paper published by the 

authors of this communication, revisiting the theory and applying it to the analysis of planar antennas.  The latest advances in 

cubesat, planar lens structures, antennas for MIMO applications for 5G applications and metamaterials are presented. 

 

 

Characteristic Mode Theory  

 

The theory of characteristic modes can be applied to 3D structures to achieve different types of antennas.  As an example, the 

currents and radiation patterns of the first modes of a cube are shown in Fig. 1 and 2. 

 

 

 

 

 
 

Fig. 1. Current density and radiation pattern of the Electric Characteristic Modes of the cube at first resonance 

 

 

The presentation will show some applications of lenses, metamaterials and MIMO applications. 
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Fig. 2. Current density and radiation pattern of the Magnetic Characteristic Modes of the cube at first resonance 
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Abstract 

This paper presents a Planar Inverted-F Antenna (PIFA) 

design for a smartwatch application, optimized to operate 

on the 2.4 GHz Bluetooth frequency band, on the proximity 

of the human forearm. The PIFA antenna is mounted on the 

watchstrap that is used as the antenna substrate. The 

antenna is fed in a singular way, since a coplanar wave-

guide (CPW) transmission line is used to excite the antenna. 

The antenna is integrated in the watchstrap, curved over the 

phantom forearm and simulated along with the watchcase. 

By a multi-layer substrate, half air half rubber we obtain a 

return loss of –20 dB is obtained at 2.4 GHz, and an 

efficiency of -5 dB, which represents a good efficiency 

taking into account the effect of the human forearm. 

Keywords—PIFA antenna, on-body application, 

smartwatch, BLE. 

1. Introduction 

In recent years, research into wearable antenna applications 

has gained a growing attention due to its potential 

applications in areas such as E-health systems, home care, 

security, and entertainment.  

The antenna is to be lightweight, low cost, and maintenance-

free, to meet the requirements of the application and the 

market. Considering the miniaturization and stable 

performance close to the human body, the planar inverted-F 

antenna (PIFA) can be considered a good candidate [1]. 

The structure proposed is a conventional PIFA optimized to 

operate at 2.4 GHz, conformed on the watchstrap, along 

with a CPW transmission line, that connects the antenna 

with the watchcase. The watchstrap is made of a flexible 

material, which will constitute the substrate on where the 

antenna is mounted. 

The simulation take into account the curving effect of the 

antenna, the substrate used as the watchstrap, the watchcase, 

the feeding technic, and the human body effect, to have a 

more closer view to the behavior of the antenna in a real 

case user. 

Finally, the antenna reflection coefficient, efficiency and the 

pattern radiation are evaluated with CST 2020, taking into 

account the whole watch structure in the presence of the 

human forearm phantom. A comparative table between the 

proposed antenna and other existing antenna will be 

presented as well. 

2. Geometry of the antenna 

The proposed structure is a Planar Inverted-F antenna, 

optimized to operate at 2.4 GHz band. The main advantage 

of using a PIFA is its reduced electric length and folded 

structure. Moreover, the impedance matching of the PIFA 

can be obtained by optimizing the space between feed and 

shorting pins. The main idea designing a PIFA is not to use 

any extra lumped components for matching network, and 

thus avoid any losses due to those elements [2]-[3]. 

Fig. 1 shows the geometry of the antenna. The dimensions 

of the antenna are summarized in Table I.  Using two 

shorting pins instead of a shorting wall facilitates the 

connection of the feeding CPW transmission line, besides 

having an easy fabrication.  A 50 Ω CPW line transmits the 

power from the watchcase to the antenna. Six shorting pins 

are placed on both sides of the CPW line to connect the 

ground plane of the CPW line with the antenna ground 

plane, as shown in Fig 1(a). The CPW has the dimensions 

Wcpw, and g. The CPW feeds the radiating plate at a 

distance fx from the shorted edge of the antenna. The 

substrate used is half rubber half air. The antenna element 

and CPW transmission line are made of cupper of thickness 

0.35 µm. Fig.2 shows an overall view of the curved PIFA 

antenna fed by a CPW line. 

 
Figure 1: Geometry of the proposed PIFA antenna fed by a 

CPW transmission line (a) Top view and (b) Side view. 
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Figure 2: Geometry of the proposed PIFA antenna fed by a 

CPW transmission.  
 

Table 1: Dimensions of the antenna and CPW (units in mm) 

 

Lg Wg H Lu Wu Wcpw g fx 

45.3 18.97 1.84 16.2 11.97 3.3 0.5 4.85 

 

 

Figure 3: Human forearm phantom, with the PIFA antenna 

mounted on the rubber substrate of the watchcase. 

 

Fig.3 shows the antenna mounted on the watch strap, 

modelled with a flexible substrate. The watch strap has 

standard dimensions: Ls=200 mm, Ws=20 mm and  

thickness Hs=1.84 mm. The substrate, which is the 

watchstrap,  is made of rubber, with a dielectric constant of 

3 and loss tangent 0.001. The watchcase is modelled by 

three elements:  an external case  made of polycarbonate 

dielectric constant of 2.9 and a loss tangent of 0.1, a battery 

made of PEC and a top cover made of glass. Fig.3 present 

the human forearm model used for this simulation, and 

table.2 the component. the human forearm phantom has four 

layers [4]: The skin, fat, muscle and bone. 

3. Discussion 

In this section, the proposed antenna, mounted on the 

watchstrap, along with the watchcase and the human 

forearm phantom, is simulated and evaluated.  

3.1.  Reflection coefficient 

The antenna’s reflection coefficient (S11) simulated from 1 

GHz to 4 GHz is depicted in Fig. 4. The reflection 

coefficient is -20.6 dB at the 2.4 GHz. The matching 

bandwidth for a -10 dB reference goes from 2.38 GHz to 

2.43 GHz.  

3.2. Radiation efficiency and total efficiency 

The total efficiency (green curve) and radiation efficiency 

(red curve) are shown in Fig. 5. As observed, at 2.4 GHz, the 

total efficiency is -5.17 dB, and the radiation efficiency is -5 

dB. 

 

 
Figure 4: Simulated reflection coefficient of the proposed antenna 

integrated in the watch strap in the presence of the human forearm 

model. 

 
Figure 5: Simulated total efficiency (green curve) and radiation 

efficiency (red curve) of the proposed antenna considering the 

human forearm and the complete watch. 

4. Conclusions 

A compact PIFA antenna designed for smartwatch 

application, on the Bluetooth frequency band has been 

presented. The antenna is mounted on a rubber watchstrap to 

increase the available space inside the watch case. The effect 

of the human body has been taking into account and a 

realistic technique to feed the antenna using a CPW 

transmission line has been proposed. The simulated results 

confirm that the antenna is a good candidate for the 

smartwatch application. A prototype of the antenna will be 

fabricated to validate the simulated results and the Specific 

Absorption Rate (SAR) will be calculated. 
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Abstract 

This work presents the design and realization of four linear 

arrays of microstrip rectangular patch antennas. This linear 

array is one of the elements of a passive radar using signals 

from 4G base stations for UAV detection. The arrays have 

been validated and operate from 2.62 GHz to 2.69 GHz, 

with a HPBW of 82° in H-plane and a maximal gain going 

from 11.1 dB to 12.2 dB in the required bandwidth, with a 

cosecant squared pattern in the E-plane. 

1. Introduction 

The threat of easy-to-deploy low-cost drones requires an 

advanced detection for the protection of sensible sites (e.g. 

airport runways, stadiums, industrial sites). The goal of the 

DIOD project (Detection & Identification Of Drones) is to 

develop a passive radar that uses 4G base stations to detect 

small targets. This work presents the design of the receiving 

antenna developed in the framework of the FUI (Fond 

Unique Interministériel) DIOD project. 

Many solutions exist to detect the presence of drones with 

mechanical, optical, or antenna array based solutions [1]. 

Passive detection of UAV can be obtained by using multiple 

antennas and DOA estimation [2],[3]. Another solution 

presented in this article is to use an antenna composed of 

several linear arrays that will cover an angular sector by 

beam steering. Each linear array is designed to produce a 

cosecant squared beam [4] in a plane (E-plane for this work) 

to receive a power independent of the radar range for a 

constant height target. It is also required to have a rapid 

decrease of the radiation pattern just before the cosecant 

squared shape in order to not radiate toward the ground. In 

the orthogonal plane (H-plane), the beam is required to be 

large to have a nice field of view. Each linear array must 

operate from 2.62 GHz to 2.69 GHz. 

In section 2, we present the design of the patch antenna. In 

section 3, we detail the design of the feeding network. In 

section 4, we present simulations of the full linear array, as 

well as simulations using periodic boundaries to 

characterize the coupling of the 2D array and simulations of 

the 4-column array. Finally, in section 5 we present the 

prototype and its measurements. 

2. Patch Antenna Design 

The first step in our design is to optimize the patch antenna. 

This optimization includes the rectangular patch with an 

inset feed [5], the microstrip line arriving at the patch, a 

mitered bend and a couple of quarter wavelength 

transformers. The design with the optimized values is 

presented in Fig. 1. 

 

Figure 1: Front view of the optimized rectangular patch 

antenna with an inset feed, the feeding line arriving at the 

patch, a mitered bend and two quarter wavelength 

transformers.  

Those elements were optimized using CST Studio Suite to 

maximize the bandwidth of the element around 2.655 GHz, 

the central frequency of our targeted bandwidth [6]. 

The substrate used for this design is AD430 from Rogers 

Corp., with a permittivity equal to 4.3 and a thickness of 

3.175 mm. This substrate allows the rectangular patch to 

have good matching properties over the desired bandwidth 
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[5]. Moreover, using this substrate allows for an element 

spacing of approximately 0.56 free space wavelength when 

using the feeding network architecture presented in the next 

section. 

In Fig. 2, we present the reflection coefficient of the 

designed patch antenna, which is below -10 dB from 2.61 

GHz to 2.69 GHz. The patch antenna presented a gain of 6.5 

dB and an efficiency of 80% inside the 2.62 GHz– 2.69 GHz 

bandwidth. 

  

Figure 2: Reflection coefficient of the microstrip antenna 

presented on Fig. 1. 

3. Feeding Network Design 

In this section, we will first present the feeding network 

architecture used for this antenna array. We will then present 

the method used to synthesize the parameters of this feeding 

network, which includes: 

 A multi objective genetic algorithm to obtain the 

currents magnitudes and phases of the array that 

generate the desired cosecant squared pattern; 

 A transmission line model to calculate the lengths and 

widths of the microstrip lines to obtain those currents 

magnitudes and phases with the feeding network;  

 An iterative procedure using CST Microwave Studio to 

correct the radiating pattern accounting for the different 

couplings and model imperfections. 

3.1. Proposed Architecture  

The proposed feeding network architecture consists of two 

series of quarter wavelength transformers with T-junctions 

in between them to feed each of the patch elements and with 

a bend at the last quarter wavelength transformer to feed the 

last patch antenna [7]. 

In between these branches, we have two microstrip lines of 

unequal electrical lengths, to enforce a phase difference 

between the two branches, and impedances, to balance the 

power sent to each of the branches [7].  

Both of those microstrip lines arrive at a T-junction that 

leads to a coaxial feed.  

The full architecture with the patch antennas included can be 

observed in Fig. 3.  

3.2. Multi Objective Genetic Algorithm 

In order to obtain the desired cosecant squared we used a 

multi objective genetic algorithm optimization [8]. For this 

optimization, we considered the set of four consecutive 

quarter wavelength transformers as equivalent to an 

amplitude ponderation of the currents on the ith patch in 

comparison to the (i-1)th patch, with the first patch of each 

branch normalized to one. As a first approach we consider 

that the amplitudes on the patches are decreasing the farther 

we go from the center feed and the maximal reduction is 

bounded to a third. 

Table 1: Feeding Network Optimization Parameters 

  

Left Branch Right Branch Phase 

      
 

1.82 1.74 1.09 1.94 1.93 1.09 60° 

Moreover, the lines with unequal electrical length on the 

central feed are equivalent to a phase difference between the 

currents on left patches and the right patches. Those 

parameters are summed up in Table I. The indexes of the 

current magnitudes go from one for the patches closer to the 

center to four for the outer patches. 

The design variables are then optimized to minimize three 

cost functions:  

 one to optimize the formed radiation pattern (Eq. 1); 

 cost1 = max{20*log10[Emodel(θ)/csc2θ]},  (1) 

 0°<θ<40° 

 one for the sidelobe level (Eq. 2);  

 cost2 = max{20*log10[Emodel(θ)/max(Emodel(θ))]}, (2) 

  θ<0° & θ>40° 

 one for the decrease rate of the main beam of the 

radiation pattern towards the ground (Eq. 3).  

 cost3 = θAFpeak - θnull , (3) 

with θAFpeak corresponding to the maximum of the array 

factor for θ between 0° and 40° and θnull < θAFpeak the closest 

angle to θAFpeak which satisfies Eq. 4. 

 20*log10(Emodel(θAFpeak) / Emodel(θnull)) = 17dB , (4) 

The radiation pattern of the array was modeled as an Array 

Factor multiplied by a  model of the element pattern 

(Eq. 5) for the calculation of the cost functions [9]. 

 Emodel(θ) = AF(θ) cosqθ, q=3.5,  (5) 

with the value of q chosen to approximate the element 

pattern of the patch from Section 2. 

We used the Matlab multi objective genetic algorithms from 

the Global Optimization Toolbox [10] to optimize this 
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design. The multi objective genetic algorithm gives us 70 

dominant solutions for the optimization problem. We 

restricted these solutions by selection only those which 

respect the inequalities in Eq. 6.  

 cost1 < 3dB, cost2 < -10dB, cost 3 < 15°, (6) 

We manually selected a solution with a good trade-off 

between the three cost functions from this reduced set of 

dominant solutions and the design currents obtained from 

this solution are presented in Table 1. 

3.3. Feeding Network Parameters 

Once we calculated the design currents, we moved on to 

calculating the physical dimensions of the feeding network 

capable of realizing them. First, we will calculate the 

impedances of the quarter wavelength transformers needed 

for this design. Then we will use LineCalc, a Keysight ADS 

microstrip design tool [11], in order to calculate the physical 

widths and lengths of each microstrip quarter wavelength 

transformer. 

In order to calculate the impedances we will use (1), which 

gives the magnitude of the current on the ith element in 

function of the magnitude of the currents on the (i-1)th 

element and the impedances of four consecutive quarter 

wavelength transformers [7]. 

            , (7) 

The indexes of the quarter wavelength transformers in each 

group of four goes from 1 for the transformers closer to the 

center of the array to 4 for the ones farther from the center. 

We have chosen the impedances of the first and fourth 

transformer in each group of four quarter wavelength 

transformers to be equal to, respectively, 70 Ω and 50 Ω. 

The other two transformers are then calculated to obtain the 

desired current magnitudes. The impedances of the quarter 

wavelength transformers are summed up in Table 2. 

Concerning the center feed lines we calculated their 

electrical length in order to realize the phase difference 

between the patches to the left and to the right of the coaxial 

feed. As for their impedance, we simulated the full feeding 

network using ADS and tuned the values in order to balance 

the power sent to the patches to the left and to the right of 

the coaxial feed [11]. 

Table 2: Quarter Wavelength Transformer Impedances 

Left Branch 1st Left Branch 2nd Left Branch 3rd 

Zc2_1L Zc3_1L Zc2_2L Zc3_2L Zc2_3L Zc3_3L 

50 Ω 65 Ω 52 Ω 65 Ω 65 Ω 51 Ω 

Right Branch 1st Right Branch 2nd Right Branch 3rd 

Zc2_1R Zc3_1R Zc2_2R Zc3_2R Zc2_3R Zc3_3R 

50 Ω 69 Ω 50 Ω 69 Ω 65 Ω 51 Ω 

3.4. Iterative Correction 

Using the patch antenna from Fig. 1 and the feeding network 

parameters calculated as in the last section we simulated the 

full array using CST Microwave Studio [6].  

However, because of coupling effects not taken into account 

during the design, the amplitude of the currents arriving at 

the patches does not follow the designed values.  

Moreover, the phase difference between the patches to the 

left and to the right of the coaxial feed is more dependent on 

frequency then expected from the ADS simulations. 

Finally, the resonance frequency of the reflection coefficient 

is no longer placed at the center of the target bandwidth. 

Table 3: Feeding Network Physical Dimensions 

 

All values in mm Zc2 Zc3 

 Length Width Length Width 

Transformer 1 

Left 
14.81 11.90 16.44 0.92 

Transformer 2 

Left 
16.03 2.26 15.12 8.09 

Transformer 3 

Left 
15.34 6.11 15.92 2.71 

Transformer 1 

Right 
14.99 9.47 15.98 2.48 

Transformer 2 

Right 
15.67 3.96 15.82 3.16 

 

 

Figure 3: Front view of the optimized linear array of microstrip rectangular patches with inset feeds (Fig. 1). The array is 

fed from the center via a coaxial cable. Two microstrip lines of different lengths realize the phase difference between the 

four patches to the left and the four patches to the right. 
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Transformer 3 

Right 
15.88 2.88 15.51 4.94 

 Zc1 Zc4 

 Length Width Length Width 

All Transformers 15.80 3.36 15.34 6.25 

 
Left of coaxial 

feed 

Right of coaxial 

feed 

 Length Width Length Width 

Center feed 76.25 1.80 15.88 2.91 

In order to correct the resonance frequency, it is sufficient to 

slightly change the length of the patches, while 

proportionally changing the length of the inset feed. 

As for the feeding currents, we followed an iterative 

correction based on the observation of surface currents 

obtained from the CST simulation: 

 We simulate the array using CST with a surface current 

monitor at the lower, upper and central frequencies 

(2.62GHz, 2.655GHz and 2.69GHz); 

 If the S11 resonance is not centered we fine tune the 

length of the patches (keeping the inset feed length at 

the same proportional length); 

 We check the radiating pattern at the lower, upper and 

central frequencies (2.62GHz, 2.655GHz and 2.69GHz). 

If they are as designed, we stop. 

 When look at the surface current RMS value at each of 

the patches radiating edges at the side further from the 

feeding network (which is less disturbed by it). We 

calculate the ratios from one patch to the next and, if 

the value is different from the prescribed value from 

Table 1 we change the transformer impedances to 

compensate this variation. We also check if both 

central patches have the same RMS current, and if not 

we change the impedance of one of the lines in the 

center of the array to compensate. 

 We check the phases of the surface currents at the 

patches radiating edges to assure the phase difference is 

as prescribed. If it is not the case, we compensate by 

varying the length of the transmission lines at the 

center of the array. 

The parameters of the optimized design are shown in Table 

3, and the array front view is presented in Fig. 3. 

4. Antenna Array Simulations 

In this section we will present the simulation results of the 

antenna array design following the procedure described in 

Section 3 (Table 3, Fig. 3). We will first present the results 

for one isolated column. Then we will include the coupling 

effects when using several columns side by side in a 2D 

array by means of periodic boundaries conditions. 

4.1. Single Column Simulation 

In Fig. 4, we show, for the array in Fig. 3, the reflection 

coefficient and the realized gain in E and H-planes at 2.62 

GHz, 2.65 GHz and 2.69 GHz. 

As we can see on the E-plane plane, the array presents a 

slow decrease rate in the realized gain inside of the formed 

zone, while presenting lobes at least 10 dB than the main 

beam. The array presents a HPBW of 76° in the H-plane cut. 

The array has a reflection coefficient bandwidth going from 

2.62 GHz to 2.70 GHz. The maximal realized gain of the 

array goes from 12.3 dB to 13.2 dB in the design bandwidth. 

 

(a) 

 

(b) 

 

(c) 
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(d) 

Figure 4: Results from the simulation of the array in Fig. 3. 

In (a) we have the reflection coefficient, in (b) the realized 

gain in the H-plane, in (c) the realized gain in the E-plane 

and in (d) a zoom on Fig. 4 (c) with the  pattern 

superposed for reference. 

4.2. Coupling effects 

In Fig. 5, we show, for the array in Fig. 3 calculated with 

periodic boundaries conditions to obtain an infinite array 

with a spacing of 65 mm, the reflection coefficient and the 

realized gain in E and H planes at 2.62 GHz, 2.65 GHz and 

2.69 GHz. 

As we can see on the E-plane, the array presents a slow 

decrease rate in the realized gain inside of the formed zone 

as expected from the results in Fig.4. However, at 2.69 GHz 

the coupling between the arrays causes a 1.7 dB rise of the 

sidelobe level. 

The array presents a HPBW of 90° in the H-plane cut, 14° 

larger than the isolated array. The main beam direction is 

however skewed by 20°. 

The array presents a reflection coefficient bandwidth going 

from 2.62 GHz to 2.71 GHz, slightly larger than that of the 

isolated array. There is a small drop in the realized gain, 

which goes from 11.1 dB to 12 dB in the design bandwidth. 

The coupling between arrays causes this drop. 

The performances of the array are not substantially degraded 

by the presence of neighboring linear arrays, thus this linear 

array is suitable for use in a 2D array. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5: Results from the simulation of the array in Fig. 3 

with periodic boundaries (spacing between columns equal to 

65 mm). In (a) we have the reflection coefficient, in (b) the 

realized gain in the H-plane, in (c) the realized gain in the E-

plane and in (d) a zoom on Fig. 5 (c) with the  pattern 

superposed for reference. 

4.3. Four Column Simulation 

In Fig. 6, we show the four columns finite array, consisting 

of four copies of the array in Fig. 3 spaced by 65mm. In Fig. 

7, we present the reflection coefficient and the realized gain 

in E and H planes at 2.62 GHz, 2.65 GHz and 2.69 GHz for 

this array.  
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Figure 6: Front view of the 4-column array of microstrip 

rectangular patches with inset feeds. The array is fed from 

the center of each column via coaxial cables. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7: Results from the simulation of the array in Fig. 6 

(4 times the array in Fig. 3 with spacing between columns 

equal to 65 mm). In (a) we have the reflection coefficient, in 

(b) the realized gain in the H-plane, in (c) the realized gain 

in the E-plane and in (d) a zoom on Fig. 5 (c) with the  

pattern superposed for reference. 

As we can see on the E-plane, the array presents a slow 

decrease rate in the realized gain inside of the formed zone 

as expected from the results in Fig.4 and Fig. 5.The worst 

case sidelobe level is below -10 dB. 

The array presents a HPBW of 78° in the H-plane cut, closer 

to that predicted by the isolated array. The main beam 

direction is however skewed by 8°, less than predicted by 

the infinite array simulation. 

The array presents a reflection coefficient bandwidth going 

from 2.61 GHz to 2.69 GHz. The realized gain goes from 

11.6 dB to 12.5 dB in the design bandwidth, in between the 

values for the single column and the infinite array. 

5. Antenna Array Prototype 

The array was designed originally using the AD430 

substrate. However, the material became obsolete so we 

choose to build it using the Kappa438 substrate, which has 

very similar characteristics to the AD430. The datasheet 

value for the relative permittivity for this material is 4.38 

and the thickness for our prototype is 3.048mm 

As the thickness used for our antenna is not a standard value 

for this substrate, we built a first prototype of the single 

column array so that we could obtain the material properties 

by retrofitting simulations. By closely analyzing the 

Kappa438 properties, we noticed that it presents a certain 

level of anisotropy [12]. For our retrofit simulations (Fig. 8), 

we considered this anisotropy and converged at the value: 

 (εrx, εry, εrz) = (4.55, 4.55, 4.16),  (8) 

J4     J3     J2    J1 

E plane 
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Figure 8: Reflection coefficient of the array in Fig. 3 

simulated with CST using a εr = 4.38 substrate in blue, using 

a (εrx, εry, εrz) = (4.55, 4.55, 4.16) substrate in red and the 

measured prototype first run in yellow. 

The first prototype had the bandwidth slightly shifted up 

from the desired bandwidth and, to correct that, we scaled 

the entire array by 1.02 (verifying that it did bring the 

bandwidth to the desired range, 2.62GHz - 2.69GHz, by 

simulating the array using the retrofitted values of the 

Kappa438).  

The antenna compose with four linear arrays was realized 

and measured in an anechoic chamber. The measurement of 

the reflection coefficient is given in Fig. 9. Each linear array 

is measured when 50 Ohms load the others. 
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Figure 9: Reflection coefficient of one linear array among 

the three others.  

The levels are below -10 dB in the required bandwidth 

between 2.62 GHz and 2.69 GHz. We can also note a good 

similarity between the four measurements. The coupling 

terms were also measured and are less than -20 dB 

throughout the bandwidth.    

The measured radiation pattern in the E plane is plotted in 

Fig. 10 and compared to the simulations. Only the J3 array is 

fed (the other arrays being loaded by 50 Ohms). 
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c)  

Figure 10: Comparison between the measured and simulated 

E-plane radiation patterns when the J3 array is fed at 2.62 

GHz (a), 2.655GHz (b) and 2.69 GHz (c). 

The measured radiation pattern in the H plane is plotted in 

Fig. 11 and compared to the simulations. Only the J3 array is 

fed (the other arrays being loaded by 50 Ohms). 
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c)  

Figure 11: Comparison between the measured and simulated 

H-plane radiation patterns when the J3 array is fed at 2.62 

GHz (a), 2.655GHz (b) and 2.69 GHz (c). 

For all the measurements, there is good agreement with the 

simulated results. In E-plane, the shape of the radiation 

pattern follows the cosecant squared law (towards the sky, 

positive angles) and the decrease of the radiation pattern is 

obtained around 15° (towards the ground, negative angles). 

In H-plane, the radiation patterns have HPBW equal to 84° 

at 2.62 GHz, 88° at 2.655 GHz and 82° at 2.69 GHz. The 

gain levels vary between 11 dB and 12.9 dB. The cross 

polarization components remains 17 dB below the main 

component on-axis. 

6. Conclusions 

Four linear arrays of microstrip rectangular patches has been 

developed and simulated using different simulators. Each 

linear array has been designed to have a cosecant squared 

radiation pattern in the E-plane and to presents a 90° HPBW 

in the H-plane. The design steps procedure has been detailed 

and a first realization made it possible to take into account 

the deviations of the materials used. Then four linear arrays 

has been realized and measured. Each array bandwidth goes 

from 2.62 GHz to 2.69 GHz with a reflection coefficient 

below -10 dB and the realized gain that goes from 11.1 dB 

to 12.2 dB in the required bandwidth. These measurement 

results, in agreement with the simulation, demonstrate that 

the arrays have the required specifications in terms of 

matching and shape of radiation patterns. All of these results 

validate the design of the four linear arrays.  
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Abstract 

In the past decade, current sheet antenna (CSA) or tightly-

coupled dipole arrays (TCDA) have been developed based 

on current-sheet periodic structure to achieve ultra-

broadband impedance performance with wide scanning 

capability. This paper presents an alternative ultra-

broadband periodic array using continuous magneto-electric 

(ME) currents, which can be implemented using radiating 

slots and horizontal monopoles. The proposed ME array is 

scalable from sub-6GHz to millimeter-wave and has the 

advantage of much simpler feed structure and does not 

require extremely small capacitive gap between radiating 

elements. 

1. Introduction 

Various forms of ultra-broadband phased arrays have been 

developed in the past based on the principle of current-sheet 

antenna (CSA), such as the tightly-coupled dipole arrays 

(TCDA) [1]-[2] and travelling-wave antennas [3].  These 

types of arrays apply broadband impedance matching/balun 

techniques to an array of closely-coupled, electrically small 

dipole elements with very small capacitive gaps between 

radiating elements. They have shown to exhibit well-

behaved impedance and radiation patterns with very wide 

scanning angles over multi-octave of frequency bandwidth. 

For a grating-lobe free array, the maximum element spacing 

is limited to 0.5λ. As a result, a broadband active phased 

array is typically designed to operate between 0.5λ to 0.1λ, 
which results in real impedance of dipole elements between 

100 to a few hundred ohms. Consequently, these types of 

arrays require design of a relatively complex feed/balun 

circuit and a means of achieving the narrow capacitive gaps.  

 

The magneto-electric (ME) phased array was first proposed 

as a composite-right-left-handed (CRLH) array structure [4] 

to achieve the ultra-broadband performance with capability 

of surface-wave suppression in a finite array. Instead of the 

continuous electric current sheet model in the TCDA, the 

proposed ME array is based on continuously alternating 

electric and magnetic currents. This concept results in lower 

real-part impedance (50Ω at 0.5λ element spacing) and does 

not requires small capacitive gaps between elements. The 

ME array concept is scalable from sub-6GHz to millimeter-

wave frequencies. This paper presents an implementation of 

the ME array for ultra-wideband (4:1) millimeter-wave 

applications (10 GHz to 40 GHz).   

2. Magneto-electric phased array 

Unlike TCDA, the proposed ME phased array is based on 

alternating magnetic and electric currents, which is 

implemented using a periodic cascade of monopoles and 

slots.  

 

Fig.1 shows a detailed dual-cell model of the proposed ME 

phased array. Each monopole is connected directly to an 

unbalanced coaxial line from below a ground plane, which 

induces displacement current across a series-capacitor gap 

(slot) formed between ground plates. This periodic structure 

of monopole and slot forms a continuous line of alternating 

electric and magnetic current along the array axis. 

        

 

 

 

 

 

 

 

 

 

                                        

(a) Top view 

 

 

 

 

 

 

 

 

 

                                          

(b) Side view 

          Fig. 1. Dual-cell structure of the magneto-electric phased array 
 

This array structure forms a basic composite-right-left-

handed (CRLH) transmission line. Shunt inductors are 

simply metallic tubing (coax shield) connecting the bow-tie 

dipole grounds to the antenna ground sheet. Shunt inductors 

are simply metallic tubing (coax shield) connecting the bow-

tie dipole grounds to the antenna ground sheet. Series 

capacitors are air gaps formed between bow-tie metallic 

grounds. Monopoles are microstrip feed lines connected 

directly to the center pins of coaxial lines, which also serves 

as feed line to the radiating slots.  
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With proper size of series capacitor gap and shunt coaxial 

tube the structure can be designed to further suppress 

unwanted surface waves from edges of the finite array 

structure. 

Multiple layers of small metallic square patches are placed 

directly above the radiating slots and form layers of 

impedance-matching meta-surfaces. However, unlike an 

aperture-coupled stacked patch (ACP), sizes of these 

metallic patches are significantly smaller than half-

wavelength. Together, these patches form layers of reactive 

meta-surfaces with the sole purpose of enhancing broadband 

impedance matching of the array. The principle and 

techniques of such method is well documented by Munk [5]. 

Fig. 2 shows an equivalent diagram of the broadband 

impedance matching using the meta-surfaces. Total 

impedance at the plane of radiating sources is a parallel sum 

of all discontinuity impedances in the transverse plane, 

including the complex element impedance, transformed 

impedance of ground plane, and transformed impedances of 

capacitive meta-surfaces, i.e.,  

                                      (1) 

 

Where,          

                         

                      

    Fig. 2. Impedance matching scheme of the ME phased array 

 

With proper tuning, combined characteristics of capacitive 

ME sources and meta-surfaces tend to cancel out the large 

inductive impedance of the PEC ground. This type of array 

is capable of producing a low constant real impedance near 

50-75 ohm and low active VSWR over multi-octave of 

frequency bandwidth.  

3. UWB millimeter-wave ME phased array 

A 20-element linear ME phased array with periodicity of 

3.7mm is modeled using the commercial EM simulation 

software ANSYS HFSS. Fig. 3 shows the magnitude of 

active VSWR for scan angles ±50º. The active VSWR is 

below 2:1 for scan angle below ±20º, and less than 3:1 for 

scan angle up to ±40º. However, frequency bandwidth 

(VSWR 3:1) is reduced to 12 to 37 GHz for scan angle 

above ±40º. The 4:1 frequency bandwidth is achieved over 

scan angle of ±40º for active VSWR of 3:1. Fig.4 shows 

typical co-polar and cross-polar radiation patterns (E-plane) 

with scan angles between 0 and 50deg. Cross-polar patterns 

are typically below -30 dB in the main lobes. Scan loss is in 

the order of 1dB for scan angle up to 50deg. 

          Fig. 3. Active VSWR of the 20-element ME phased array 

         Fig. 4. Typical E-plane scanned patterns of the ME phased array 

4. Conclusions 

This paper presented an ultra-wideband millimeter-wave 

ME phased array. It is shown such array can be made to 

achieve an extremely wide impedance and radiation pattern 

bandwidth over a wide scan angle. A frequency bandwidth 

of 4:1 is achievable over scan angle of ±40º for active 

VSWR of 3:1. This enables beam steering over the entire 

frequency range from 10 GHz to 40 GHz.  
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Abstract 

The placement of a communication system on a three-

dimensional platform always poses a series of problems that 

the antenna designer has to solve or mitigate for guarantee 

the desired functional operability. Among the several 

challenges, the need of compact and conformal radiators is 

one of the hardest tasks to accomplish, especially if working 

on objects whose dimensions are comparable to the 

wavelength of interest. The solution to this problem can be 

pursued by using the Characteristic Mode Analysis.  

1. Introduc tion 

Small-size antennas are appealing solutions for managing 

communications on complex platforms where space is a 

scarce resource. However, due to intrinsic physical limits, 

the dimension of a resonant radiating element is directly 

proportional to the operative wavelength. This fact can have 

dramatic consequences for the designer if the addressed 

wavelength is comparable to the platform dimension. The 

interaction between the designed antenna and the platform 

need to be carefully evaluated as well. Moreover, if 

frequency or radiation pattern reconfigurability is a 

requested antenna feature [1],[2], then the goal is even 

tougher to tackle.  

Characteristic Mode Analysis (CMA) can provide useful 

guidelines for the design of non-resonant elements that are 

able to exploit the hosting platform as the main radiating 

object. In CMA the current flowing on a conductive body 

surface is expressed in terms of a linear superposition of 

orthogonal current modes [3]. The selective excitation of 

these current modes can be advantageously exploited for 

several different tasks spanning from the design of 

small/conformal antennas, MIMO antennas as well as 

pattern and polarization reconfigurability. In addition to the 

small space required by this approach with respect to 

solutions resorting to resonant elements, the CMA allows to 

intrinsically consider the effect of the platform on the 

radiation properties of the antenna structure. 

2. Characteristic Mode Theory 

CMA determines the current modes that a conducting 

body is able to support. These modes are obtained by 

solving the generalized eigenvalue equation that is derived 

from the Method of Moments (MoM). The identified modes 

are found without considering any kind of excitation since 

they only depend on the shape and the size of the 

investigated structure. These modes are a convenient base 

where to expand the total surface current (Jtot) that can be 

found on a conducting body. More in detail, Jtot can be 

written as a linear superposition of current modes: 

tot n n

n

J J=   (1) 

where n represents the modal weighting coefficients of the 

characteristic mode and Jn represent the current distribution 

of the nth mode. Furthermore, n can be calculated as: 
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j



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where n are the eigenvalues associated to the modes. The 

other two factors that contribute to the modal weighted 

coefficient of the modes are the modal significance (MS) of 

a mode, which is equal to: 

1

1 n

MS
j

=
+

  (3) 

and the modal excitation coefficient equal to: 

,i i i

n n n

S

V J E J E dS= =   (4) 

where S is the surface of the conductive body and Ei the 

external excitation. Although the MS is independent of any 

kind of excitation, the terms Vn
i takes into account the effect 

of the external excitation applied, including the position, 

magnitude and phase. Consequently, the inner product 

<Jn,Ei>, represents the coupling between the exciter and the 

nth current mode, which quantifies the capacity of the 

applied source to excite a particular mode. 

3. Discussion 

A rough model of a vehicle is reported in Fig. 1a. 

(W = 2.1 m, L = 3.5 m, H = 1 m). The CMA is performed 

within a frequency range between 50 MHz and 80 MHz. It 

is interesting to observe that the relative wavelengths are 

comparable to the vehicle dimensions and therefore a 




















































































































































































































































































































































































































































































































































































































