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In recent years, wireless telecommunication providers have
faced a significant expansion in the number of services
demanded by their customers, which requires radiators with
increasingly exceptional performance in terms of bandwidth,
radiation patterns, space occupancy, and multifunctionality.
Simultaneously, metamaterials, metasurfaces, and artificial
dielectrics have revolutionized electromagnetism, improving
the performance of existing devices and enabling a huge
number of new applications.

This special issue is intended to reflect current research
and development trends and novel approaches in the appli-
cation of artificial material, metamaterial, and metasurface
for next-generation of telecommunication platforms. A par-
ticular emphasis has been paid to components, devices, and
systems to be employed in mobile communication towers,
satellite payloads, aircraft, radars, and shipmasts.Wide-band
electrically small metamaterial-inspired antennas, multiple-
input and multiple-output antenna systems, multiantenna
platforms with invisibility cloaks exhibiting low mutual
coupling and reduced blockage between elements, and highly
directive low-profile metasurface-based antennas are just
some of the novel marvels enabled by this technology.

We are particularly glad to serve as guest editors for this
special issue, which contains a representative collection of the
current trends and novel applications of artificial material,
metamaterial, and metasurface in telecommunication field.

The paper by R. Foster et al. is focused on the beam-
steering capabilities of a simplified flat Luneburg lens operat-
ing at 60GHz. The lens is designed by using transformation
electromagnetics approach and, then, fabricated by using
ceramic composites. The beam-steering capabilities of the
lens are experimentally verified, demonstrating that it can
azimuthally scan a region within ±30∘ with gains of at least
18 dBi over a bandwidth from 57 to 66GHz. The lens has
been used in a wireless link for the transmission of a raw high
definition video.

The paper by E. Öziş et al. presents a review of the lit-
erature on microwave radomes for antenna systems made of
metamaterials and introduces the concept of “metaradomes.”
The paper discusses the possibilities that metamaterials open
up in the improvement and/or correction of characteristics
(gain, directivity, and bandwidth) of the enclosed antenna, as
well as the possibility of adding new features, such as band-
pass frequency behaviour, polarization transformations, and
the ability to be switched on/off. Examples of applications of
metamaterials in the design of microwave radomes available
in the literature as well as potential applications, advantages,
drawbacks, and still-open problems are described.

The paper by G. Artner et al. presents a carbon-fibre rein-
forced polymer (CFRP) laminate to be used as ground plane
material for both a narrowband wire monopole antenna at
5.9GHz and an ultrawideband conical monopole antenna for
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1–10GHz. CFRP are already used for lightweight construc-
tion of reflectors, mostly in large parabolic dishes or space
applications, but they typically present a high anisotropy due
to the alignment of shredded fibres. In this paper, the authors
design and experimentally verify the possibility of decreasing
the material anisotropy by randomly orienting the fibres,
which compose the ground plane for both wire and conical
monopoles.

The paper by X. Zhao et al. introduces a topological
method for the design and optimization of low-profile
circularly polarized (CP) directional antenna. The authors
propose to insert two layers of artificial materials, generated
by particle swarm optimization, between an equiangular
spiral antenna and the ground, in order to achieve both direc-
tional radiation pattern and high gain. The optimized and
manufactured antenna exhibits good impedance matching
in the band 4–12GHz, with a whole-band stable directional
pattern in 4–11.5 GHz and antenna gain of 8 dBi.

L. Su et al. present a review paper on the sensing
approaches for the implementation of microwave sensors
based on transmission lines loaded with metamaterial-
inspired resonators. The authors focus the attention on four
sensing strategies: (i) resonance frequency variation, (ii)
coupling modulation through symmetry disruption (caus-
ing variation of the notch depth), (iii) frequency splitting
(also exploiting symmetry properties), and (iv) amplitude
modulation of a harmonic signal. These sensors are useful
in various scenarios, such as characterization of dielectric
materials for communication circuits, medical diagnosis and
treatment with microwave technologies, and sensors for
space applications.

The paper by R. Kubacki et al. presents a microstrip patch
antenna based on the left-handed metamaterial concept. By
using a planar periodic geometry derived from fractal shapes,
the antenna exhibits improved characteristics in terms of
bandwidth, gain, and radiation characteristics. The proposed
design could support an ultrawide bandwidth ranging from
4.1 to 19.4GHz, demonstrating enhanced gainwith an average
value of 6 dBi over the entire frequency range, a peak of
10.9 dBi, and a radiation capability directed in the horizontal
plane of the antenna.

The paper by J. Gao et al. presents a different parameter
extraction approach based on zero immittances for com-
posite right/left-handed (CRLH) structures. For lossless unit
cell equivalent circuit model, L-C parameters of series and
parallel branches are extracted from the series and parallel
resonance frequencies, respectively.This approach, which can
be applied to symmetric and unbalanced CRLH structures,
provides an effective and straightforward way to design
CRLH metamaterials for applications in telecommunication
systems.
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The beam-steering capabilities of a simplified flat Luneburg lens are reported at 60GHz. The design of the lens is first described,
using transformation electromagnetics, before discussion of the fabrication of the lens using casting of ceramic composites. The
simulated beam-steering performance is shown, demonstrating that the lens, with only six layers and a highest permittivity of 12,
achieves scan angles of ±30∘ with gains of at least 18 dBi over a bandwidth from 57 to 66GHz. To verify the simulations and further
demonstrate the broadband nature of the lens, raw high definition video was transmitted over a wireless link at scan angles up to
36∘.

1. Background and Motivations

The quest for ubiquitous wireless connectivity with ever-
increasing data rates has been a feature of the last half century.
With the advent of the Internet of Things (IoT) adding
huge numbers of devices requiring bandwidth to an already-
challenging push for even greater data rates to be supported
on personal wireless terminals, considerable research effort
is being invested into future wireless networks. High-data
rate applications include the streaming of ultrahigh definition
video and virtual and augmented reality (e.g., [1, 2]); the
use of 60GHz for these applications is now relatively well-
established, with IEEE standards (e.g., 802.15.3c, 802.11ad
[3]) well-suited for this aspect of 5G services and networks.
Other aspects of 5G development are concerned with serving
greater numbers of end-terminals and reducing latency, with
some applications in the IoT relevant to this (even when data
rate requirements are not severe).

A large number of technologies are being brought
together to achieve the various aims for the next generation
of wireless networks [4]. This includes the use of small cells
(where the density of base stations is increased), cooperative
communications (where interference is reduced via commu-
nication between nodes, to improve achievable data rates

and reliability), carrier aggregation (where bandwidth from
disparate channels is combined to meet requirements), and
heterogeneous networks (where multiple networks operating
at different frequencies and with different modulations, etc.,
are used). One key technology is massive multi-input-multi-
output (M-MIMO) systems, where the number of antennas is
increased by at least an order of magnitude (e.g., [5–7]).

One key approach to realise the objectives of future
wireless networks is to utilise previously unused parts of
the electromagnetic spectrum at higher frequency bands,
particularly the millimetre-wave (mm-wave) and terahertz
(THz) bands. Currently, wireless networks predominantly
use the spectrum between 0.1 and 10GHz, as these have
offered key benefits of long propagation ranges, ease of
fabrication, and ease of power generation and signal mod-
ulation, amongst others. Conversely, the higher bands must
overcome increased propagation losses, smaller feature sizes
that increase fabrication challenges, and other problems; the
demand for bandwidth is such that these challenges are now
being addressed. Furthermore, the shift to mm-wave also
involves a change to directive communications, rather than
broadcasting, which introduces new challenges [8, 9].Within
future wireless networks, mm-wave frequencies around
28GHz and 37GHz have been proposed for use in cellular
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networks in urban environments (e.g., [10–13]), with the
25–40GHz band being considered by the Federal Communi-
cationsCommission in theUS [14], whilstmm-wave frequen-
cies between 55 and 100GHz have been proposed for indoor
environments and short-range outdoor environments,
including vehicle-to-vehicle links, as well as other applica-
tions that may also rely on 5G networks (e.g., [13, 15–17]).

Transformation electromagnetics (TrE) is a rapidly
maturing technique that offers increased control of elec-
tromagnetic waves via control of the spatial variation in
material properties [18, 19]. The requirements on material
properties can be challenging [20, 21], but the use of (quasi)
conformal TrE can simplify the requiredmaterials, albeit with
some sacrifice in performance usually a consequence (e.g.,
[22–24]). One area that has garnered much attention is the
use of TrE to change the shape of a (quasi) optical device
(lens or reflector), whilst maintaining the electromagnetic
performance by changing the spatial variation of the permit-
tivity (and permeability, in some cases); one example of the
power of TrE in this regard is the Luneburg lens [25]. The
Luneburg lens (LL) is a spherical lens with a continuously
varying refractive index, such that it has a relative permittivity
of 2 at the centre and 1 at the outer surface (since the
relative permeability is unity at the frequencies of interest)
[26]. In practical implementation, the continuous variation is
approximated with discrete shells of differing permittivities.
The key desirable feature of the LL is that a point source
placed on the surface produces a collimated beam on the
other side of the lens. Practically, however, the LL requires
a relatively bulky lens and the ability to steer the beam by
moving the source around a curved surface. It has been shown
that approximations using only two shells can still achieve
the beaming behaviour of the LL [27], at the cost of reduced
operating bandwidth (as determined by parameters including
the main lobe gain and side lobe levels).

In this paper, we report on the beam-steering capabilities
of a flat Luneburg lens operating at 60GHz, designed using
TrE. In the next section, we discuss the design of this lens,
based on the same procedure described in [28]. The beam-
steering capabilities are then discussed via simulation results.
We proceed by describing the fabrication of the lens in
Section 3, before discussing the use of the lens in a real-
world scenario, demonstrating the real-time transmission
of uncompressed high definition video over a 60GHz link
at different beam positions and examining the trade-offs
resulting from the lens performance (Section 4). The final
section offers some final thoughts on the implementation
of systems using TrE antennas, together with our plans for
future work.

2. Design of the Flat Luneburg Lens

The fundamentals of TrE have been expounded in many
places (e.g., [18, 19, 22, 23]); their application to the design
of this 60GHz flat Luneburg Lens (FLL) closely follows that
described in earlier work by the authors and colleagues for
the design of a similar FLL operating between 7 and 14GHz
[28]. As such, we offer an abbreviated description of the main
points here.

The permittivity distribution of the spherical LL is given
by

𝜀LL = 2 − ( 𝑟𝑅)
2

, (1)

where 𝑟 = √𝑥2 + 𝑦2 + 𝑧2 ∈ [0, 𝑅] is the radial position
within the sphere, 𝑅 is the outer radius of the sphere, and 𝑥,
𝑦, and 𝑧 are the spatial coordinates. (We assume that the
relative permeability is isotropic and equal to unity.) Due to
the symmetry of the sphere, it is simpler to deal with a 2D
cross-section and subsequently convert to a 3D device, such
as by rotating about the third axis (e.g., use 𝑟 = √𝑦2 + 𝑧2
when applying the transformation and rotate about the 𝑥-axis
after the transformation has been applied).

In this case, we apply a 2D transformation parameterized
by a real-valued compression factor 𝛿 and given by

𝑧 = 𝛿
√𝑅2 − 𝑦2

𝑧,

𝑦 = 𝑦.
(2)

This results in an anisotropic permittivity profile that must
be approximated in discrete layers (the resultant permeability
profile is also anisotropic, though this is approximated as
unity). It can be seen that the compression applied along 𝑧
leads to an expansion along 𝑦 (see [28] for more details). In
material terms, this means the permittivity increases (with
respect to the sphere) along the 𝑦 direction but decreases
along the 𝑧 direction. In this case, the lens is approximated
by an isotropic permittivity equal to the 𝑦-component of
the permittivity, due to the symmetry of the lens. The
discretization process requires, in general, consideration of
both electromagnetic performance and fabrication capability.
As with the lens of [28], a six-layer structure was used
with permittivities ranging between 2 and 12, and the layer
dimensions (radius 𝑅

𝑖
and thickness ℎ

𝑖
) optimised. Due to

the transformation process and diffraction effects, the focal
point is no longer expected to be at the lens surface, but some
distance from it outside the lens [28].

A sketch of the six-layer lens is shown in Figure 1, with the
corresponding dimensions and permittivities given inTable 1.
Figures 2 and 3 show the simulated beam scanning at 0mm
and 20mm feed offset, respectively, at 60GHz. A reduction
in gain of less than 3 dB can be seen.

3. Fabrication of Flat Luneburg Lens

The lens wasmanufactured in two halves, whichwere bonded
together once all layers had been completed. Each half of
the first composite layer was cast onto a solid polymer
base, which was made in a cylindrical mould. The second
composite layer was cast on top of the first layer once it
had cured and been machined. This was repeated until all
composite layers had been created.The original base was then
machined off so that the two halves could be bonded together
and then a finalmachining processwas undertaken to achieve
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Table 1: Design Parameters for six-layer Luneburg lens (lengths in millimetres).

Layer Radius 𝑅 Thickness ℎ 𝜀
1 7.80 1.66 12
2 13.30 3.32 10
3 17.43 4.40 8
4 19.13 5.50 6
5 22.28 6.20 4
6 23.85 6.90 2

R1
R2
R3
R4
R5
R6

ℎ1

ℎ2

ℎ3

ℎ4

ℎ5

ℎ6

Figure 1: Transformed Luneburg lens structure showing the six layers.
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Figure 2: Simulated scanning behaviour of the six-layer lens at 60GHz and no feed offset.
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Figure 3: Simulated scanning behaviour of the six-layer lens at 60GHz and 20mm feed offset.

(a)

(b) (c)

Figure 4: Lens fabrication at QinetiQ: (a) lens prior to final milling; (b) front view of lens after milling; (c) side view of lens after milling.

the final dimensions. Figure 4 shows photographs of the lens
prior to and after machining of the final cylinder.

4. System-Level Effects of Lens Performance

To place the beam-steering performance of the lens into
context, and assess some system-level aspects, an experiment

was conducted, with the layout shown in Figure 5. This
involved the wireless transmission of uncompressed high
definition video over a direct path in the 60GHz band.
The experiment was based around the VubIQ� development
systemwith additional baseband I/Qmodules, available from
Pasternack Enterprises, Inc. [29]. This kit includes video
encoding and decoding boards and complete transmitter
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Monitor

BNC cable

HDMI cable

SDI to
HDMI

Zaber positioners

VubIQ receive
module

Flat luneburg

lens in holderLens stage

HD video camera on tripod

VubiQ 

Transmit
module

BNC cable

HDMI to SDI

HDMI cableNot to scale

Laptop

20 dBi horn

20 dBi horn

Figure 5: Sketch of the experimental arrangement for testing video transmission (plan view).

and receiver assemblies, with WR-15 radio frequency ports,
covering 57–64.8GHz with channel widths of 500MHz and
a modulation bandwidth of up to 1.8 GHz [29]. The output
power of the transmitter was 12 dBm [30], whilst the noise
figure for the receiver was 6 dB [31]. Two 20 dBi conical
horns with WR-15 ports were used as the antennas [32].
The transmitter unit was mounted on a tripod, and the
receiver unit was mounted on a Zaber dual-axis positioner
system, with the lens positioned in front of the receive horn.
In this set-up, the beam-steering was achieved by lateral
movement on the 𝑥-axis. Figure 6 shows photographs of the
video successfully transmitted at 0∘ and 36∘, as well as no
transmission at 36∘ when the lens is removed. The alignment
of transmitter unit with the receiver was achievedmanually. It
is noted that the separation between transmitter and receiver
was decreased (from 0.996m to 0.427m) when the beam
angle increased from 0∘ to 36∘, to maintain a successful
connection. Video footage of these experiments is available.

5. Final Considerations and Future Work

A thin (≈1.38𝜆) flat Luneburg lens operating in the 60GHz
band has been described, with an emphasis on its beam-
steering performance. Simple linearmotion of the feed across
the rear face of the lens has been shown to achieve beam-
steering out to 30∘ and beyond, as seen via simulations and
the transmission of high definition video over a 60GHz link.

Horn antennas and multiple-axis motorized positioners
are, of course, unsuitable for real-world applications in future
wireless networks. Our continuing work in this area includes

the development of flat (PCB-based) integrated feeds, where
the lens can be mounted directly on the reverse of the board.
Flat feeds of various types, trading versatility, and cost are
being developed, including switched-beam configurations,
being lower in cost but less versatile, and small phased
arrays, being cheaper than full phased arrays without a lens
and potentially more versatile than the switched-beam feed.
The continued development of chip antennas at 60GHz
(e.g., [33–42]) offers an alternative route to an integrated
and compact feed. One advantage of a PCB-based feed is
that the PCB substrate layer can be incorporated into the
TrE lens design. Other advantages of the TrE lens approach
include the ability to modify the lens geometry to meet
any nonelectromagnetic constraint, simply by changing the
material properties. This could include curving the outer
face of the lens to be conformal to the container of the
system, even using the permittivity of the container in the
design, as with the feed PCB. Other lenses can be similarly
modified via TrE, whilst the discretization process allows
optimisation of the design to include other fabrication issues.
The sequential casting approach utilised in this work is a well-
established and relatively low-cost fabrication method that
can readily accommodate different geometries. Furthermore,
additive manufacturing techniques are continuing to mature
and could offer an alternative route to fabrication, some-
thing that the authors will continue to investigate. Finally,
we note that the TrE technique can be readily applied at
other frequencies relevant to 5G and other future wireless
communications technologies, making this work of wider
relevance.
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(a)

(b)

(c)

Figure 6: Photographs of the video transmission experiment: successful transmission with the lens at (a) 0∘ and (b) 36∘; (c) unsuccessful
transmission without the lens at 36∘.
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A radome is an integral part of almost every antenna system, protecting antennas and antenna electronics from hostile exterior
conditions (humidity, heat, cold, etc.) and nearby personnel from rotating mechanical parts of antennas and streamlining antennas
to reduce aerodynamic drag and to conceal antennas from public view. Metamaterials are artificial materials with a great potential
for antenna design, and many studies explore applications of metamaterials to antennas but just a few to the design of radomes.
This paper discusses the possibilities that metamaterials open up in the design of microwave radomes and introduces the concept
of metaradomes.The use of metamaterials can improve or correct characteristics (gain, directivity, and bandwidth) of the enclosed
antenna and add new features, like band-pass frequency behavior, polarization transformations, the ability to be switched on/off,
and so forth. Examples of applications of metamaterials in the design of microwave radomes available in the literature as well as
potential applications, advantages, drawbacks, and still open problems are described.

1. Introduction

Electromagnetic metamaterials are artificial compositions
of resonant particles (metallic or dielectric) in a dielectric
substrate, which are designed to control interaction of elec-
tromagnetic waves with the medium in a chosen wavelength
region. The particles or inclusions are typically organized in
a periodic array with the size of a unit-cell much smaller
than the wavelength, so the incident wave interacts with the
metamaterial as with an effectively homogeneous medium.
Quasi two-dimensional metamaterial structures, involving
just one layer of the unit-cells, are referred to as metasheets
or metasurfaces. Metasheets are closely related to frequency
selective surfaces (FSS), the difference being in the size of the
unit-cells, which is comparable to the wavelength in FSS [1].

By properly choosing the shape and the size of the inclu-
sions, the size of the unit-cells, and the substrate material,
one can create metamaterials with effective electromagnetic
parameters (permittivity, permeability, wave and surface
impedance, etc.) that can be adjusted to almost any values,

including those not encountered in nature. Metamaterials
have the advantage of being tunable and tailorable, with a
wide range of realizable electromagnetic properties. Such
materials can be used to build antenna radomes with im-
proved transparency and even with new features such as
the property of being tunable or switchable, thus resulting
in a new class of devices: metamaterial radomes or “meta-
radomes” [2, 3].

“Metamaterial covers” [4] for small antennas, aiming at
improvement of transmission and directivity of the covered
antennas, can be seen as metaradomes as well. These covers
can be polarization-dependent to change the polarization
state of the antenna [5, 6]. Radomes involving FSS structures
[1] are also linked to the concept of metaradome. Our focus
in this paper is however on electrically large radomes in
conjunction with metasheets [7, 8].

Metamaterials find applications not only in RF and
microwave engineering but also in acoustics, nanotechnol-
ogy, photonics, optics, and medical engineering. The litera-
ture about the design and applications of metamaterials is
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(a) (b) (c)

Figure 1: Different radome shapes: (a) cylindrical; (b) cylindrical-hemispherical; (c) spheroidal or ogival [16].

enormous, and we do not even attempt to review it. The
reader is referred to the books [9–15]. The goal of this paper
is rather to present a short overview of the basic features
of metamaterials which can be relevant to applications in
microwave radomes, give a collection of relevant references,
and introduce the concept of the metaradome, a microwave
radome with improved and extended functionality, made
entirely from ametamaterial or involving a thinmetamaterial
sheet (metasheet).

The paper is organized as follows. Conventional micro-
wave radomes are addressed in Section 2, basic features
of electromagnetic metamaterials in Section 3, FSS in Sec-
tion 4, metasheets in Section 5, tunable metamaterials in
Section 6, and known examples of applications of metama-
terials to microwave radomes in Section 7.The concept of the
metaradome, advantages, and drawbacks of the use of meta-
materials in radome applications are addressed in Section 8.

2. Microwave Radomes

The essential role of a radome is to form a protective cover
between the antenna and the surroundings with minimal
impact on the electrical performance of the antenna. An
ideal radome should be fully transparent and lossless, that is,
electrically invisible. Radomes should satisfy electrical, struc-
tural, and mechanical requirements. From the electromag-
netic point of view, reflection, diffraction (at discontinuities
in the radome, e.g., ribs), and absorption (in the radome
material) should be accounted for when designing a radome
[16–18].

The choice of the shape and material of the radome is
typically determined by the application. Radomes are often
curved structures made from ceramics and composites with
high values of permittivity, which may result in a degraded
performance of the antenna [19, 20]. Several differently
shaped curved radomes are shown in Figure 1. In aerospace
applications, the radome design must be compliant with
aerodynamic requirements as well. The shape has a direct
impact on the electrical characteristics of every radome.

The major parameters that characterize the radome per-
formance are transmittance and boresight error. Transmit-
tance is the ratio of the energy flows transported by the waves
to and from the radome wall. It determines, for example,
the operation range of a radar. Transmittance is a function

Antenna

Radome

Boresight
error

True position of 
the target

Figure 2: Boresight error in a radome: angular displacement from
correct position [22].

of frequency, wall construction (thickness and material con-
stants), incident angle, and polarization. The boresight error
depends on more parameters: antenna position, the shape
of the antenna aperture and the radome nose, frequency,
polarization, and wall construction (sometimes with an
integrated lens for phase compensation) [21]. The boresight
error is caused by refraction of electromagnetic waves at the
nonparallel interior and exterior sides of the radomewall with
the result that a target is seen at an angularly changed, wrong
position with respect to the antenna (Figure 2). This effect
deforms the antenna beam [22].

Thus, radomes can negatively affect the antenna per-
formance by distorting the amplitude and phase in the
main beam, bringing more sidelobes, boresight errors, and a
decreased bandwidth [17].

3. Metamaterials

There are various definitions of metamaterials in literature
such as the following:

(i) “Materials whose permeability and permittivity
derive from their structure” [23, 24].

(ii) “Structures composed of macroscopically scattering
elements” [24, 25].

(iii) “A new class of ordered nanocomposites that exhibit
exceptional properties not readily observed in
nature. These properties arise from qualitatively new
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response functions that are not observed in the con-
stituent materials and result from the inclusion of
artificially fabricated, extrinsic, low dimensional
inhomogeneities” [24, 26].

(iv) “Macroscopic composites having a man-made, three-
dimensional, periodic cellular architecture designed
to produce an optimized combination, not avail-
able in nature, of two or more responses to a spe-
cific excitation. Each cell contains metaparticles. The
metamaterial architecture is selected to strategically
recombine local quasistatic responses or to combine
or isolate specific nonlocal responses” [24, 27].

(v) “Artificial periodic structures with lattice constants
much smaller than the wavelength of the incident
radiation” [28].

So, ametamaterial is usually a periodic array of resonators
(inclusions), placed in a substrate, with the size of the unit-
cells much smaller than the wavelength of the incident radi-
ation. On the scale of the wavelength, the structure appears
to be almost homogeneous with effective values of material
constants: permittivity 𝜀 and permeability 𝜇. By adjusting
the parameters of the periodic structure (shape and size of
the inclusions and period of the array) the effective material
constants can be tailored to desired values, including those
not encountered in natural materials. The use of resonant
particles as the inclusions results in a frequency-dependent
response (dispersion) of every metamaterial.

Most of natural materials have positive permittivity and
permeability, and therefore they are referred to as “double-
positive” (DPS)media. Since the wave vector k and the power
flow vector S, given by the cross product of the electric field E
with the complex conjugate magnetic field H (S = (1/2)E ×
H∗), are always codirected, such media are also referred to as
“right-handed” media [14, 15].

Some materials have either a negative permittivity or
a negative permeability. This results in a purely imaginary
value of the wavenumber 𝑘 = 𝜔√𝜀𝜇, which implies strong
attenuation of waves andmakes suchmedia unsuitable for the
transmission of waves. When both 𝜀 and 𝜇 are negative, the
wavenumber 𝑘 is negative but real valued and propagation
of waves is again possible. The vectors k and E × H∗ are
oppositely directed in this case, but E, H, and S still form a
right-handed system. Such media, called “double-negative”
(DNG) or “left-handed” media, do not exist in nature, but
they can be created artificially [10, 14]. The diagram in
Figure 3 illustrates this classification.

A great variety of resonators can be used as inclusions
in designing metamaterials. Some of them, shown in Figures
4 and 5, are split-ring resonators (SRR), stepped impedance
resonators (SIR), ring resonators, open complementary split-
ring resonators (OCSRR), broadside coupled split-ring res-
onators (BC-SRR), nonbianisotropic split-ring resonators
(NB-SRR), double slit split resonators (DSSRR), omega parti-
cles, and chiral particles [29–33]. Omega and chiral particles
(Figure 5) couple electric and magnetic fields, which may
result in bianisotropic metamaterials.

Depending on the choice of inclusions, one can create
isotropic, anisotropic, chiral, and bianisotropicmaterials.The

Single-negative material 
Evanescent waves

Metal, doped semiconductors
Electric plasma

Right-handed material
Propagating waves
Dielectric materials

Air
Metals

Left-handed material
Propagating waves

No natural materials

Single-negative material
Evanescent waves

Some ferrites
Magnetic plasma





Figure 3: Classification of media according to permittivity and
permeability [15, 94, 95].

effective permittivity and permeability may approach any
desired values, for example, be negative or close to zero
[13, 34, 35].

4. Frequency Selective Surfaces

Radomes require thin layers rather than bulk materials.
Efficient design concepts that rely on the surface effects rather
than on volumetric effects have been first developed and real-
ized for radiowaves as frequency selective surfaces (FSS) [36].

FSS are built from many small patterned metal elements,
which are of resonant size, that is, comparable to or slightly
smaller than the wavelength [1]. Typical geometries of the
elements are dipoles, Jerusalem crosses, and square and
circular loops [37]. These elements are printed on a dielectric
substrate and are similar to printed circuit boards (PCB). For
changing the frequency characteristics, FSS can be mounted
on a biased ferrite substrate or PIN diodes can be connected
to the elements so that the structure can be made tunable
or switchable [37]. Such FSS devices as transmitarrays [38]
and reflectarrays [36] have become widely recognized tools
in modern radio-antenna engineering. A consequence of the
resonant size of the elements is however the presence of
side lobes in the reflected and transmitted fields, which is a
characteristic feature of FSS.

5. Metasurfaces and Metasheets

Quasi two-dimensional metamaterials that consist of thin
layers of inclusions with the thickness much smaller than the
wavelength are calledmetasurfaces,metasheets, ormetafilms,
depending on whether the layer is penetrable or not. An
example of a penetrable structure is shown in Figure 6.
In contrast to FSS, the size of resonators and unit-cells in
metasurfaces and metasheets is much smaller than the wave-
length, which eliminates the grating lobes in the reflected and
transmitted fields.
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Figure 4: Examples of resonators used in the design of metamaterials: (a) conventional SRR; (b) double slit split-ring resonator (DS-SRR);
(c) nonbianisotropic split-ring resonator (NB-SRR) [29]; (d) solid ring.
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Figure 5: (a) Chiral particle; (b) omega particle [96].

y
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Incident wave Reflected wave
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Figure 6: A metasheet (metafilm) consisting of arbitrarily shaped
resonators periodically arranged in the 𝑥-𝑧 plane [97].

At microwave frequencies, impenetrable metasurfaces
are realized as a dense periodic texture of small elements
printed on a grounded slab. A penetrable metasurface (called
metasheet) involves a periodic planar distribution of small
elements placed on a very thin host medium penetrable for
electromagnetic waves [39–42].

Despite their small thickness,metasheets can fully control
reflection, absorption, and transmission of electromagnetic
waves (e.g., plane, surface or guided), including polarization,
phase, and amplitude of the transmitted wave [35, 43–45].
As shown in literature, it is theoretically possible to design
devices for almost arbitrary manipulations of plane waves,

which results in such devices as self-oscillating teleporta-
tion metasheets, transmitarrays, double current sheets, and
metasheets formed by only lossless components [46].

The interaction between an incident field and the field
scattered at an electrically small particle is described by
electric andmagnetic polarizabilities, which can be dyadics or
tensors in the most general case. When particles are arranged
in an array, the field illuminating a given particle consists
of the incident wave and the field scattered at surrounding
particles. This effect can be accounted for by effective polar-
izabilities that relate the incident field to the dipole moments
induced on the particles in the array. Transmission and reflec-
tion coefficients are expressed in terms of the effective polar-
izabilities, and one can search for optimal arrays of optimal
particles by imposing desirable requirements on the trans-
mission and reflection coefficients, for example, by minimiz-
ing reflection and absorption and maximizing transmission
of a givenwave. To getmore degrees of freedom, bianisotropic
particles are needed, which is the most general type of parti-
cles, polarizable by both electric andmagnetic fields and with
magnetoelectric coupling [31, 47]. Chiral particles are a spe-
cial case of bianisotropic particles, and bianisotropy is a com-
bination of anisotropy with magnetoelectric coupling [48].

In the design of metasheets capable of influencing in
a desired way the propagation of an incident wave, the
Huygens principle can be applied [49]. According to the
Huygens principle, each point on a wave front may behave
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(a)

(b)

Figure 7: (a) Conventional optical lenses should be curved for
focusing or defocusing the light; (b) planar Huygens’ metasheets
behave like a lens by locally controlling electric and magnetic
currents induced on the surface [49, 51].

as a secondary source of spherical waves, and the sum of all
secondary waves regulates the travel and the form of the wave
[49, 50].

Conventional optical lenses can be replaced with planar
metasheets as shown in Figure 7 [51]. Several metasheets
combined together may work as a metamaterial with a
negative index of refraction. Such structures can operate as
a superlens providing images with the details finer than those
allowed by the diffraction limit as shown in Figure 8 [52].
Realization of a superlens is however difficult as small devia-
tions from ideal values of material parameters may signifi-
cantly distort the image, for example, [53].

Transparent metasheets can be useful for the design of
radomes since every radome must ensure high transmission

and low reflection and absorption within the operation
frequency band of the enclosed antennas. A suitable radome
wall can be created by using a bulkmetamaterial or by adding
a metasheet to the existing radome from a conventional mat-
erial.Metamaterial particles are embedded in a host dielectric
medium, and their shape and size are adjusted so as to achieve
desired values of the radome parameters [7, 8].

6. Tunable Metamaterials

Reconfiguring the structural components of a metamaterial
changes the effective (macroscopic) properties of the meta-
material. By doing so, it is possible to tailor metamaterials for
a required purpose.This property is a remarkable attribute of
metamaterials [34]. If the effective properties can be changed
in real time, then the metamaterial is referred to as tunable
[54].

Tunability can be achieved in a number of ways, including
(i) electrical tuning of permittivity, (ii) electrical tuning of
permeability, (iii) magnetic tuning of permittivity, and (iv)
magnetic tuning of permeability, as well as simultaneous
tuning of both permittivity and permeability [55, 56]. These
changes can be achieved by adjusting the geometry of the
unit-cell, for example, size, orientation, and position of reso-
nators, or the material of the substrate. All these changes can
be applied at the same time [54].

Another approach is the use of active lumped elements,
such as non-Foster active elements [57], micro-electro-
mechanical systems (MEMS) [58, 59], pin diodes [60, 61],
varactors [62], or voltage-controlled capacitors [63]. For
example, a voltage-controlled capacitance can affect the
resonant frequency, so a varactor can be utilized for real-time
tuning. A pin diode affects resistance. Using a non-Foster
loading can influence thewidth of the frequency band. Liquid
crystals can be inserted in unit-cells ofmetamaterials, and the
refractive index of the substrate is tuned by applying a bias
electric field which influences the orientation of liquid crystal
molecules [64, 65]. FSS structures can also be combined with
liquid crystals, and frequency shift can be realized with a bias
voltage [66].

Still another approach is the use of small resonators
with ferroelectric insertions (e.g., barium-strontium-titan-
ate, lead-strontium-titanate, silver-tantalate-niobate, and ba-
rium-stannate-titanate) exploiting the temperature depen-
dence of the permittivity of the material [67, 68].

Converting the radome wall into a tunable structure
can bring great flexibility in controlling the properties of
the covered antenna. For example, low-loss metasurfaces
with reconfigurable reflection and partially reflective surfaces
studied in [59, 69] can be used for this purpose.

7. Examples of Metaradomes

This section gives examples ofmetamaterial devices and com-
ponents that can be used in the design ofmicrowave radomes.
The aim of every metaradome is to improve the electromag-
netic response of the enclosed antenna and eliminate the neg-
ative effects of conventional microwave radomes (Section 2).
Table 1 summarizes the characteristic features of the designs.



6 International Journal of Antennas and Propagation

Figure 8:The operation of a superlens. Propagating and evanescent fields from the source go through a planar slab of negative-indexmaterial
to form an image of the source. The image includes details finer than the wavelength, which cannot be realized by positive-index lenses [52].

Table 1: The list of the characteristic features of the metaradome designs described in Section 7.

Design Characteristic features

(1) PV cells as a metamaterial layer, dual band (lower band: 70MHz bandwidth around 1185MHz, upper band:
3400–3600MHz), high gain (17.3 and 6.6 dBi at 3.5 and 1.23GHz, resp.) [70]

(2) Omega and reversed-omega elements in the unit cell, improved transmission between 13 and 17GHz [72]
(3) DPS and DNGmedia, gain increase to 6 dBi, beamwidth reduction by 37.5% [73]

(4) Highly transparent at normal incidence, reduced reflection at oblique incidence, no phase change upon
transmission [74]

(5) Gain enhancement through 9 subwavelength holes by about 3.4 dB [75]

(6) A 4-dB improvement in radiation pattern for blind spot angle, wide-angle impedance matching, blind spot
mitigation [3]

(7) DPS and DNG layers, gain increase by 3.45 dB, increase in the directivity by 2.9 dB, bandwidth improvement
[78]

(8) Refractive index smaller than unity, CP antenna, 3-dB improvement of the gain, increase of the bandwidth [79]

(9) Heat-resistant structure, stable transmission at different incident angles, bandwidth increase from 10GHz to
12GHz by changing the size of unit cells [80]

(10) Uniaxial medium with large permittivity along the anisotropy axis, operation on the near field, TM polarization
transparent, broader radiation pattern, nearly eliminated interference within the cavity [81]

(11) Polarization- and frequency-selective metasheets in X and Ka bands [82]
(12) Disc-shaped electrically large metasheet, a hybrid approach (PO/FEM) to calculation of transmission [8]

(13) Control of the phase of the transmitted wave by DC voltage, scanning over a wider range of radiation angle (up
to 60∘ steering angle), 8 dBi maximum gain, beamwidth less than 7∘ [83]

(14) Nonreciprocal ferrite structure, improved isolation, 21-dB difference between S12 and S21 at 8GHz,
transmission along one direction and attenuation along the opposite direction [85]

7.1. Passive Metaradome Designs. In the first 12 examples,
passive metamaterials are used in the design of the radomes.
They are passive in the sense that active lumped elements,
which are described in Section 6, are not utilized. In the
examples below, mainly the type of unit-cells and the number
of layers are modified. The choice of the particles plays an
important role in shaping the electromagnetic response of
the structures. The particles are combinations of electrically

small metal wires and rings which interact with the incident
wave as electric and magnetic resonant dipoles, respectively.
Introducing gaps in the ring part of the particle (split-ring
resonators and omega particles) results in a particle which
combines the inductive and capacitive behavior, and this is
a way of influencing the resonant frequency of the structure.
The effective permittivity and permeability of the substrate
are changed according to the shape of the particles. Thus,
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by adjusting the geometry and size of the particles the
resonance frequency can be controlled and the passband can
be expanded.

The following examples are taken from the current,
available studies of the use of metamaterials in the design
of microwave radomes. In each example, a different electro-
magnetic parameter such as gain, transmission, resonance
frequency, band width, and multiband feature is improved
by tailoring the geometry, size, material, and position of the
particles. Because of the ease of numerical simulations, planar
radomes are mostly studied in the literature.

(1) A panel of photovoltaic (PV) cells can be used as a
metamaterial layer with a dual operation band [70].
The PV panel is used as a subwavelength selective
periodic structure. In the first band, it behaves like
a transparent sheet. In the second band, it behaves
as a semitransparent sheet to ensure a high antenna
gain. The structure is inspired by the concept of
metamaterial Fabry-Pérot resonator [71].

(2) Differently positioned omega particles such as com-
binations of two or four omega and reversed-omega
elements in the unit-cell can be used to design pla-
nar metamaterial radomes with an advanced perfor-
mance. The omega-shaped particle is a bianisotropic
particle. In this design, for eliminating this intrinsic
bianisotropy, reverse-omega particles are combined
with omega particles. The design described in [72] is
characterized by good transmission between 13 and
17GHz.

(3) Another design involving S-shaped particles is sug-
gested in [73] to improve the antenna gain at a
frequency around 5GHz (Figure 9). Multilayered
models, which include two materials with negative
and positive refraction indices, are used.

(4) Combining a conventional dielectric material, which
is always right-handed, with a left-handed metamate-
rial can increase the transmittance. The metamaterial
helps to compensate the phase change as a wave
propagates within the structure, implying reflection
and transmission without the phase changes [74].

(5) For modifying the antenna pattern and improving
the antenna gain, a subwavelength hole in the middle
of a Jerusalem-cross structure as shown in Figure 10
can be used. The structure, called “a gain enhanced
antenna radome,” concentrates electromagnetic fields
and can change the antenna performance. The struc-
ture can play an important role in wireless communi-
cation [75].

(6) A metaradome can be designed to improve the
response of a phased-array antenna at a blind condi-
tion.The blind direction of antenna arrays is the result
of interaction between the Bloch array eigenmodes
and the propagating surface waves or leaky waves
[76]. The blind spot causes a failure of sending
and receiving signals in that space angle region
[76]. The scan blindness is also discussed in [77].

A metaradome has been designed as a wide-angle
impedance matching slab in [3] to alleviate this prob-
lem.

(7) In [78], a radomewith an operation frequency around
2GHz is designed with different layers of positive
refractive index materials and an SRR-based negative
permeability metamaterial. By adjusting the electrical
and geometrical parameters, the gain, the bandwidth,
and the directivity can be improved.

(8) Many communication systems operate in the circular
polarization mode. The advantage of circular polar-
ization (CP) is that it eliminates the need to contin-
uously align the two slits of the apertures; otherwise,
the power of the system has to be increased. Cross-
S-shaped inclusions can be used for CP antennas. For
example, a design described in [79] involves the cross-
S-shaped inclusions printed on an FR4 substrate with
the size of the unit-cell 18mm × 18mm to create
a metamaterial structure with an effective index of
refraction, which is positive but smaller than unity
and close to zero between 3.3 GHz and 3.7GHz.
According to the Snell law, rays leave such a slab
almost normally to its surface. As a result, antenna
gain and bandwidth have been improved.

(9) A structure suitable for high temperatures is des-
cribed in [80]. It consists of an Ag (silver) microstruc-
ture pressed between two layers of quartz glass.
The transmission can be controlled by changing the
geometry of the Ag grid and the size of the unit-cells.

(10) A layer of a uniaxial medium with very large per-
mittivity along the anisotropy axis can be used to
transmit both propagating and evanescent spatial
harmonics of the source onto the outer interface of
an antenna to eliminate the effects of diffraction. Such
a medium can be realized as a block of metal wire
media embedded in a dielectric material and used as
a radome [81].

(11) A simple prototype of a polarization- and frequency-
selective metaradome is described in [82]. The struc-
ture consists of a periodic array of copper strips
printed on top of a 2mm thick layer of the FR4 epoxy
(Figure 11). The structure blocks the transmission of
fields polarized along the strips in a particular fre-
quency range. By changing the dimension of the strips
and the size of the unit-cells the operation frequency
range can be changed. Two designs have been manu-
factured andmeasured, one for the X band (Figure 12)
and another for the Ka band (Figure 13). For the X-
band structure, the length of wire is 8.21mm, the
width of strip is 2mm, and the unit-cell size is 14mm.
For Ka band, the dimensions of strips and unit-cells
are smaller by the factor 3.48.The slight disagreement
between the simulation and measurement is due to
the fact that simulations assume an infinite planar
periodic structure, whereas the manufactured plates
are finite.
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Figure 10: (a) Jerusalem-cross structure; (b) configuration of metamaterial radome and antenna [75].

(12) Calculation of transmission through metasheets of
finite size is difficult because the assumption of peri-
odicity of the structure is not applicable. Full-wave
numerical simulations of such structures are limited
to structures of several wavelengths in size. A hybrid
approach combining Physical Optics (PO) approxi-
mation with transmission coefficients obtained from
full-wave calculation for an infinite planar periodic
structure is proposed in [8]. The unit-cells should be
sufficiently small to justify the use of homogenized
transmission coefficients. To estimate the accuracy of
the hybrid approach, a circular metasheet consisting
of copper rings on the FR4 substrate (Figure 14) was
used as a test configuration. The diameter of the
disc (160mm) and the wavelength (30mm) are such
that the full-wave simulation is still possible and the
structure is sufficiently large in order the PO method
to apply.There is a goodmatch of full-wave simulation
and PO calculation (Figure 15).

7.2. Metaradome Designs Involving Active/Lumped Elements.
In the next two examples, active metamaterials are used in
the design of the radome surface. Active metamaterials mean
that active lumped elements or ferrite insertions (Section 6)
are included in the designs to control the electromagnetic

response. An active element, varactor, is used in example (13).
The ferrite is used in example (14).Theuse of ferrite insertions
may lead to a nonreciprocal radome. Both examples show
metaradomes that can be externally controlled.

(13) A metasheet with tunable refractive index can be
realized by using varactors in the resonant cells of the
metamaterial (Figure 16). The varactor with applied
DC voltage behaves as an adjustable capacitor, which
can be used to control the effective refractive index
by changing the resonance frequency. Such a radome
can control the phase of the transmitted wave by
applying different DC voltages to different zones of
the metamaterial slab since the phase shift depends
on the bias voltage [83].

(14) Transmission can be permitted in one direction and
suppressed in the opposite direction by a nonrecipro-
cal metasheet. This feature comes from Faraday rota-
tion, when electromagnetic waves propagate parallel
to the applied bias field or in the direction of rema-
nence magnetization in self-biased magnetic mate-
rials. Ferrites have low eddy current losses, which
make them suitable for the use in some electronic
applications such as power generation, conditioning,
and conversion. Ferrites are particularly useful for
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Figure 11: The X-band (a) and Ka-band (b) structures consisting of differently sized copper straight wires (strips) printed on top of the FR4
substrate.
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operating frequency is 4.7 GHz [83].

microwave devices that need strong coupling to elec-
tromagnetic signals and nonreciprocal behavior [84].
In the design described in [85], highly conductive
strip gratings are adjusted on each side of a ferrite
layer. The strips behave as microwave polarizer. The
direction of the polarization rotation depends on the
direction of the applied bias field.

8. Metaradomes: Pros and Cons,
Potential Applications

Metamaterials and particularly their quasi two-dimensional
versions, metasheets, promise many important applications
in conjunction with microwave radomes. A metasheet with
tailored transmission, absorption, and reflection properties
can be mounted on the wall of a radome to bring additional
features and benefits such as correction of phase distortions,
reduction of transmission losses, shaping the frequency
dependence of the transmission, and making the radome
tunable, including the ability of being switched on/off. Imple-
mentation of the concept may result in multiband radomes
with reconfigurable frequency pass bands, on/off modes,
enhanced out-of-band rejection and eventually in an en-
hanced antenna gain.

The problems to be solved are as follows:
(i) Most of the available realizations of metaradomes are

planar, partly because of the relative ease of simulation
(as infinite periodic structures) and partly due to
the ease of manufacturing. Simulation of bounded
and/or curved metamaterial structures is a difficult
calculation problem because of the need to sample
extremely fine subwavelength inclusions distributed
over an electrically large area without the periodicity
assumption. Simulation of curved metasurfaces is an
open problem and a future research field. A possible
approach is addressed in [8].

(ii) The limited bandwidth, which is due to the resonance
behavior of the individual inclusions, is an inherent
feature of metamaterials. A number of recent studies
are devoted to the extension of the bandwidth of
metamaterial absorbers but little is known about
extending the bandwidth of transparent structures. It
should be noted however that a narrow bandwidth is
not necessarily a negative situation because narrow-
band systems are as necessary as wide-band systems
in communication networks. For example, narrow-
band systems help to have the cost-effective wireless
networking for large outdoor environments such as
seaports and rail yards, where simple data transac-
tions are required [86].

Metaradome designs should be developed and adjusted to
different application areas such as maritime, telecom, radar,
aerospace, and automotive applications [87]. Metaradomes
may help in shaping the directivity of antennas. Directional
antennas are used in wireless networks [88], and the use of
metamaterials in the antenna design is described in [88, 89].
Another application is cognitive radio. Such a radio automat-
ically detects available channels in a frequency spectrum and
accordingly changes its transmission or reception parameters
to have an optimum communication bandwidth within a
defined spectral region. Such a software-defined radio plat-
form should convert into a completely reconfigurablewireless
system that automatically alters its communication variables
according to network and demand of user [90]. For this
propose, there are studies to design suitable reconfigurable
antennas [91–93].

9. Conclusion

The potential of metamaterials for improving the perfor-
mance ofmicrowave radomes has been outlined, and the con-
cept of ametaradomehas been presented. Several examples of
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the use of metamaterials in the design of radomes have been
given. The examples discussed here are by no means the only
examples possible.

The application of metamaterials to microwave radomes
is a new research field which is open for further analysis and
development. Potential applications are diverse and promis-
ing. Much more work is still needed in the understanding,
analysis, design, and fabrication of both metamaterials and
metasheets for radomes.
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A carbon fiber reinforced polymer (CFRP) laminate, with the top layer consisting of shredded fibers, is proposed andmanufactured.
The shredded fibers are aligned randomly on the surface to achieve a more isotropic conductivity, as is desired in antenna
applications. Moreover, fiber shreds can be recycled from carbon fiber composites. Conductivity, permittivity, and permeability are
obtained with the Nicolson-Ross-Weir method from material samples measured inside rectangular waveguides in the frequency
range of 4 to 6GHz. The decrease in material anisotropy results in negligible influence on antennas. This is shown by measuring
the proposed CFRP as ground plane material for both a narrowband wire monopole antenna for 5.9GHz and an ultrawideband
conical monopole antenna for 1–10GHz. For comparison, all measurements are repeated with a twill-weave CFRP.

1. Introduction

Composites are materials consisting of a mixture of compo-
nents present as separate phases. They are created for engi-
neering applications to combine the desired qualities of its
individual components. Carbon fiber reinforced polymers
(CFRP) are carbon fiber composites (CFC) consisting of
carbonfibers embedded in a polymermatrix, typically a resin.
The most common production technique is to build CFRP as
laminates.These laminates are stacked fromunidirectional or
woven carbon fiber plies preimpregnated with resin, which
are commonly referred to as prepreg. The laminate is stacked
in amold to form the desired part geometry, vacuum-bagged,
and cured in an autoclave.

The motivation to use CFRP is found in their mechanical
properties. While Young’s modulus 𝐸 of CFRP is lower than
that of many metals, the density of CFRP is much lower.
Young’s modulus per material density of CFRP is much
higher than that of metals; for example, the specific tensile
modulus of steel is about 26GPa/(g/cm3), while for unidirec-
tional CFRP (UD-CFRP) values > 100GPa/(g/cm3) can be

easily achieved in fiber direction.This makes CFRP a suitable
material for lightweight construction.

Carbon fibers are electric conductors, while the matrix
is almost exclusively nonconductive. The electromagnetic
properties of CFRP laminates are in general anisotropic and
depend on fiber and matrix materials, ply weave, orientation
of the layers in the laminate, and frequency. In the past, due
to their application in avionics and aeronautics, the research
focus was on the electromagnetic shielding properties of car-
bon fiber composites [1, 2]. For antenna design the electrical
conductivity, permittivity, and magnetic permeability of the
materials in the vicinity of the antenna are of interest.

Measurements of radio-frequency electromagnetic prop-
erties are performed by inserting a material sample (material
under test, MUT) inside a well understood system, such as a
waveguide [3, 4] and coaxial cable, or between horn antennas
[5]. The electrical conductivity and permittivity transverse
and parallel to UD-CFRP and with different fiber volume
fractions were measured with waveguides in [6]; values are
given in a large frequency range up to 10GHz. The con-
ductivity of CFRP is much higher than that of carbon-black
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or graphite particulate composites [7]; conductivity of UD-
CFRP in and perpendicular to fiber direction differs by a
factor of 105. Horn antenna measurements have shown that
the conductivity of CFC with unidirectional fibers increases
with frequency if the electrical field is perpendicular to the
fibers but is flat with the field parallel to the fiber direction
[8]. Waveguide measurements of electrical conductivity and
permittivity with the Nicolson-Ross-Weir (NRW) method
and different ply orientation in the range of 8GHz to12GHz have been conducted in [9], where they also provide
measurements of CFRP slot antennas. CFRP are diamagnetic;
the magnetic permeability of unidirectional carbon fiber
polymer laminates was measured with horn antennas and
waveguides in [10]. In most investigations only CFRP made
with unidirectional fiber direction, and plies which are all
oriented in the same direction, are considered. UD-CFRP are
more interesting from a theoretical viewpoint as the material
anisotropy is more pronounced and the material is easier
to model. In applications however, woven fabrics are often
used to compensate the small E-module and/or low electric
conductivity perpendicular to fiber direction.

Modeling approaches for the electrical properties of CFC
have been proposed in [11, 12] in addition to simple law of
mixture models used in [1, 13].

CFRP are used in a variety of antenna applications. The
whole antenna can be built from CFRP. Measurements of
braided CFRP patch antennas are compared to law ofmixture
and geometry based simulations in [14]. The performance
of bow-tie antennas with unidirectional and braided CFRP
is measured in [15]. Various monopole antennas made from
CFRP and carbon nanotubes are investigated in [16, 17]. Slot-
ted waveguide antennas manufactured from CFRP are inves-
tigated in [18]. This type of antenna is especially relevant in
aeronautical applications. Load bearing structures are formed
from CFRP and the geometry obtained for mechanical
stability is close to the geometry of rectangular waveguides.
CFRPbearers can be used as rectangularwaveguides and slots
can be cut into them to build rectangular waveguide antennas
[19]. Several elements can be combined into an antenna
array, the slotted waveguide antenna stiffened structure
[20].

CFRP are used for lightweight construction of reflectors,
mostly in large parabolic dishes [21] or space applications
[22]. Measurements in [23] show that CFRP is applicable as
reflector material for millimeter-wave antennas at 100GHz.
Antenna gainwith a reflectormade fromwovenCFRP is close
to the gain with a chrome plated reflector. It should be noted
that CFRP cannot be used in some antenna applications as
they are a source of intermodulation products [24].

CFRP are used as antenna ground plane material. In
specialized applications the high anisotropy of UD-CFRP can
be utilized. A mechanically reconfigurable antenna with an
anisotropic CFRP ground plane is presented in [25]. Surface
currents on the groundplane can flow in fiber direction,while
they are blocked perpendicular to fiber direction due to the
low conductivity of CFRP. This mechanism acts as a mode
filter for a patch antenna which is rotated against the CFRP
ground plane. In general, however, the conductivity of the
antenna ground plane should be isotropic.

A typical use case as ground plane is when antennas are
mounted on largeCFRP structures such as an aircraft fuselage
or a car chassis. The influence of the ground plane material
on the antennas should be small to allow antenna design
independent of composite design. To achieve this, CFRPwith
near anisotropic conductivity are preferred, such that electric
currents are not obstructed. This is especially the case in
automotive antenna design, where antenna modules are used
on different types of vehicle and are required to function
on the CFRP roof of electric cars as well as on steel roofs.
An automotive roof mounted antenna module (shark-fin) is
measured on a CFRP car roof in [26]. An antenna cavity for
integration into CFRP sheets, such as aircraft skin panels or
car chassis, is proposed and prototyped in [27]. In vehicular
applications the antenna cavity can be manufactured as part
of a carbon fiber reinforced car roof as is described in [28].

A CFRP material with carbon fiber shreds in random
alignment as its top layer is proposed for antenna applications
and manufactured. Fiber shreds can be obtained from recy-
cled CFRP, resulting in a sustainable material. Due to the skin
effect, it is sufficient to design the top layer of the laminate
for antenna applications in the gigahertz range; the other
plies can be chosen independently to meet the mechanical
requirements of the composite. The material is described in
Section 2. Its electromagnetic properties are measured with
the NRWmethod in a rectangular waveguide and compared
to a CFRP with a 2/2 twill weave in Section 3.1. Material
measurements are performed in the frequency band from4GHz to 6GHz, which includes the frequency band from5.85GHz to 5.925GHz, that is reserved for dedicated short
range communication (DSRC) in intelligent transportation
systems (ITS), IEEE 802.11p. The influence of the proposed
CFRP as ground plane material is measured with several
monopole antennas in Section 4. The proposed CFRP is
measured as ground plane for a wire monopole antenna
for the 5.9GHz DSRC band and with broadband conical
monopole antennas in a frequency range from 1GHz to10GHz.

2. CFRP for Antenna Applications

In general, the influence of a CFRP ground plane on the
antenna should be small. For antenna applications CFC are
preferred over graphite or carbon-black particulate com-
posites due to their larger conductivity in fiber direction
[7]. Woven carbon fiber plies are used to achieve a more
isotropic conductivity than unidirectional plies [8]. How-
ever, the geometry of a chosen weave might result in
unwanted resonances. A straightforwardmethod to diminish
the anisotropic conductivity of CFRP is to superimpose an
isotropic metallic layer onto the CFRP, include it in the
laminate during production, ormetalize the CFRP surface. In
many applications this is not possible because of the different
thermal expansion coefficients of the materials or simply
because of too high costs.

It is proposed to use a CFRP with fiber shreds in random
alignment in antenna applications. Random fiber alignment
results in a composite with a more isotropic conductivity
than UD-CFRP and does not have characteristic geometries
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(a) (b)

Figure 1: Microscopic photographs of (a) the proposed CFRP with fiber shreds in random alignment on top and (b) the twill-weave CFRP
reference material. The unidirectional filaments are visible underneath the fiber shreds as horizontal lines.

associated with woven carbon plies. The quasi-random fiber
alignment is easy in production, as the fiber shreds can be
dropped or blownonto themold or laminate. Fiber shreds can
be obtained from CFRP recycling processes [29]. Due to the
skin effect it is sufficient to design the top layer of the laminate
for antenna applications; the remaining plies can be designed
to meet mechanical requirements.

A microscopic photograph of a material sample taken
from a CFRP with unidirectional plies and fiber shreds in
random alignment on top is depicted in Figure 1(a). The
unidirectional filaments under the fiber shreds are visible as
horizontal lines in the photograph. In production the fiber
shreds are of course not aligned completely random; an exam-
ple is depicted on the top border of Figure 1(a), where a bun-
dle of carbon fiber shreds is aligned facing downwards. The
shred-CFRP has a total thickness of 2.26mm.Thematerial is
compared to a 2/2 twill-weave CFRP depicted in Figure 1(b).
The twill-CFRP has a thickness of 0.9mm, consists of 5 layers
of 2/2 twill weave stacked as [45 90 45 90 45], and has
1000 fiber filaments per roving.

3. Material Measurements

3.1. NRW Method. The electromagnetic properties (con-
ductivity, permittivity, and permeability) of the proposed
CFRP with fiber snippets on top are measured at radio
frequencies. Results are compared to measurements of a
CFRP with a twill weave as described in Section 2. Values for
UD-CFRP are already well known in literature. A method
developed by Nicolson-Ross-Weir (NRW) [30, 31] enables
the characterization of material samples inside a waveguide
by calculating the electrical characteristics from measured
scattering parameters (S-parameters). Rectangular material
samples are cut from the CFRP and placed in a fixture
inside a rectangular waveguide that operates in its dominant
TE10 mode. The waveguide is connected to a vector network
analyzer and S-parameters are measured. The NRW method
is then used to calculate the electrical and magnetic material
parameters from the S-parameters obtained by waveguide
measurements. The formulas for S-parameter conversion,
where the complex material parameters 𝜖𝑟, 𝜇𝑟 and the con-
ductivity 𝜎 are extracted, can be found in [5, 32].The position
of the MUT inside the fixture is considered according to

[32], where 𝐿1 and 𝐿2 are the distance from the MUT to the
calibration plane of port 1 and port 2 inside the waveguide,
respectively:

𝑅𝑖 = 𝑒−𝛾0𝐿 𝑖 , 𝑖 ∈ {1, 2} ,
𝑆𝐶11 = 𝑆11𝑅21 ,
𝑆𝐶21 = 𝑆21𝑅1𝑅2 .

(1)

The scattering parameters 𝑆𝐶11 and 𝑆𝐶21 are the basis for the
Nicolson-Ross-Weir (NRW) equations:

Γ = 𝑋 ± √𝑋2 − 1, (2)

𝑋 = (𝑆𝐶11)
2 − (𝑆𝐶21)2 + 12𝑆𝐶11 , (3)

1Λ2 = −( 12𝜋𝑑 ln( 1𝑃))
2 , (4)

𝑃 = 𝑆𝐶11 + 𝑆𝐶21 − Γ1 − (𝑆𝐶11 + 𝑆𝐶21) Γ , (5)

with the thickness of the MUT 𝑑 and propagation factor 𝑃
and with the sign in (2) to be chosen such that the reflection
coefficient is |Γ| ≤ 1. Re{1/Λ} = 1/𝜆𝑔 with the transmission
line guide wavelength 𝜆𝑔. Note that the logarithm in (4) is
ambiguous by 2𝜋𝑛, 𝑛 ∈ N0, as 𝑃 is complex in general. The
ambiguity problem is resolved by choosing thin samples of
thickness 𝑑 < 𝜆/2 [32], resulting in 𝑛 = 0. This is the case
for the presented CFRP measurements in the low gigahertz
range, as these composites are commonly manufactured as
(thin) laminates. To check whether the 𝑛 = 0 assumption is
valid, the method based on group delay from [31] was also
implemented. For this method the group delay is calculated
for each frequency as 𝜏𝑔𝑛 and compared to the group delay
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𝜏𝑔, which is based on the slope of the propagation factor𝑃
𝜏𝑔𝑛 = 𝑑 ⋅ d

d𝑓 [(𝜖𝑟𝜇𝑟𝜆20 −
1𝜆2𝑐)
1/2

𝑛

] ,

𝜏𝑔 = 12𝜋
d (−𝜙)
d𝑓 ,

(6)

with 𝜙 = arg(𝑃). The derivatives in (6) are approximated
by finite differences between measured frequency bins. The
correct root 𝑛 = 𝑘 is then chosen such that 𝜏𝑔𝑘 − 𝜏𝑔 ≈ 0. The
group delay method also resulted in 𝑛 = 0 in the frequency
band of the fundamental mode of the waveguide.

The complex magnetic permeability and electric permit-
tivity are then obtained as

𝜇𝑟 = 𝜇𝑟 − 𝑗𝜇𝑟 = 1 + Γ
Λ (1 − Γ)√1/𝜆20 − 1/𝜆2𝑐

,

𝜖𝑟 = 𝜖𝑟 − 𝑗𝜖𝑟 = 𝜆
2
0𝜇𝑟 (

1𝜆2𝑐 +
1Λ2) .

(7)

In (7)𝜆0 denotes thewavelength in free space atmeasurement
frequency and 𝜆𝑐 the cut-off frequency of the waveguide.

The surface conductivity of the material is derived from

𝜎 = 4𝜋𝜇0𝑓 (1 − 𝑆112)2
𝑍20 ((1 + 𝑆112) − √− 𝑆114 + 6 𝑆112 − 1)2

, (8)

with the magnetic constant 𝜇0, frequency 𝑓, and the free
space impedance 𝑍0; see [9].
3.2.Measurement Setup. ThewaveguideWR187 has a dimen-
sion of 𝑎 = 47.5mm × 𝑏 = 22.1mm. The cut-off frequency
of the TE10 mode is 𝑓𝑐 = 𝑐0/2𝑎 ≈ 3.16GHz and the nominal
frequency range is 3.94–5.99GHz.

Samples are cut from the CFRP materials for a selected
set of discrete orientations and grinded to fit into a waveg-
uide fixture. The waveguide was cleaned with alcohol and
calibrated using a through-reflect-match (TRM) calibration.
The fixture with the sample is then fastened in the middle
of the waveguide, the S-parameters are measured with a
network analyzer (R&S ZVA24), and the electrical properties
are calculated in a Matlab script as presented in Section 3.1.
The disassembled measurement setup is depicted in Figure 2.

To measure the angular dependency of the materials, the
samples are cut in various orientations 𝜑. Twill-CFRP sample
orientations range from 0∘ to 90∘ in steps of 10∘ and shred-
CFRP samples are cut from 0∘ to 110∘ in 5∘ steps, where 𝜑
is the deviation from an arbitrary defined direction on the
material surface.Three additional samples with 𝜑 = 0∘ are cut
from different positions of shred-CFRP to assess the impact
of cutting precision and material inhomogeneity.

There are several known sources of inaccuracies when
measuring material samples inside a waveguide. The sample
might be displaced inadvertently from the calibration plane.

Figure 2: Measurement setup consisting of WR187 waveguides,
sample fixture, and R&S ZVA24 network analyzer.

Figure 3: Attachment of a sample with air-gap in the waveguide
fixture by clamping a piece of styrofoam into the air-gap, on the
example of a twill-CFRP sample with an alignment of 60∘.

It may tilt and, due to imprecise manufacturing, air-gaps
might appear between sample and the waveguide walls. To
mitigate these sources of inaccuracies, a small piece of styro-
foam is clamped between sample and fixture when necessary,
as shown in Figure 3.

3.3. Measurement Results. Results for the permittivity, per-
meability, and conductivity of shred-CFRP are presented
in Figures 4(a), 5(a), and 6(a), respectively and results for
twill-CFRP are depicted in Figures 4(b), 5(b), and 6(b),
respectively. The orientation dependent results are shown for4GHz, 5GHz, and 5.9GHz (ITS G5). Measured values for
different sample orientations are connected by straight lines
only for visual guidance.

The permittivity of the two CFRP is high when compared
to [6], where 𝜖𝑟 for unidirectional fibers in epoxy was
around 1 for electrical field parallel to fiber alignment and
ranged from 5 to 20 for transverse fields, and [9], where𝜖𝑟 was approximately 30 for both unidirectional and[0 45 90 −45] fiber alignment.

Twill-CFRP shows strong dependency of 𝜇𝑟 on the
angle, while all measured shred-CFRP samples have low 𝜇𝑟
independent of their alignment.The diamagnetic behavior of
CFRP (Figure 5) is in accordance with [10], where the real
part of 𝜇𝑟 varies between 0 and 1 dependent on orientation
of a UD-CFRP.

The conductivity anisotropy of the shred-CFRP (and the
twill-CFRP) is significantly lower than that of UD-CFRP.The
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Figure 4: Permittivity of (a) shred-CFRP and (b) twill-CFRP dependent on the orientation of the cut sample.
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Figure 5: Permeability of (a) shred-CFRP and (b) twill-CFRP dependent on the orientation of the cut sample.

conductivity of shred-CFRP is about 104 S/m. Conductivity
varies by a factor of 10 depending on the angle for a given
frequency. Reference [7] reports a factor of 105 between
conductivity in fiber direction (≈102 S/cm) and that perpen-
dicular to fiber direction (≈10−3 S/cm). Reference [6] reports

a longitudinal conductivity of≈400 S/cmwith a sharp decline
towards zero between 108Hz and 1010Hz and transverse
conductivity around 10−2 S/cm. For a CFRP with unidirec-
tional plies that are stacked as [0 45 90 −45]2𝑠 con-
ductivity varies between 5000 S/m (parallel) and 1000 S/cm
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Figure 6: Conductivity of (a) shred-CFRP and (b) twill-CFRP dependent on the orientation of the cut sample.

(perpendicular) [9] (8–12GHz). The conductivity of the
shred-CFRP is slightly higher than that of the twill-CFRP.

Note that the NRW estimates allow slightly negative
values for the magnetic permeability, although such negative
values are not compatible with passivity of the material.
These stem from measurement inaccuracies together with
the numerical sensitivity of the NRW method which does
not enforce passivity of the material. Negative parameter
estimates become apparent when the permeability is close
to zero, as depicted in Figure 5(a). The 𝜖𝑟 value of the 0∘b
shred-CFRP sample in Figure 4(a) and 𝜇𝑟 of the 30∘ twill-
CFRP sample in Figure 5(b) serve as indicators for the overall
accuracy of the parameter estimates.

To investigate the homogeneity of the shred-CFRP, four
samples with the same orientation were cut from different
regions of the material. They are referred to as 0∘𝑎, 0∘𝑏, 0∘𝑐,
and 0∘𝑑.The conductivitymeasurements of these four samples
dependent on frequency are depicted in Figure 7. Although
the four samples in Figure 7 have the same orientation,
their frequency behavior is different. The conductivity of
samples 0∘𝑎 and 0∘𝑐 increases with increasing frequency, the
conductivity of sample 0∘𝑏 decreases with frequency, and the
conductivity of sample 0∘𝑑 stays approximately the same over
the investigated frequency range. Additionally, the spread of
values for the 0∘ samples resembles the value range of the
other samples in Figures 4(a), 5(a), and 6(a). The conclusion
must be that the material is either inhomogeneous or that
the measurements are not accurate enough to measure an
angular dependency of the radio-frequency properties of
the proposed CFRP. The microscopic photograph depicted
in Figure 1(a) suggests that the proposed CFRP is not
homogenous, as fibers were not uniformly distributed during
production and strands of fibers with same alignment are
still present on the surface. However, it is shown in Section 4
that the local inhomogeneity and anisotropy of the CFRP
ground plane with fiber shreds have no relevant influence on
monopole antennas.
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Figure 7: Conductivity of four shred-CFRP samples with the same
alignment (0∘), cut from different positions of the material.

At 5.9GHz the fiber shreds of shred-CFRP lead to a
smaller spread of conductivity values than a woven structure
like that of twill-CFRP. The conductivity of shred-CFRP
varies only between 104 S/m and 8⋅104 S/m at 5.9GHz.When
building monopole antennas with a shred-CFRP ground
plane, this change leads to a negligible influence on antenna
radiation patterns as presented in Section 4.1. Broadband
measurements of conical monopole antennas in Section 4.2
show that shred-CFRP is an excellent ground plane material
with results close to aluminum.

4. Antennas with CFRP Ground Planes

To the best of the authors’ knowledge, the first measurement
of the influence of CFRP as a ground plane material of
a monopole antenna was performed in [33] for 1GHz.
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Figure 8: Monopole antenna for 5.9GHz on a circular shred-CFRP
ground plane.
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Figure 9: Measured S-parameters of the wire monopole antennas
on different ground planes (reprinted with permission from [34];
©2014 IEEE).

The influence of the composite anisotropy was undetectable
within the measurement accuracy. However, no detailed
description of the investigated CFRP was given. Monopole
antennas are investigated, because they are well known
antennas and are already used in various applications where
large CFRP ground planes are available. Performance of
shred-CFRP is expected to be similar for other antenna types.

4.1. Wire Monopole Antenna for 5.9 GHz. A wire monopole
antenna for DSRC at 5.9GHz is measured on CFRP ground
planes [34]. The monopole antenna is a metal wire cut to a
length of about 𝜆/4 such that it is resonant at 5.9GHz. The
wire is soldered to the inner connector of a subminiature
version A (SMA) flange, which is screwed to threaded holes
in the ground plane.Thewiremonopole antenna is measured
on circular ground planes with 195mm diameters. The wire
monopole antenna on a circular ground plane from shred-
CFRP is depicted in Figure 8. The shred-CFRP and twill-
CFRP are the same as in Section 3.

To measure the influence of a CFRP ground plane on a
narrowband antenna, the monopole wire is trimmed such
that it is resonant at 5.9GHz on an aluminum ground
plane. The measured S-parameters are depicted in Figure 9.
The resonance frequency of the antenna is shifted to about
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Figure 10: Monopole antenna for 5.9GHz on a circular ground
plane. Vertical cut of the normalized measured gain pattern for
azimuth 𝜑 = 0∘ (reprinted with permission from [34]; ©2014 IEEE).
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Figure 11: Monopole antenna for 5.9GHz on a circular ground
plane. Horizontal cut of the normalized measured gain pattern for
polar angel 𝜃 = 90∘ (reprinted with permission from [34]; ©2014
IEEE).

5.4GHz when placed on the twill-CFRP. The length of the
wire was not adjusted, as the return loss at 5.9GHz is still
better than 10 dB. In a practical application the dimensions
will be adjusted, such that the antenna is resonant at the
desired frequency.

Gain pattern measurements are performed inside the
institute’s anechoic chamber. The vertical cuts of the gain
patterns at azimuth 𝜑 = 0∘ are shown in Figure 10. The hor-
izontal cuts of the measured gain patterns are depicted in
Figure 11. The patterns are normalized. Vertical cuts of the
patterns show no significant deviation; no additional zeros
or notches are introduced by the shred-CFRP. The influence
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Figure 12: Cone dimensions of the broadband monopole antenna.
The cylindrical stub on the bottom (red) is designed to fit over
the inner conductor of an SMA flange, its length is adjusted to the
thickness of the ground plane. All dimensions are in millimeter
(reprinted with permission from [35]; ©2017 IEEE).

of the shred-CFRP on the antenna’s radiation pattern in the
horizontal plane is smaller than 1 dB and can be neglected in
most applications. Radiation efficiency on the shred-CFRP
ground plane is reduced by 23% (1.14 dB) compared to the
efficiency on an aluminum ground plane in [34].

4.2. Conical Monopole Antenna on CFRP Ground Planes.
Conical monopole antennas turned from brass are used to
measure the influence of CFRP as ground plane material on
antennas from 1GHz to 10GHz [35]. Cone dimensions are
depicted in Figure 12. The cones have cylindrical stubs at
the tip that fit tightly over the inner conductor of a coaxial
SMA flange. As the ground planes have different thickness,
several cones are manufactured with different lengths of the
stubs, such that the tip of the cone is always positioned at the
surface level of the material. The SMA flanges are screwed to
threaded holes drilled into the ground planes. The antennas
are measured on circular ground planes manufactured from
shred-CFRP, twill-weave CFRP, UD-CFRP, and aluminum.
All ground planes have a diameter of 300mm. As threading
the thin twill-CFRP ground plane in Section 4.1 was chal-
lenging, a thicker twill-CFRP was used as reference material
for the measurements of the conical monopole antennas.The
twill-CFRP is a 1.6mm thick 2/2 twill weave stacked as [0 90]
that is commercially available from CG-TEC and has a fiber
volume fraction of 63% according to manufacturer.

Measured S-parameters are depicted in Figure 13. Return
loss is better than 10 dB between 2GHz and 10GHz for all
ground plane materials. The return loss with the UD-CFRP
is a bit reduced but still better than 10 dB.

Gain patterns are again measured in the institute’s ane-
choic chamber (Figure 14). Gain patterns presented in this
section are not normalized and are given according to the
IEEE gain definition based on accepted power, in order to
emphasize the large influence of UD-CFRP in comparison
to the shred-CFRP and twill-CFRP. Vertical cuts of the
measured gain patterns are depicted in Figure 15. Cuts for
azimuthal angle 𝜑 = 0∘ and 𝜑 = 90∘ are shown on the
left and right side, respectively. For the UD-CFRP 𝜑 = 0∘
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Figure 13:Measured S-parameters of the conicalmonopole antenna
on different ground planematerials (reprintedwith permission from
[35]; ©2017 IEEE).

Figure 14: Conical monopole antenna on the shred-CFRP ground
plane. The antenna is placed on a Rohacell column on an azimuth
rotary stage inside the university’s anechoic chamber.

correspondswith fiber direction and𝜑 = 90∘ is perpendicular
to fiber direction. The CFRP with fiber shreds and the twill-
weave CFRP perform similar to aluminum in the whole
frequency range. With the UD-CFRP antenna gain in fiber
direction (𝜑 = 0∘) is 1–4 dB lower than on aluminum. The
shape of the gain pattern in fiber direction remains widely
unchanged, but radiation perpendicular to fiber direction is
greatly diminished for the UD-CFRP and the gain pattern is
changed, especially for radiation in the horizontal plane 𝜃 ≈90∘. For the conical monopole antenna radiation efficiency
on shred-CFRP is measured close to that of aluminum in the
frequency range from 1GHz to 10GHz, about 0.5 dB lower
at 5.9GHz [35].

The measurements show that using a UD-CFRP has a
huge influence on antennas. The anisotropic conductivity of
UD-CFRP obstructs surface currents on the ground plane
leading to reduced gain and changed radiation pattern per-
pendicular to fiber direction. Although the anisotropy may
be useful [25], a good isotropic conductor is most desirable
as antenna ground plane material. This issue is crucial in the
automotive industry, where DSRC was recently introduced
for safety relevant vehicle-to-vehicle communication. For
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Figure 15: Vertical cuts of the gain patterns. Cuts for azimuthal angle 𝜑 = 0∘ and 𝜑 = 90∘ are shown on the left and right side, respectively
(reprinted with permission from [35]; ©2017 IEEE).

electric car construction with a lightweight CFRP chassis,
the materials should be chosen such that they do not impair
antenna performance. The presented measurements show
that this is achievable by placing either randomly oriented
fiber shreds or woven fibers on top of any CFRP laminate.
The electric currents are confined to the top most layer of
the composite due to the skin effect. It is therefore feasible to
only manufacture the top CFRP layer according to antenna
considerations, whereas the remaining plies are designed to
meet the mechanical requirements.

The antenna performance differences between shred-
CFRP, twill-CFRP, and aluminum in the investigated fre-
quency range are negligible inmost antenna applications.The
conductivity of the CFRP with the shredded fibers seems to
be even somewhat more isotropic than the conductivity of
the twill-CFRP. Using recycled and shredded carbon fibers is
desirable from an antenna viewpoint.

5. Conclusion

Quasi-isotropic CFRP with shredded carbon fibers in ran-
dom alignment on the top layer are proposed for antenna
applications. A CFRP laminate with carbon fiber shreds on
top, but unidirectional fibers in the remaining plies, wasman-
ufactured. Carbon fiber shreds can be sourced from recycled
CFRP, resulting in a sustainable product design.

Material measurements with the Nicolson-Ross-Weir
(NRW) method show that the radio-frequency properties of
the proposed CFRP are close to isotropic in comparison to
unidirectional and woven CFRP. The variations in measured
material parameters can be explained by inhomogeneity in
the medium, rather than anisotropies.

Measurements of monopole antennas on the shredded-
fiber CFRP show no influence on the antenna’s gain pattern.
Radiation efficiency of a conical monopole antenna on a
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ground plane made from the proposed CFRP is close to100%.
When being utilized as a ground plane material for

antennas for IEEE 802.11p at 5.9GHz, the shredded-fiber
CFRP can be modeled as an isotropic material.
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A topological method for the design and optimization of planar circularly polarized (CP) directional antenna with low profile was
presented. By inserting two parasitic layers, generated by particle swarm optimization, between the equiangular spiral antenna and
the ground, a low-profile widebandCP antenna with directional radiation pattern and high gain is achieved.The optimized antenna
shows an impedance matching band (|𝑆

11
| < −10 dB) of 4–12GHz with a whole-band stable directional pattern in 4–11.5 GHz, and

the antenna gain peak is 8 dBi, which work well in the available band. Measured return loss, antenna gain, and far field patterns
agree well with simulation results.

1. Introduction

Planar circularly polarized (CP) antennas are widely used
in modern wireless communications owing to their compact
sizes [1, 2] that can be flexibly integrated with various
systems. For achieving good directionality and high gain,
a ground plane is often used at 1/4 wavelength away from
the planar antenna as a reflector [3], which results in the
deterioration of the frequency bandwidths of planar antennas
and limits their scope of applications. At the motivations
of increasing demands for different characteristics including
high gain, wide impedance band, and low fabrication cost,
many smart improvements aremade based on original planar
antennas [4]. For examples, photonic bandgap (PBG) [5] or
electromagnetic band gap (EBG) structures [6] can be used
for reducing the profiles of spiral antennas. A UWB spiral
antenna with parabolic reflector was designed in [7], where
VSWR < 2 was achieved in a wide band from 0.94GHz to
4.27GHz. A small disc backed by a cavity [8] was introduced
under a single-arm spiral antenna and the periphery of the
cavity was loaded using ring-shaped absorbing material to
realize an extremely low-profile wideband CP directional
antenna. Corrugated reflectors are adopted to keep the ultra-
wideband characteristic with a stable radiation pattern [9].

In [10], an irregular ground plane consisting of a circular
part and several extended curved branches is proposed for
a circular patch; the antenna and the irregular ground plane
are shortened by a set of conductive vias to achieve wideband
impedance matching.

These ingenious designs rely much on designers’ skill and
experience. To offer an easy method for designing and opti-
mizing low-profile CP directional antennas, we proposed a
universal scheme along with a discrete meshing optimization
method to generate two optimized 2D parasitic layers, which
acts as a metamaterial between the existed equiangular spiral
antenna and the ground plane to achieve good radiation
performance.

2. Semiautomatic Optimization Method

Inspired by the principle of metamaterial, which owns smart
properties capable of blocking, absorbing, enhancing, or
bending electromagnetic waves, we tried to find a common
way to generate a metamaterial structure automatically for
the optimization of planar antennas.

Firstly, the optimized antenna includes multitargets, such
as lower profile, better CP characteristic, higher gain, and
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Figure 1: (a) Discrete grid model and (b) the rotational symmetrical layer.
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Figure 2: Side view of the basic scheme.

wider frequency band, so that a thin (for low profile) rota-
tional symmetrical structure (for CP beam) with reflectance
bigger than 0 (for high gain in wideband) is set as the
design direction. We proposed a rotational symmetrical grid
parasitic layer between the planar antenna and its ground as
a preliminary plan. To make it easier to get good “metamate-
rial” characteristic, we took two parallel layers with different
discrete grid pattern and named them parasitic layers. Each
parasitic layer is equally divided into four parts, and one of
them is meshed. The mesh should not be too coarse, which
would make it hard for optimization, and should not be too
refined, which would not be convenient for fabrication. Refer
to the mesh size in computational electromagnetics (CEM)
which is always set as one-tenth of the wavelength; we mesh
each parasitic layer’s first quarter part into 10 × 10 grids, as
shown in Figure 1(a). The remaining three quarter parts are
rotational symmetrical to the first one with 90-degree angle
difference, as shown in Figure 1(b).

Optimization algorithm is used to determine whether
each grid of the 1/4 part is to be filled with metal sheet or
left empty, while the rest three quarter parts are rotational

symmetrical same counter parts of the first quarter part.
Thus the energy would be assembled to the center, which is
somewhat like bending electromagnetic waves. Both parasitic
layers are designed in this way.

In order to prove parasitic layers’ effect as a metamaterial
and their efficiency in antenna improvement, we took an
example.

3. Example of an Equiangular Spiral Antenna

3.1. Optimized Antenna. We take an equiangular spiral
antenna as an example to make this process more detailed.
The initial structure of the antenna structure is suggested
in [11]. A microstrip-to-balanced stripline balun [4] is used
as the feeding, which is shown in Figure 2. Then the two
rectangle parasitic layers with same size as the antenna’s
ground are introduced. Both of them have a circular hole in
the center for the feeding.

There are many optimization algorithms commonly used
in electromagnetics including antenna design, such as genetic
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Figure 3: Antenna optimization process.

algorithm [12, 13], particle swarm optimization (PSO) [14–
17], and more recent biogeography-based optimization [18,
19].

Here, we choose PSO as the optimization algorithm. The
antenna optimization process is shown in Figure 3.

For the antenna structure, the optimization is based
on continuous variables. For the parasitic layers with grid
structure, optimization concerns discrete variable, which has
only two values, denoted with or without grid. In order
to unify the discrete and continuous variables into the
same particle swarm optimization (PSO) and single fitness
function, we used an improved mixed-integer multiobjective
PSO. By consulting [10], PSO was edited by Visual Basic and
then added to CST Microwave Studio through the macro.
The detailed process is as follows. Different from [13], we
define the grid element code height 𝑖(𝑗, 𝑘) = 0.9∼1.1, where
“int(𝑖(𝑗, 𝑘)) = 1” represents the grid with metal if 𝑖(𝑗, 𝑘) ⩾ 1
and “int(𝑖(𝑗, 𝑘)) = 0” represents the grid without metal if
𝑖(𝑗, 𝑘) < 1. The code height is similar to the length parameter
of every grid and can be regarded as particles similar to other
parameters in the PSOmodel inCSTor any other commercial
EM software.

The optimized targets (OT) include |𝑆
11
|, wideband (wb),

directivity, and gain (G) in the available band, and the target
function can be described as

OT = 𝑤
1
× 𝑆11
 +
𝑤
2

wb
+
𝑤
3

𝐺 (𝜃 < 30∘)
. (1)

Here, 𝑤
1
, 𝑤
2
, and 𝑤

3
are the weights of the targets

and 𝐺(𝜃 < 30∘) is the combined target of directivity and
gain, which means the gain when the main beam of the
antenna is in 𝜃 < 30∘. Usually, we set 𝑤

1
= 𝑤
2
=

𝑤
3
= 1.0, which can be adjusted after the crude good results

appeared.
With the above optimization process, the parameters of

the equiangular spiral antenna structure and the parasitic
layers can be optimized at the same time.

After optimization, the top layer is an equiangular spiral
antenna as shown in Figure 4(a) and the two parasitic layers
are shown in Figures 4(b) and 4(c), respectively.

With 𝐻 = 12.8mm, 𝐿 = 44.2mm, and the maximum
radius of the equiangular spiral antenna, 13.75mm, this
semiautomatic designed antenna has a low-profile structure,
which is suitable to be installed on plane platform.

3.2. Transmission and Reflection Performance of the Opti-
mized Parasitic Layers. In order to verify the “metamaterial”
characteristic of the optimized parasitic layers in concerned
frequencies, we simulated the transmission and reflection
performance from 3GHz to 12GHz.

Here, two cases are set for simulation. In Case 1, the
CP plane wave just radiated to the ground, as shown in
Figure 5(a). Reflected wave power flow density at the parallel
probe plane A-A (which is 𝜆/2 above the ground) and
transmitted wave power flow density at the parallel probe
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Figure 4: Antenna structure: (a) equiangular spiral antenna, (b) parasitic layer 1, (c) parasitic layer 2, and (d) side view and balun.

plane B-B (which is 𝜆/2 below the ground) are simulated;
results at typical frequencies are shown in Figure 5.

In Figure 5(b), the reflected power flow density distri-
bution is very close to the transmitted power flow at low
frequencies and becomes larger than the transmitted power
flow at higher frequencies. But the reflected power flow
density distribution is very different from the transmitted
power flow.

In Case 2, the CP plane wave radiates through the
two optimized parasitic layers with ground, as shown in
Figure 6(a). For the same samples, 𝑓 = 4GHz, 6GHz,
and 8GHz; the reflected power flow density is much more
stronger than that in Case 1. It is obvious that adding
the parasitic layers would strengthen and homogenize the
reflected wave power flow density and meanwhile reduce the
transmitted wave power flow density.

Further, we discretized the same-sized probe plane into
40 × 40 grids. The total reflected or transmitted wave power
is calculated in Table 1. The data shows that inserting the two
parasitic layers could transfer the fixed narrow-band ground
with −1 reflection into a wideband “metamaterial” structure
with positive reflection.

Graphical comparisons are shown in Figures 7 and 8. In
Figure 7, the upper parasitic layer shows stronger reflected
wave power in low frequency band than the lower parasitic
layer and the same in the middle band but smaller in the
higher band, so that the total reflected power from the two
parasitic layers keeps stronger in 4GHz∼9GHz.

In Figure 8, the upper parasitic layer transmitted less
power in lower frequency band but increased quickly in
higher band. The lower parasitic layer transmitted small
power and equilibrium in the whole band, so that the total
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Figure 5: Case 1: (a) circularly polarized plane wave radiates on the limited ground. Simulated reflected wave power flow density at (b) 4GHz,
(d) 6GHz, (f) 8GHz, and (h) 10GHz. Simulated transmitted wave power flow density at (c) 4GHz, (e) 6GHz, (g) 8GHz, and (i) 10GHz.
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Figure 6: Case 2: (a) circularly polarized plane wave radiates on the limited ground. Simulated reflected wave power flow density at (b) 4GHz,
(d) 6GHz, (f) 8GHz, and (h) 10GHz. Simulated transmitted wave power flow density at (c) 4GHz, (e) 6GHz, (g) 8GHz, and (i) 10GHz.
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transmitted power from these two parasitic layers is very
small.

Figures 7 and 8 clearly reveal the frequency selective
characteristics of single quasi-periodic parasitic layer in
reflection and transmission.

So, combining the two parasitic layers and ground, just
as in Figure 5(a), the incident plane wave in lower frequency
firstly is reflected by the upper parasitic layer, and the higher
frequency band wave is mainly transmitted to the lower
parasitic layer and then reflected. Only few left waves reach

the ground and would be reflected back to the parasitic layer
again.

It is clear that the combination of the different frequency
selective parasitic layers and the ground would reflect the
wave back in very wide band.

4. Results Analysis

Wemarked the equiangular spiral antenna with ground only
as Ant1, in which the distance between equiangular spiral
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Table 1: Total reflected and transmitted wave power flow for different structure (normalization value).

Analyzed structures Component Frequencies (GHz)
3 4 5 6 7 8 9 10 11 11.5 12

None Trans 1 1 1 1 1 1 1 1 1 1 1
Ref 0 0 0 0 0 0 0 0 0 0 0

Case 1 Trans 0 0 0 0 0 0 0.01 0.01 0.02 0.02 0.02
Ref −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1

Case 2 Trans 0 0 0 0 0 0 0 0 0 0 0
Ref 0.95 0.87 0.80 0.68 0.62 0.62 0.56 0.52 0.44 0.38 0.38
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Figure 9: Return loss for Ant1 and Ant2.

antenna and ground is fixed, and the bandwidth with stable
directional radiation is limited. The optimized antenna is
marked as Ant2 for comparison.

4.1. Simulation Results. After optimization, simulated 𝑆
11

of the two antennas is shown in Figure 9. The impedance
bandwidth of Ant1 covers from 3GHz to 8GHz for |𝑆

11
| <

−10 dB, while the impedance bandwidth of Ant2 covers from
4GHz to 9GHz.

By adding the optimized parasitic layers, the far field
pattern becomes more stable. Wideband and high gain are
achieved simultaneously as the results shown in Figures 10
and 11.

The far field patterns of the two antennas are shown in
Figure 10. For Ant1 without the parasitic layers, the distance
from the equiangular spiral antenna to the ground is fixed,
which makes the far field confusion at higher frequency, and
the pattern splitted at 8GHz. After the two parasitic layers are
inserted, the “metamaterial effect” makes the max. directivity
of Ant2 on different frequencies stay at the same azimuth
angle; it could be said that the far field patterns of Ant2 are
more stably directional compared to Ant1 from 4GHz to
11 GHz.

The simulated gains of Ant1 and Ant2 are shown in
Figure 11. From 4GHz to 10GHz, the gain of Ant2 is almost
higher than that of Ant1.

4.2. Measurement Result. The real Ant2 is fabricated, which
is 12.8mm × 44.2mm × 44.2mm, as shown in Figure 12.
The reflection coefficient of the fabricated antenna is shown
in Figure 13. The measured impedance matching band is
from 4GHz to 12GHz, which is similar to the simulation
result.

In Figure 14, the measured far field patterns of Ant2 are
shown at different frequencies. The measured results are
similar to the simulated ones in Figure 10(b). It also shows
that the far field patterns of Ant2 are stably directional.

In Figure 15, the simulated and measured gains of Ant2
are shown, which work well in most available band. The
measured gain peak is about 8 dBi.

As we focus on the low-profile and directional charac-
teristics of the antenna, which was realized by adding the
metamaterial parasitic layers, and the prototype antenna is
a spiral antenna, the axial ratio is not the characteristic
of interest in this paper. Smaller beamwidth is another
important advantage of CP antenna compared with linear
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polarized antenna, so the stability of the far field patterns in
wideband receives more concern in this paper.

5. Conclusion

In this paper, we have presented a topological method for the
design and optimization of planar CP directional antennas
with metamaterial parasitic layers. Particle swarm optimiza-
tion is employed for generating metamaterial parasitic layers.
By inserting suchmetamaterial layers, a low-profilewideband

CP antenna with directional radiation pattern and high gain
was designed, fabricated, and characterized. The optimized
antenna has an impedance matching band (|𝑆

11
| < −10 dB)

of 4–12GHz with a whole-band stably directional pattern in
4–11.5 GHz, and the antenna gain peak is 8 dBi, which work
well in most available band. The proposed method offers
code-based self-generation of metamaterial parasitic layers,
which requires less designer’s skill/experience and is very
suitable for improving various kinds of plane antennas with
any reasonable targets.
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Figure 12: (a) Equiangular spiral antenna, (b) parasitic layer 1, (c) parasitic layer 2, and (d) side view of Ant2.
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Four sensing approaches for the implementation of microwave sensors based on transmission lines loaded with metamaterial-
inspired resonators are considered in this review paper, and examples of applications are pointed out. In all the cases, sensing is
based on the effects that themagnitude undermeasurement causes in the transmission properties of the resonator-loaded line. Such
four strategies are (i) resonance frequency variation, (ii) coupling modulation through symmetry disruption (causing variation of
the notch depth), (iii) frequency splitting (also exploiting symmetry properties), and (iv) amplitude modulation of a harmonic
signal. Such sensors are useful in various scenarios, of interest in fields as diverse as characterization of dielectric materials for
communication circuits, medical diagnosis and treatment with microwave technologies, and sensors for space applications, among
others.

1. Introduction

Metamaterial-inspired resonators are electrically small res-
onant particles useful for the implementation of one-
dimensional (e.g., metamaterial transmission lines [1]), two-
dimensional (e.g., metasurfaces [2]), and three-dimensional
(e.g., lenses for MRI [3]) metamaterials. Such resonant ele-
ments are “atoms” (sometimes called “meta-atoms”), which
can be structured (or engineered) to form periodic artificial
materials with unusual electromagnetic properties (negative
refraction [4], backward wave propagation [5] and radiation
[6], slow and fastwaves [4–7], cloaking [8], etc.). Such proper-
ties, in general, arise as long as the composite acts as an effec-
tive medium for the electromagnetic field with which it inter-
acts. In an effective medium, the properties can be tailored to
some extent and are different from those of the constitutive
elements, typically conventional metals and dielectrics in
most metamaterials (obviously, this does not exclude the
use of advanced materials, such as ferroelectrics [9, 10],

liquid crystals [11, 12], and graphene [13], or components,
such as microelectromechanical systems—MEMS [14, 15]). A
well-known example of unusual (effective medium) property
is the negative refractive index achievable in compositesmade
of split ring resonators (SRRs) and metallic strips (or posts),
related to the simultaneous negative effective permeability
(due to the SRRs) and permittivity (related to the metallic
strips) of the structure [7]. Key to achieve such effective
medium properties is the characteristic dimension (period)
of the composite, which must be much smaller than the
wavelength of the illuminating radiation. In this regard,
metamaterial-inspired resonators are semilumped elements
with electrical size significantly smaller than the wavelength
at their fundamental resonance frequency, and hence they
are useful particles (“atoms”) for the implementation of
metamaterials. Examples of such resonant elements are the
SRR [16], the complementary split ring resonator (CSRR)
[17], the broadside coupled SRR (BC-SRR) [18], the electric
LC (ELC) resonator [19], the S-shaped SRR (S-SRR) [20],
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the folded SIR (F-SIR) [21], and many others (the authors
recommend the book [22] for an exhaustive list, analysis, and
applications of such resonant particles).

Besides these effective medium properties, which arise in
periodic (or quasi-periodic) structures made of the previous
(or other) metamaterial resonators and are useful for the
implementation of microwave components with small size
or superior performance or based on novel functionalities
[1, 22], it is possible to use the resonance, electrical size, shape,
and specific properties of some metamaterial resonators in
other applications, including sensing (the purpose of this
review article). Metamaterial-inspired resonators are very
useful particles for the implementation of compact, high-
sensitivity, and robust sensors on the basis of different
strategies or approaches, for applications as diverse as charac-
terization of dielectric materials for communication circuits,
medical diagnosis and treatment with microwave technolo-
gies, and sensors for space applications, among others.

In this paper, four sensing approaches for the imple-
mentation of microwave sensors based on metamaterial
resonators are reviewed, and examples of applications are
pointed out. In all the cases, the sensing strategies are based
on transmission lines loaded with such resonant elements.
Such lines resemble metamaterial transmission lines, but
the resonance phenomenon, rather than effective medium
properties, is exploited. Such sensing strategies are resonance
frequency variation, couplingmodulation through symmetry
disruption (causing variation of the notch depth), frequency
splitting (also exploiting symmetry properties), and ampli-
tude modulation of a harmonic signal.

2. Sensing Strategies

In this section, the four sensing strategies (or principles) are
reviewed, whereas some applications of them are included in
the next section.

2.1. Sensors Based on Frequency Variation. A transmission
line loaded with a resonant element (either coupled to it or in
contact with it) exhibits a set of transmission zeros (notches)
in the frequency response. These transmission zeros occur at
those frequencies where the resonant element produces an
open or a virtual ground to the line, and the injected power
is completely reflected back at these frequencies (excluding
the effects of losses). Typically, the frequency of interest
for microwave circuit and sensor design is the first (funda-
mental) resonance frequency, where metamaterial resonators
can be used in order to achieve compact dimensions. This
frequency (and higher order harmonic frequencies) may
be altered by the effects of external stimulus or perturba-
tions (e.g., moisture, temperature), by the relative position
or orientation between the line and the resonant element
(distance, lateral displacement, etc.), or by the presence
of substances/materials surrounding the resonant element.
Therefore, it follows that resonance frequency variation can
be used for sensing many different variables, including posi-
tion, velocity, material characteristics (e.g., permittivity), and
moisture. These sensors are in general very simple but may
suffer from cross-sensitivities, defined as the sensitivity of the

sensors to other variables different from the one of interest
(measurand). For example, since permittivity depends on
environmental conditions (e.g., temperature), the resonance
frequency can be unintentionally shifted by spurious effects
in permittivity sensors. Nevertheless, in many applications,
external factors such as temperature or humidity do not
experience significant variations. Moreover, these frequency
variation based sensors are typically calibrated for accurate
measurements. Therefore, these sensors are useful in many
applications where design simplicity and low cost are key
aspects.

2.2. Coupling Modulation Based Sensors. This sensing
approach belongs to the so-called symmetry-based sensing
[22–24], where symmetry properties are exploited for
the implementation of sensors. In these sensors, a trans-
mission line is loaded with a single symmetric resonator
(electromagnetically coupled to the line), and the sensing
principle is the control of the level of coupling between
the line and the resonator, caused by the measurand
and related to disruption of symmetry. These sensors are
particularly useful for the measurement of spatial variables
(e.g., alignment, displacement, and velocity) [24–27], and in
this case the resonator is etched on a substrate (or object)
different from that of the transmission line, in order to allow
for a relative motion between the line and the resonator.
However, symmetry can also be disrupted by asymmetric
dielectric loading of the resonant element.

In these sensors, the symmetry plane of the transmission
line is aligned with the symmetry plane of the resonant
element, and both symmetry planes must be of different
electromagnetic nature (one an electricwall and the other one
a magnetic wall). Under these conditions, line-to-resonator
coupling is prevented, and the structure exhibits total trans-
mission. Conversely, by breaking symmetry through the
effects of the variable under measurement (e.g., a spatial
variable), a transmission zero, or notch, appears, and the
notch depth depends on the level of asymmetry, since such
level determines the magnitude of electromagnetic coupling
between the line and the resonant element. Figure 1 illustrates
this sensing principle, where symmetry disruption is caused
by lateral displacement of the resonant element, a SRR, and
the considered transmission line is a CPW. It is interesting to
mention that, for the parasitic slot mode (odd mode) of the
CPW transmission line, where the axial plane is an electric
wall, rather than a magnetic wall, the structure exhibits a
notch when the SRR is symmetrically loaded.

As compared to the previous approach, a key advan-
tage of coupling modulation sensors is their robustness
against variable environmental conditions. The reason is
that the principle of operation relies on geometrical align-
ment/misalignment,which cannot be altered by environmen-
tal factors. Although these sensors cannot be considered to be
true differential sensors, indeed they exhibit a similar behav-
ior since the net coupling between the line and the resonator
can be expressed in terms of the difference between partial
couplings related to each half of the structure [32].The output
variable in these sensors is the notch depth expressed in dB
(as usual to quantify attenuation). A disadvantage of these
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Figure 1: CPW transmission line loaded with a single SRR. (a) Line and resonator aligned and excitation with the fundamental (even) mode;
(b) line and resonator aligned and excitation with the slot (odd) mode; (c) line and resonator misaligned and excitation with the fundamental
(even) mode. It is apparent that, for misaligned loadings, the magnetic wall at the symmetry plane of the line is altered.

sensors is, therefore, their susceptibility to electromagnetic
interference (EMI) and noise. Nevertheless, the resonance
frequency of the resonant element can be tailored in order
to avoid interfering signals (if they are present). Shielding
of the sensors is also an alternative to mitigate the effects of
EMI. For the measurement of spatial variables, these sensors
are very interesting since themeasurement can be contactless
(by means of an air gap between the line and the resonator).
By this means, mechanical friction is avoided, and aging
effects are less severe as compared to sensors where friction
is present, such as in rotary potentiometers [33].

2.3. Frequency Splitting Sensors. In this approach, the sensors
are composed of a transmission line loaded with a pair
of resonators in a symmetric configuration. The sensing
principle is based on resonance frequency splitting. Thus, in
the reference (symmetric) state, the structure exhibits a single
notch, but two notches appear when symmetry is disrupted,
and the frequency separation between them is related to the
level of asymmetry [23].

Typically, these sensors find applications in material
characterization. A test region in the vicinity of the resonators
should be defined. By adding a material or substance in those
regions, a single transmission zero appears if the material
distribution (specifically the permittivity) is symmetric. On
the contrary, if the material loading is not symmetric, two
notches in the transmission coefficient, indicative of such
asymmetry, arise. Note that this strategy is useful for the
implementation of sensors and comparators. Such sensors are
differential sensors, able to provide the difference between
two permittivity values. As a comparator, the structure solely
compares two permittivities, indicating whether their values
are the same or not. This latter application is useful for the
detection of defects or abnormalities in material samples as
compared to a well-known reference. Similar to the previous
sensing approach, frequency splitting sensors are robust in
front of changing environmental conditions since a true
differential measurement is performed in such sensors.

One important drawback of these frequency splitting
sensors is the coupling between resonators, unavoidable if

these resonators are close enough. Coupling tends to degrade
sensor performance, specifically the sensitivity at small per-
turbations, as reported in [34]. To circumvent the coupling
between resonant elements, one possibility is to cascade the
resonant elements [35]. By this means, the structure is not
necessarily symmetric, but the working principle is exactly
the same. However, if the resonators are separated enough,
coupling no longer arises. Alternatively, a divider/combiner
configuration, where each transmission line branch is loaded
with a resonant element, can be considered [30, 36]. In this
case, coupling is prevented, but, in general, the two notches
for the asymmetric configuration are related to an interfer-
ence phenomenon. The result is that sensitivity is degraded
as well, unless the lengths of the transmission line sections
of the splitter/combiner are appropriately chosen [30, 36].
Figure 2 depicts the three considered configurations, where
the resonant element is a stepped impedance resonator (SIR).

As reported in [30], the electrical lengths of the trans-
mission line sections connecting the 𝑌-junction of the
divider/combiner with the plane where the SIRs are con-
nected (Figure 2(c)) must be exactly 𝜋 at the fundamental
resonance frequency of the SIRs. With this choice, the shorts
at the plane where the SIRs are connected to the lines are
translated to the 𝑌-junction, and a transmission zero at the
frequency of the SIRs arises. By disrupting symmetry by
altering one of the SIRs (e.g., by means of a dielectric load),
the transmission zero at the SIRs frequency prevails, whereas
the other one is a consequence of an interfering phenomenon.
The fact that one of the transmission zeros is kept unaltered
regardless of the level of asymmetry explains the optimized
sensitivity under the mentioned conditions relative to the
electrical length of the divider/combiner transmission line
sections. Importantly, if the previous conditions are satisfied,
the two notches that appear for the asymmetric case are quite
similar. This is interesting in order to properly detect small
perturbations (asymmetries).

2.4. Amplitude Modulation Based Sensors. These sensors
consist of a transmission line fed by a harmonic signal tuned
at the fundamental frequency of a certain resonator coupled
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(a) (b) (c)

Figure 2: Various topologies of sensors based onmicrostrip lines loaded with SIRs. (a) Parallel configuration; (b) cascaded configuration; (c)
splitter/combiner configuration.
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Figure 3: Schematic for the angular velocity measurement (axial configuration) (a) and cross section of the active part of the sensor (b).

to it. The amplitude of the feeding signal at the output port of
the line depends on the level of coupling between the line and
the resonant element. Namely, if the coupling is negligible,
the line is transparent, and the amplitude at the output port
is maximized. Conversely, if the coupling is significant, the
injected signal is reflected back to the source, minimizing
the amplitude of the output signal. Thus, line-to-resonator
coupling effectively modulates the amplitude of the output
signal, and this can be used for sensing purposes. Specifically,
these amplitude modulation sensors are very appropriate for
measuring angular velocities [31, 32, 37, 38]. One possible
approach consists of using a symmetric resonant element
exhibiting an electric wall at the fundamental resonance
frequency, attached to a rotating object (rotor) in an axial
configuration [32, 37, 38]. By placing the rotor in close
proximity to the stator, a transmission line with a magnetic
wall at its symmetry plane (e.g., a CPW transmission line),
the coupling between the line and the resonator depends on
the relative orientation between the symmetry planes of the
line and resonator and hence on the angular position of the
rotor. Since each time the axial plane of the line and the
symmetry plane of the resonator are aligned the amplitude
of the output signal is a maximum, and this occurs twice per
cycle, it follows that the angular velocity can be inferred from
the envelope of themodulated signal. To this end, a circulator
and an envelope detector, implemented by means of a diode,
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Figure 4: Topology of the bisymmetric ELC resonator with indi-
cation of charges and current flow at the fundamental resonance
frequency.

are used. The circulator is sandwiched between the line and
the detector, in order to prevent reflected signals from the
diode. The schematic of the structure is depicted in Figure 3.

An appropriate resonator for the implementation of
these angular velocity sensors is the so-called electric LC
(ELC) resonator [19]. This resonant particle (see Figure 4)
is bisymmetric, exhibiting an electric wall and a magnetic
wall at the fundamental resonance. According to Section 2.2,
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Figure 5: Perimetric configuration. (a) Top view scheme; (b) cross-sectional view.

when the electric wall of the ELC is aligned with the axial
plane of the line, coupling is prevented and the line is
transparent. Contrarily, the coupling is a maximum, and the
transmission is a minimum, for an ELC angle corresponding
to perfect alignment between the axial plane of the line and
the magnetic wall of the resonant element. If both the ELC
and the line are circularly shaped, the linearity between the
amplitude of the output signal (in logarithmic scale) and the
rotation angle is quite linear, and the sensor can be used for
the measurement of angular position as well.

Alternatively to the axial configuration, the amplitude
modulation based angular velocity sensors can be imple-
mented by considering a chain of resonant elements dis-
tributed along the perimeter of the rotating object (rotor)
[31]. In this case, the resonant elementsmust be oriented such
that the coupling between the line (stator) and the resonator
is maximized when the resonator is perfectly aligned with
the axial plane of the line. Each time such alignment occurs,
the amplitude (envelope) of the output signal is minimum,
and hence the angular velocity can be inferred from the
time between adjacent minimums (or maximums) and the
number of resonant elements distributed along the circular
chain. By this means, it is possible to measure instantaneous
angular velocities with good accuracy, provided a large
number of resonant elements in the rotor are considered.The
schematic of the perimetric configuration is identical to the
one shown in Figure 3, with the exception of the position of
the stator (transmission line), which in this case is positioned
in the external perimeter of the rotor, as indicated in Figure 5.

3. Examples of Applications

In this section, some examples of applications of the previous
sensing strategies are given.

3.1. Examples of Sensors Based on Frequency Variation. The
variation of the resonance frequency in SRR- and CSRR-
loaded lines has been considered for sensing purposes.These
resonators exhibit high sensitivity and are therefore good
candidates for the implementation of sensors. By loading
a microstrip line with a triangularly shaped CSRR, the
coupling capacitance between the line and the resonator

strongly depends on the relative position between the line
and the CSRR. Hence, these resonators can be used as
displacement sensors. The idea, pointed out in [28], where a
two-dimensional displacement sensor was proposed, consists
of etching the triangular CSRRs on a movable substrate,
different from the one where the line is etched. By this means,
a relative motion between the line and the CSRRs can be
achieved. In order to achieve sensing in two dimensions,
a bended microstrip line was considered in [28], and two
CSRRs in the separated substrate were etched as well. One
of the CSRRs is in close proximity to one of the line sections,
whereas the other one is in close proximity to the other line
section, as depicted in Figure 6.

Note that two orthogonally polarized receiving and trans-
mitting antennas were cascaded to the input and output ports
of the host line in order to provide a wireless connection
between the sensor and the source. Figure 6(c) shows the
variation of the frequency response that is obtained by
laterally displacing one of the rings with regard to the line
axis.

Another example concerns sensors able to spatially
resolve the dielectric properties of a material. It has been
achieved in [29] by loading a line with an array of SRRs
tuned at different frequencies. In such sensors, a frequency
shift of one individual resonant peak indicates the dielectric
properties of the material under test and its location within
the array. One of the structures considered in [29] is depicted
in Figure 7 and corresponds to a transmission line loaded
with two SRRs. In the figure, the presence of pig lung tissue
can be observed in the sensitive region of one of the SRRs.
Figure 7(b) shows the response of a similar structurewith four
SRRs and pig lung tissue in one of them. The variation of the
corresponding resonance peak can be appreciated, indicating
the presence of a different material on top of the sensitive
region of the SRR.

Finally, CSRR-loadedmicrostrip lines can be used as sen-
sors to characterize dielectric samples [39–42], particularly
microwave substrates (used for circuit implementation). In
these sensors, the dielectric constant is determined from
the shift of the resonance frequency experienced when the
material under test is placed in contact with the CSRR of
the line. Such dielectric constant can be inferred through
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Figure 6: Two-dimensional wireless displacement sensor based on detuning of triangularly shaped CSRRs. (a) Scheme showing the
polarization decoupling of interrogation and response signals; (b) photograph; (c) frequency response for various displacement values. For
better visualization in (b), the movable sensitive plate was rotated 180∘. Reprinted with permission from [28].

a calibration curve, by considering dielectric slabs with
known permittivity. However, if the dielectric constant of
the substrate is known, it is possible to obtain the dielectric
constant of the sample under test (SUT) from the following
expression:

𝜀SUT = 1 +
(𝜔−2
0
− 𝜔−2
0
)

𝐿
𝑐
𝐶
𝑐

(1 + 𝜀
𝑟
) , (1)

where 𝐿
𝑐
and 𝐶

𝑐
are the inductance and capacitance of

the CSRR in the CSRR-loaded line without SUT, 𝜀
𝑟
is the

dielectric constant of the substrate, and 𝜔
0
and 𝜔

0
are

the notch frequencies of the structure without and with
SUT, respectively. As an example, the CSRR-loaded line of
Figure 8 has been loaded with a dielectric sample (SUT)
corresponding to an identical substrate to that of the line
(Rogers RO3010 with dielectric constant 10.2). The measured
response of the line with and without the SUT is depicted
in Figure 8(b). In the structure without the SUT, 𝐿

𝑐
and 𝐶

𝑐

have been inferred from the parameter extraction method
reported in [43]. Thus, expression (1) can be evaluated, and
the dielectric constant of the SUT has been found to be 𝜀SUT
= 9.39, in good agreement with the nominal value. It is worth
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Figure 7: (a) Transmission line loaded with two SRRs and pig lung
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response for the case of 4 SRRs loading the line. Reprinted with
permission from [29].

mentioning that we have repeated the measurements several
times by putting pressure to the SUT in order tominimize the
effects of the air gap and the results are stable.

3.2. Examples of Sensors Based on Coupling Modulation.
Several types of sensors based on coupling modulation have
been reported [24–27, 32]. Most of them use the transmission
coefficient of a transmission line loaded with one or several
resonant elements. A different approach is used in [27],
where a two-dimensional displacement and alignment sensor
is implemented on the basis of the reflection coefficients
of orthogonally oriented open microstrip lines loaded with
SRRs. The layout of the device is depicted in Figure 9. For
the unperturbed state, the resonators are not excited and
the injected signals to both ports are reflected back to the
source. Hence, the reflection coefficients are |𝑆

11
| = |𝑆

22
| =

1. However, if the alignment is broken by displacement
in the x- and y-directions, the SRRs will be excited and
notches will appear in the reflection coefficients. Further
displacement in the x- and y-directions gives rise to a stronger
coupling between the transmission lines and the SRRs, in turn
resulting in deeper notches in the reflection coefficients at
the resonance frequency of the SRRs. These notches result
from radiation effects, and this is another relevant feature

(a)

S21
 with symbols

Loading SUT

f0 = 1.073

f
0 = 0.859

Cir. sim.
Meas.

Cir. sim. (SUT)
Meas. (SUT)

−10

−20

0
   S

21
   ,
|S

11
|

(d
B)

1.51.00.5

Frequency (GHz)

(b)

Figure 8: CSRR-loaded line used as permittivity sensor (a) and
insertion and return loss (b). The reactive elements values are 𝐶

𝑐

= 6.81 pF and 𝐿
𝑐
= 2.42 nH. Note that in the top view the metallic

strip of the microstrip line is not visible since it is covered by a
piece of slab with the same parameters as the substrate. This has
been done in order to have a homogeneous material surrounding
the line strip, resulting in an embedded microstrip line, required in
this application.

of this sensing strategy based on (one-port) open-ended
transmission lines.

Note that displacement in the x-direction has no effect
on the depth of notch in |𝑆

22
| (nor displacement in the y-

direction onto |𝑆
11
|). Thus, misalignment in the 𝑥- and 𝑦-

directions can be independently sensed from the depth of
notches in |𝑆

11
| and |𝑆

22
|, respectively. One advantage of

this method is that both SRRs can be designed to operate
at the same resonance frequency. This is in contrast to the
previous two-dimensional displacement sensor based on the
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Figure 9: Top (a) and side (b) views of the two-dimensional displacement sensor based on the resonance in the reflection coefficients.
The structures are patterned on Rogers RO4003 substrates with 0.81mm thickness. The geometrical dimensions of the line and SRR are 𝑤 =
1.84mm, 𝑎 = 7mm, 𝑔 = 0.5mm, and 𝑐 = 0.5mm.There is an air gap with 𝑔

𝑎
= 0.76mmbetween the two substrates. Reprinted with permission

from [27].

Figure 10: Photograph of the fabricated sensor implemented
through open-ended transmission lines. Reprinted with permission
from [27].

transmission characteristics of a CPW, where SRRs needed to
have distinct resonance frequencies. Note that the direction
of motion cannot be determined with the sensor depicted in
Figure 9. Nevertheless, additional resonant elements, tuned at
different frequencies, can be added to the movable substrate
in order to distinguish the directions of motion.

The photograph of the fabricated device is shown in
Figure 10. Figure 11 depicts the reflection coefficientmeasured
from any of the ports for different lateral displacement values
(seen from the corresponding port). One important feature
of the proposed sensor is that displacement affects only
the depth of the notch and leaves the resonance frequency
nearly intact. A fixed resonance frequency is an important
feature that enables the proposed sensor to operate at a fixed
frequency. This invariability of the resonance frequency is
due to the fact that such frequency mainly depends on the
characteristics of the SRRs, rather than on their coupling
to the line. However, for some resonators and lines, the
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Figure 11: Measured |𝑆
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| (or |𝑆
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|) for different values of displace-

ment Δ𝑥 (or Δ𝑦) from 0.1 to 0.8mm in steps of 0.1mm. Reprinted
with permission from [27].

SRRs may be affected by the presence of the line and this
invariability is not always guaranteed.

3.3. Examples of Sensors Based on Frequency Splitting. Let
us consider in this section frequency splitting sensors based
on splitter/combiner structures loaded with SIRs [30]. The
same type of sensors implemented by loading the split-
ter/combiners with CSRRs is reported in [36]. The photo-
graph and frequency response of one of these sensors without
loading on top of the SIRs are depicted in Figure 12. It can
be appreciated that a single notch in the frequency response
appears, as expected on account of symmetry.However, when
symmetry is disrupted, the single notch is split into two
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Figure 12: Fabricated splitter/combiner based sensor (a) and inser-
tion loss (b). The structure has been fabricated on the Rogers
RO4003C substrate with thickness h = 812.8 𝜇m and dielectric
constant 𝜀

𝑟
= 3.38. Reprinted with permission from [30].

notches. This is illustrated in Figure 13, where a trisection
splitter/combiner structure is depicted, and the response to
different loading combinations is reported. To this end, a
dielectric slab (a square-shaped piece of unmetalized Rogers
RO3010 substrate with thickness h = 1.27mm and dielectric
constant 𝜀

𝑟
= 10.2) has been added on top of one of the

SIRs of each pair. With these unbalanced loads, frequency
splitting of the three resonance frequencies of the SIRs is
expected, and this is confirmed from the measured response,
also included in Figure 13. Then, each pair of SIRs has been
loaded with unbalanced loads, but in this case considering
dielectric slabswith different dielectric constants (i.e., square-
shaped pieces of unmetalized Rogers RO3010 substrate with
thickness h = 1.27mm and dielectric constant 𝜀

𝑟
= 10.2 and

Arlon CuClad 250 LX with 𝜀
𝑟
= 2.43 and h = 0.49mm). Again,

frequency splitting (see Figure 13) points out the difference
in the dielectric constants of both slabs loading the different
pairs of SIRs. To summarize, note that in the red curve only
three notches are present, indicating that no loading is present
in the three pairs of resonant elements. However, for the other
curves, three pairs of notches appear as a consequence of
unbalanced loads in the three pairs of resonant elements.

3.4. Examples of Sensors Based on Amplitude Modulation. In
this section, an amplitude modulation based sensor poten-
tially useful for the measurement of the angular velocity in
reaction wheels of spatial vehicles is presented [31]. For that
application, the perimetric configuration is more convenient
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Loading both 10.2 and 2.43
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Figure 13: Fabricated trisection splitter/combiner sensor (a) and
measured response (insertion loss), comparedwith the response that
results by loading one of the SIRs of each pair with a dielectric slab of
dielectric constant 10.2 and by loading both SIRs of each pair with
dielectric slabs of different dielectric constants (10.2 and 2.43) (b).
Reprinted with permission from [30].

than the axial configuration for two main reasons: (i) from
a mechanical viewpoint, the axial configuration is more
complex since the axial region of the wheels may contain
the rotating axis, or other mechanical elements for rotation;
(ii) with the perimetric configuration, the measurement
of instantaneous velocities is possible, and the accuracy is
determined by the number of resonant elements of the
perimetric chain (see Section 2.4).

The sensor is based on a broadside coupled SRR (BC-
SRR) loaded coplanar waveguide (CPW) (Figure 14(a)). The
stator is a CPW loaded with a pair of split rings, whereas
the rotor consists of a periodic circular chain of split rings,
identical to those of the stator but rotated 180∘. The cross-
sectional view scheme of the assembly is indicated in Fig-
ure 14(b). Note that this configuration is not exactly the one
indicated in Figure 5(b). The justification is as follows: in
order to measure quasi-instantaneous angular velocities, the
space between adjacent rings must be minimized. If a CPW
is coupled directly to an array of split rings, as indicated
in Figure 5(b), there are two cross-coupling effects: (i) the
CPW is simultaneously coupled to multiple resonators and
(ii) neighboring resonators are coupled to each other. Using
the reported approach, both parasitic effects can be ignored;
namely, the CPW is coupled only to the BC-SRRs and the
interresonator coupling is at frequencies higher than the
frequency of interest, 𝑓

0
, the resonance frequency of the BC-

SRR, which must be the frequency of the harmonic signal
injected to the CPW. Figure 14(c) shows the insertion loss
of the CPW at 𝑓

0
for different relative displacement values
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Figure 14: Layout of the stator and rotor parts (a), scheme of the cross-sectional view, indicating the direction of motion of the rotor (b), and
insertion loss at 𝑓

0
for different displacement values (0mm displacement corresponds to the reference position). Reprinted with permission

from [31].

between the rings of the rotor and those of the stator. It
can be appreciated that maximum attenuation occurs for the
reference position, defined as that in which a pair of rotor
rings are aligned with the pair of stator rings, forming a
perfect (aligned) BC-SRR.

The prototype of the sensor can be seen in Figure 15,
where a chain of 300 resonators is etched over a 101.6mm
radius rotor. The experimental setup consists of a signal
generator (Agilent E4438C), a Schottky diode (Avago HSMS-
2860), an oscilloscope (Agilent MSO-X-3104A), and a stepper
motor (STM 23Q-3AN) to control the displacement and
velocity of the rotor. Figure 16 depicts the measured envelope
function for a 3,000 rpm angular speed, where it can be
appreciated that the period corresponds to this velocity,
taking into account the number of resonators of the chain.

4. Discussion

Let us briefly discuss some advantages of the sensors con-
sidered in the previous section. The use of metamaterial-
inspired resonators for the implementation of sensors based
on frequency variation has the main advantage of resonator
size. This is especially critical in applications such as the one

reported in Figure 7 (sensors to spatially resolve the dielectric
properties of a material). Moreover, these resonant elements
(SRRs, CSRRs, etc.) typically exhibit good sensitivity (i.e.,
variation of frequency with dielectric properties or with
spatial variables). Particularly, the use of CSRR formeasuring
dielectric properties of slabs, or even liquids [36, 39–41, 44], is
very convenient since the capacitance (and hence resonance
frequency) of these resonant elements is very sensitive to the
presence of a dielectric load on top of the resonators.

In sensors based on coupling modulation or frequency
splitting, the main advantage is that these sensors are similar
to differential-mode sensors, and therefore they are robust
in front of cross-sensitivities caused by external factors,
since variations in variables related to ambient factors such
as temperature or moisture have effects that are seen as
common mode stimulus. Both sensor types are very useful
as comparators as well. It is worth mentioning that coupling
modulation sensors are more sensitive to noise, as compared
to frequency splitting sensors, since the output variable is
the notch depth. Nevertheless, the typical sensitivities and
dynamic ranges of these couplingmodulation sensors applied
to the measurement of spatial variables have been found to
be reasonable. Frequency splitting sensors are less sensitive
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(a)

(b) (c)

Figure 15: (a) Stator, (b) rotor, and (c) assembly of the prototype. Via holes and strips connecting the CPWground planes are used to suppress
the slot mode. Calibration marks on the stator are visible.

to noise and are suitable for real-time differential measure-
ments. Moreover, it has been demonstrated that these sensors
can be used for measuring several samples simultaneously.

Finally, the latter sensors of the previous section, based
on amplitude modulation, can be considered a particular
case of coupling modulation sensors, where the output
variable is contained in the envelope function of an amplitude
modulated carrier signal. The particular application is the
measurement of the angular velocity, based on the distance
between pulses in the envelope function. One figure of merit
of these sensors is the number of pulses, which provides the
angle resolution and determines the capability of the sensor
to detect fast changes in the instantaneous angular velocity.
In the proposed sensor, 300 pulses are considered, but this
number can be enhanced by adding further resonant ele-
ments in an additional SRR chain (concentric but displaced

one semiperiod as compared to the one of Figure 15(b))
and an additional SRR pair in the rotor. As compared to
optical encoders, these sensors are cheaper. As compared
to angular velocity sensors based on potentiometers, the
proposed sensors do not suffer frommechanical friction and
hence are more robust against aging effects.

5. Conclusions

In conclusion, several sensing strategies for the implemen-
tation of microwave sensors based on metamaterial-inspired
resonators have been reviewed, and examples of applications
have been provided. Particularly, the reviewed sensors are
useful for material characterization and as displacement and
velocity sensors. Of interest for telecommunication circuits
and space applications are the frequency variation sensors
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Figure 16: Measured envelope function for a 3,000 rpm speed.
Reprinted with permission from [31].

based on CSRRs, useful to determine the dielectric constant
of microwave substrates, and the amplitude modulation
sensors based on BC-SRRs, which are able to provide the
angular velocity of rotating cylinders and are therefore of
potential interest to replace optical sensors in reactionwheels,
or for the determination of the angular position in pointing
mechanisms, among others.
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This paper proposes a microstrip patch antenna based on the left-handed metamaterial concept, using planar periodic geometry,
which results in improved characteristics. This periodic geometry is derived from fractal shapes, which have been widely used in
antenna engineering. The metamaterial property was obtained as a result of the double-fractal structure on both the upper and
the bottom sides of the antenna. The final structure has been optimized to enhance bandwidth, gain, and radiation characteristics
of the microstrip antenna. This combination significantly improved antenna performance; our design could support an ultrawide
bandwidth ranging from 4.1 to 19.4GHz, demonstrating higher gain with an average value of 6 dBi over the frequency range and a
peak of 10.9 dBi and a radiation capability directed in the horizontal plane of the antenna.

1. Introduction

In commercial wireless communication systems, the antenna
remains a key element of the communication chain. The
efficiency of a radio broadcasting system is directly related
to the characteristics of its antennas. In addition, future
communication systems using cognitive radio or flexible
radio will need smaller wideband antennas. In this paper, we
focus on one of the commonantenna designs—themicrostrip
patch antenna. This design has many advantages; it can be
easily fabricated using a lithographic technique, it has a low
profile, it has a low production cost, and its structure is fairly
simple. However, these advantages are offset by the narrow
bandwidth of the antenna. To date, several approaches have
been proposed to address this deficiency. In most cases,
the proposed solution was to increase the thickness and
decrease the dielectric constant of the substrate at the same
time. However, these attempts did not produce significant
bandwidth enhancements in redesigned antennas.

Some specialised techniques were developed for band-
width enhancement. One of such techniques involves the
inclusion of additional resonators to the main patch. This
can be done by inserting parasitic patch elements in a
coplanar manner near the fed patch [1], or by stacking two

or more patches [2]. Another technique is to ensure good
impedance matching between the feed and the radiator and
thus reduce reflection loss [3, 4]. This technique resulted
in bandwidth enhancement of at most 30%, but the afore-
mentioned solutions require more space and thus invariably
increase the size of the antenna. It is possible to obtain
wideband characteristics while keeping the low profile of the
patch antenna. To do so, one needs to cut “U” shaped slots in
the patch, or two parallel slits in one of the radiating edges,
creating a shaped patch [5]. We note that these methods
have the advantage of enhancing the bandwidth without
augmenting the size of the microstrip antenna, but the most
noticeable wideband capability, about 47%, was obtained
mainly using a design with foam and air substrates, which
are not appropriate for arrays and would be challenging to
integrate in microwave systems.

Taking into account the above-mentioned drawback of
the antennas, the important task inmicrostrip antenna design
is to create an antenna capable of supporting wideband
or even ultrawideband (UWB) frequency range. With the
development of new materials called left-handed materials
(LHM), or left-handedmetamaterials, it is possible to achieve
a significantly wider frequency range. As a result, many
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antennas with LHM structures with better performance than
conventional microstrip patch antennas were proposed.

At present, there is no clear classification ofmetamaterial-
based antennas due to the fact that the problem is still
not mature. Nevertheless, according to [6], two categories
can be distinguished. The first category is the concept of a
transmission line composed of a periodic repetition of a unit
cell comprising a series capacitance and a shunt inductance
[7]. This category is a direct application of the leaky-wave
metamaterial antennas, which consists of a cascaded series of
unit cells lying on a matched microstrip line [8, 9]. This type
is preferred for beam scanning applications. In the second
category are the resonant antennas, which, in opposition to
the first category, are obtained by terminating the structure to
the free space by a short or open circuit [9].Themetamaterial-
based resonant types of antenna structures allow dual-band,
multiband behaviours and can be miniaturized but do not
increase the bandwidth of the antenna.

However, even these LHM antennas cannot achieve a
sufficiently wide frequency range. Many attempts have been
proposed to widen the bandwidth of microstrip antenna
using left-handed metamaterial structures. Among these,
we can find a broadband planar antenna composed of a
dipole and left-handed unit cells [10]. This configuration
achieved a bandwidth of 1.2 GHz. Another model realized
with 2 × 2 mushroom structure combined with a notch
on the surface, with the entire structure on a solid ground
plane, was proposed in [11]. Reflective metasurfaces placed
above an ordinary patch antenna can be used to enhance
the gain and reduce the size of the structure, using [12]
4 × 4 unit cells of reflective metasurfaces consisting of
double closed rings suspended above a microstrip patch
antenna. However, even this configuration achieved only
13% of bandwidth. A LHM antenna using a meander line is
proposed in [11] where a single unit cell is incorporated with
an interdigitated capacitor for the series capacitance, while
the shunt inductance is produced by the meandered ground
plane extension connected to the antenna by a via through the
substrate. Still, most of the left-handed metamaterial-based
antennas presented above are not wideband and have low
gain and are thus unable to cover more than one wireless
communication standard or claim to integrate high data rate
transmission systems.

Planar left-handed metamaterial structures were pro-
posed a few years ago [13].The discussed structures consist of
2D periodic arrays of unit cells. This concept was applied to
LHMantennas, resulting in broadband andhigh gain designs.
The periodic patterns which showed left-handed character-
istics were applied to rectangular conventional microstrip
patch antennas. These configurations allowed obtaining a
frequency range several times wider than the same patch
antenna without the metamaterial pattern.

A perspective approach was proposed in [14] where
a left-handed metamaterial antenna can achieve a broad
bandwidth. This structure is a microstrip line loaded with
different patterns on the metal parts of the substrate. On
the top patch, the periodic gaps are designed in the form
of isolated microtriangles, while, on the bottom ground
plane, periodically distributed cross-strip gaps are designed.
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Figure 1: Results of the simulated and measured 𝑆11 values of the
conventional microstrip antenna.

The structure achieves a significantly broader bandwidth of
3.2 GHz.

The main motivation of this work was to design an
antenna with the widest possible bandwidth. This is why an
ultrawideband microstrip antenna is presented. The concept
of planar 2D left-handed metamaterial structure with peri-
odic patterns is applied in order to enhance the bandwidth
of a conventional microstrip patch antenna. The periodic
patterns are formed by the repetition of a square unit cell
along two axes. In fact, square unit cells, formed by the top
and bottom layers of the dielectric substrate, consist of 2
different patterns on both layers. These patterns are inspired
by fractal geometry, and their use is motivated by the benefits
of fractals in antenna engineering [15–17].

Fractal based antennas are already presented in the
literature, featuring patches with fractal structures. However,
our proposed antenna geometry is novel due to its double-
fractal layer design. Both layers of the antenna have fractal
forms, but each patch includes different shapes. The upper
side of the antenna follows the shape of crossbar fractals, with
Minkowski fractals on the lower layer. The proposed self-
similarity and ease of repetitiveness of the geometry make
these designs attractive for creating a periodic structure.

The conventional microstrip patch antenna, which was
used as a benchmark for comparison, produced a very
limited bandwidth of 225MHz. After introducing the planar
metamaterial concept combined with double-fractal layers
geometry, its bandwidth was multiplied by 68, to more than
15GHz.

2. The Conventional Reference Antenna

A rectangularmicrostrip patch antennawas designed to serve
as a reference. The patch is 12 × 16mm2, and the feeding line
is 2.46 × 8mm2. The simulated and measured 𝑆11 values of
the conventional reference antenna are presented in Figure 1.

3. The Double-Fractal Layers Antenna Design

The proposed metamaterial structure is in two-dimensional
configuration. It is represented by a square unit cell of
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4 × 4mm2. The unit cell is composed of two planar metallic
layers sandwiching a dielectric substrate. The two metallic
layers were etched with two distinct fractal shapes. The
crossbar fractal [18] diagonally lying on the square unit cell
was etched out on the top. On the bottom, the Minkowski
fractal [19, 20] in its first iteration was etched.

Constituent unit cells are depicted in Figure 2, while
the view of double-fractal antenna geometry is presented
in Figure 3. The entire structure of the proposed antenna
measures 27.6 × 31.8mm2, with the same dimension for the
feeding line (Figure 3). The antenna was designed with the
Rogers RT 5880 low-loss substrate (tan 𝛿 = 0.0009 at 10GHz)
with dielectric constant of 2.2 and thickness of 0.79mm.The
upper patch consists of the 4 × 3 square unit cells with the
diagonal crossbar fractal shape having the edge of 4mm in a
periodic arrangement (Figures 3 and 4). On the ground plane,
composed of metallic patches separated by slot gaps, the
Minkowski island fractals of 6 × 7 square unit cells are placed
also in a periodic arrangement. This configuration improves
the coupling between the patch and the ground plane by
forming a capacitive-inductive (C-L) equivalent circuit which
provokes the left-handed property. The view of the top and
bottom sides of the antenna is presented in Figure 4.

x

y

Figure 4: Picture of the fabricated antenna.

4. Results and Discussion

Aparametric study was created to analyse the influence of the
geometry on the performance of the antenna. In it, a variation
in dimensions by the suitable increment, of one parameter at a
time in the antenna geometry, is performed.The values of the
dimensions giving the best performances of return loss (𝑆11)
will be obtained separately. These values are then combined
together in order to obtain the optimal configuration of the
antenna giving the best 𝑆11 performance and thus the largest
bandwidth. We noticed that the width 𝐺 of the gap between
the cells on the ground plane (Figure 3) has a significant effect
on the 𝑆11 value. Four dimensions of𝐺were investigated from
0.2mm to 0.5mm, in increments of 0.1mm, and the resulting
𝑆11 values are presented in Figure 5.

From the plot, we noticed that when the width of the gap
between the cells on the ground plane is the largest, which
in our case is 0.5mm, so is the bandwidth. However, for
higher values of 𝐺, the functions of 𝑆11 get rapidly worse.
For further investigation, 𝐺 = 0.5mm has been taken into
account. The antenna with the optimal parameters resulting
in the widest bandwidth was obtained and then fabricated,
as depicted in Figure 4, to empirically measure the proposed
microstrip antenna design. The measured 𝑆11 value of this
antenna, in function of frequency, is presented in Figure 6.
The figure shows good correlation between measured and
simulated values and the very wide bandwidth of the pro-
posed configuration.
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Figure 6 demonstrates the widened bandwidth of the
proposed antenna, where the measured frequency range is
evenwider than the simulated one. It has achieved, at the level
of −10 dB, a bandwidth ranging from 4.1 GHz to 19.4GHz,
for a total bandwidth of 15.3 GHz, while in the conventional
antenna the bandwidth was only 0.225GHz.

5. Dispersion Characteristics

The possible feasibility of material characterized by simulta-
neously negative permittivity and permeability was discussed
by Veselago [21]. Taking into account the fact that such
materials do not exist in the nature, they are called meta-
materials. In such materials, the wavevector is antiparallel to
the Poynting vector and for this reason they are named “left-
handed materials” or “backward wave media.”

In order to check that the designed antenna structure sup-
ports backward waves, the dispersion diagram was simulated
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Figure 8: The simulated and measured gain of the proposed
antenna.

by applying the periodic boundary conditions in the 𝑥 and
𝑦 directions of the unit cell. Figure 7 shows the dispersion
characteristics of the unit cell along the paths between the
high symmetry points Γ, 𝑋, and𝑀 of the reduced Brillouin
zone,which is plotted in the𝜔-𝛽 curve. In this curve, the slope
of the straight line connecting the origin and a certain point
on the 𝜔 − 𝛽 curve represents the phase velocity 𝑉𝑃, and the
slope of the line tangential to the curve at that point represents
the group velocity𝑉𝐺 [21]. It can be noticed fromFigure 8 that
the slope representing 𝑉𝐺 is negative, and hence the group
velocity and phase velocity are in opposite directions, leading
to the conclusion that the structure supports backwardwaves.

6. Antenna Gain and Characteristics

The gain of the proposed antenna was simulated and mea-
sured over the working bandwidth, from 4GHz to 18GHz,
as illustrated in Figure 8. The fabricated antenna achieved
an average gain of 6 dBi and a maximum value of 10.9 dBi.
The efficiency improves with the growth of frequency. For
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Figure 9: The radiation pattern of the proposed antenna at the following frequencies: 7.96GHz, 9.22GHz, and 11.48GHz in the “𝑥𝑦” and
“𝑥𝑧” planes.

frequencies mentioned in Figure 9, the following values of
efficiency were obtained: of 86.4% at 7.96GHz, of 88.3% at
9.22GHz, and of 89.7% at 11.48GHz.

The radiation characteristics for the proposed antenna
are presented in Figure 9. Radiation patterns were mea-
sured in the following frequencies: 7.96GHz, 9.22GHz, and

11.48GHz, in the characteristic planes “𝑥𝑦” and “𝑥𝑧.” It can
be seen that left-handed properties of the antenna resulted
in a radiation spread of 270∘. It should also be noted that
shapes of radiation characteristics change in function of
frequency. A similar disadvantage was observed in cases
presented in the literature describing microstrip antennas
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with ultrabroadband properties. Future efforts should focus
on obtaining similar shapes of radiation patterns in function
of frequency to improve the efficiency of radio link.

7. Conclusion

In this paper, an ultrawideband antenna based on the planar
periodic left-handed metamaterial concept was proposed.
The metamaterial property was obtained through the use
of a double-fractal structure on both the top and the bot-
tom sides of the antenna. The proposed antenna achieved
the frequency range of 4.1 GHz to 19.4GHz, realizing a
bandwidth of 15.3 GHz. Therefore, the bandwidth of the
manufactured antenna is 68 times larger than the bandwidth
of the conventional microstrip antenna.

The antenna radiates at a 270∘ angle and has an enhanced
gain with an average value of almost 6 dBi and a peak of
10.9 dBi.The combination of themetamaterial planar concept
and the fractal shapes seems to be a good method to enhance
the characteristics of the microstrip patch antenna. This
antenna can easily be used in a communication system,where
such enhanced features are required.
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A different parameter extraction approach based on zero immittances for composite right/left-handed (CRLH) structure is
presented. For lossless unit cell equivalent circuit model, LC parameters of series and parallel branches are extracted according
to series resonance frequency and parallel resonance frequency, respectively. This approach can be applied to symmetric and
unbalanced CRLH structures. The parameter extraction procedure is provided and validated by T-type unit cell model. The
responses of distributed prototype and extracted equivalent LC circuit model are in good agreement. The equivalent circuit
modeling can improve the degree of freedom in the CRLH TLs design. This parameter extraction method provides an effective
and straightforward way in CRLH metamaterials design and applications in telecommunication systems.

1. Introduction

In telecommunication system, the role of the oscillator is
to establish stable harmonic oscillation at a specific carrier
frequency for modulation and mixing, which is shown
in Figure 1(a). In the oscillator circuit, the main function
of resonator is frequency selection and storage of energy.
Conventional transmission line resonator is size dependent
on frequency, which is not suitable for use in miniaturized
integrated circuits. Composite right/left-handed transmis-
sion line (CRLH TL), introduced by Caloz and Itoh, is the
transmission line (TL) approach of left-handed materials
(LHMs) [1]. CRLH metamaterials with right-handed (RH)
and left-handed (LH) properties have the advantages of
low loss and wide bandwidth, which have been extensively
studied and broad applied in guided-wave and radiated-
wave devices for over decades [2–5]. Typically, the distributed
CRLH TL is consisting of the series interdigital capacitor
(IDC) and the shunt shorted stub inductor (SSI), which can
be realized by the microstrip line and coplanar waveguide
[4]. Based on CRLH TL structures zeroth-order resonator
can be achieved; its size is frequency independent and can
be realized, theoretically, arbitrarily small [6]. The schematic
diagram of oscillator circuit using a zeroth-order resonator

is shown in Figure 1(b). Using the zeroth-order resonator can
effectively reduce the size of the oscillator circuit and improve
the miniaturization of communication systems.

To accurately design CRLH TL and investigate the char-
acteristics of CRLH TL-based devices, the equivalent circuit
model is used to parameterize the complicated behaviors of
the practical distributed circuits [7, 8]. The characteristics
of the CRLH TLs are closely related to the LC parameters.
Accurate design depends on whether the parameters meet
the requirements. The design can be modified by parameter
extraction in order to achieve optimum performances. In [9],
to calculate the extracted LC parameters, the equivalent T
and Π networks of IDC and SSI are separately characterized
by admittance and impedance matrices; however coupling
effects between IDC and SSI are not taken into account in
this parameter extraction procedure. Otto et al. proposed an
energy basedmethod to extract equivalent circuit parameters
[10], which was further implemented in [11]. However, this
method requires the use of software for electromagnetic
energy calculation, cannot be extracted by experiment. Based
on effective medium concept, revised Nicolson-Ross-Weir
(NRW) approach was applied to extract equivalent parame-
ters. In this method, the equivalent circuit model parameters
are deduced by the effective permittivity 𝜀𝑟 and the effective
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Figure 3: Equivalent circuit models of CRLH TL for parameters extraction. (a) T-type unit cell circuit model. (b) Equivalent network.

permeability 𝜇𝑟. However, this method suffers multisolutions
problem [12–15]. The equivalent circuit extraction method
proposed in [16] employs the transmission-line-reflect (TLR)
calibration to deembed the effects of the transmission lines.
In this method both full-wave simulation and measured 𝑆-
parameters are used to obtain the𝐴𝐵𝐶𝐷 transmissionmatrix
of the CRLH unit cell.

In this paper, a different parameter extraction approach
based on zero immittances has been presented. For lossless
equivalent LC circuit model adopted, series resonance fre-
quency and parallel resonance frequency are obtained from
immittances characteristic, which is utilized to extract the
LC parameters. In the proposed method, test transmission
lines are placed in both sides of the CRLH structure. The
effects of the transmission lines are eliminated by matrix
calculation. The scattering parameter used can be obtained
by full-wave simulations. The extraction procedure is conve-
nient and effective and can be applied in unbalanced CRLH
structures. This approach is illustrated by T-type unit cell

model. The transmission characteristics of the distributed
CRLH structure and the extraction LC equivalent circuit are
in comparison with each other, and in wider bandwidth the
extracted equivalent LC circuit model is effective.

2. Equivalent Circuit Modeling and Parameter
Extraction Approach

TheCRLHTL considered in this paper is constituted by series
interdigital capacitor and parallel shorted stub inductors,
which is shown in Figure 2(a). The dimensions are the same
as those in [1], which is depicted in Figure 2(b). Assuming the
transmission line is lossless, interdigital capacitor is modeled
with𝐶𝐿 series 𝐿𝑅 and stub inductor ismodeledwith 𝐿𝐶 shunt
𝐶𝑅. The T-type unit cell circuit model of CRLH TLs is shown
in Figure 3(a) and the corresponding microwave network is
displayed in Figure 3(b).

Due to the unit cell circuit model shown in Figure 3,
the immittances 𝑍se and 𝑌sh characteristics are plotted in
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Figure 4. When we have zero immittances, the series reso-
nance frequency𝜔se and parallel resonance frequency𝜔sh are
obtained.

𝜔se = 𝜔|Im(𝑍se)=0 =
1

√𝐿𝑅𝐶𝐿
,

𝜔sh = 𝜔|Im(𝑌sh)=0 =
1

√𝐿𝐶𝐶𝑅
.

(1)

Based on the characteristics of immittances 𝑍se and
𝑌sh, we introduce an extraction approach to yield simple
expressions for 𝐶𝐿, 𝐿𝑅, 𝐿𝐶, and 𝐶𝑅. For a two-port network,
depicted in Figure 2(b), 𝑍se and 𝑌sh can be described in
terms of 𝐴𝐵𝐶𝐷 transmission matrix. Using standard net-
work conversion formulas, the series impedance and parallel
admittance can be written in terms of the𝐴𝐵𝐶𝐷 parameters,
which lead to

𝑍symse =
2 (𝐴 − 1)
𝐶
,

𝑌symsh = 𝐶.

(2)

With zero immittances 𝑍se and 𝑌sh, the series resonance fre-
quency and the parallel resonance frequency are determined
by

Im (𝑍se)
𝜔se = 0,

Im (𝑌sh)
𝜔sh = 0.

(3)

With 𝜔se and 𝜔sh, the LC parameters of series and parallel
tank would be solved separately. And the corresponding
extract parameters are determined by

𝐿𝑅 =
1
2
𝜕
𝜕𝜔

Im (𝑍se)
𝜔se ,

𝐶𝐿 =
1
𝜔2se𝐿 se
,

𝐶𝑅 =
1
2
𝜕
𝜕𝜔

Im (𝑌sh)
𝜔sh ,

𝐿𝐿 =
1
𝜔2sh𝐿 sh
.

(4)

When 𝜔se = 𝜔sh, called balanced case, CRLH TLs would
exhibit special properties. In practice, most initial fabrics are
unbalanced, and with this extraction approach we can conve-
niently revise the design. That is, this extraction procedure is
applicable for both balanced and unbalanced cases.

3. Extraction Procedure and Validation

This section provides the extraction procedure based on
circuitmodel shown in Figure 3 and verifies thismethodwith
CRLH TLs proposed by Caloz and Itoh. Usually, in order
to obtain the transmission matrix of CRLH TL, a section of
microstrip transmission line (TL) has to be added at each
end of the component in full-wave simulation; the diagram
is shown in Figure 5. However, the added microstrip TLs
would change the original network characteristics such as
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propagation phase. Therefore it is essential to eliminate the
effect due to the test TLs.

ThedistributedCRLHTLand extracted equivalent circuit
model are validated by comparing the scattering characteris-
tics. The procedure is provided as follows:

(1) Do full-wave simulation for the distributed circuit
of Figure 5 and test microstrip TL to get the 𝑆-
parameters of overall circuit and TLs, respectively.

(2) Compute [𝐴𝐵𝐶𝐷] of overall circuit and [𝐴𝐵𝐶𝐷] of
TL corresponding to the 𝑆-parameters obtained in (1)
using standard network conversion formulas.

(3) Compute [𝐴𝐵𝐶𝐷] of CRLH TL using

[𝐴𝐵𝐶𝐷]overall

= [𝐴𝐵𝐶𝐷]TL [𝐴𝐵𝐶𝐷]CRLHTL [𝐴𝐵𝐶𝐷]TL .
(5)

(4) Compute the 𝑍se and 𝑌sh vector using again standard
network conversion formulas.

(5) Find zero points of 𝑍se and 𝑌sh using interpolation
method to determine series resonance frequency 𝜔se
and parallel resonance frequency 𝜔sh.

(6) Compute the 𝐶𝐿, 𝐿𝑅, 𝐿𝐶, and 𝐶𝑅 using (4).
(7) With extraction parameters obtained from (6), simu-

late the equivalent LC circuitmodel and comparewith
distributed CRLH TL.

The CRLH TLs proposed by Caloz and Itoh and shown
in Figure 1 is considered here to illustrate the parameter
extraction procedurewith T-type unit cell circuitmodel. Full-
wave simulation andnumerical calculation are developed; the
extraction results are presented in Figure 6. With different
test TL lengths, the extracted LC parameters are mainly
stable. It should be noted that, since the test transmission
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Figure 7: Comparison of 𝑆-parameters between distributed 1-cell
CRLH TL and equivalent LC circuit model.

lines are series with the interdigital capacitor, the different
transmission line length has a great influence on the 𝐿𝑅
parameter. In the process of parameter extraction, the 𝐿𝑅
value can be obtained by multiple extractions and averaging.

The set parameters 𝐿𝑅 = 2.56 nH, 𝐶𝐿 = 0.192 pF, 𝐶𝑅 =
0.523 pF, and 𝐿𝐿 = 2.33 nH of T-type unit cell circuit with
TL = 20mm has been selected for comparison with practical
distributed structure. In Figure 7, 𝑆-parameters of distributed
1-cell CRLH TL structure and equivalent LC circuit model
are presented. As shown in comparison results, within wider
bandwidth, they are in good agreement with each other.

The CRLH TL is balanced when the series and shunt
resonant frequencies are equal; on the contrary, the CRLHTL
is unbalancedwhen the series and shunt resonant frequencies
are different. It is noted that the series and parallel LCs
are extracted from 𝜔se and 𝜔sh, respectively. Regardless
of whether the series resonant frequency and the parallel
resonant frequency are equal, this extraction method can
model the CRLH TLs. This makes it convenient to apply this
approach in both balanced and unbalancedCRLH structures.

4. Conclusion

A zero immittances based parameter extraction approach
for distributed CRLH structures has been proposed, which
is applicable to symmetric unit cells. According to series
resonance frequency 𝜔se and parallel resonance frequency
𝜔sh, determined by immittances characteristics, LCs of series
branch and parallel branch are extracted, respectively, and
therefore this method can be used in unbalanced CRLH
structures. The presented extraction procedure provides an
effective and straightforward way in CRLH metamaterials
design and application of telecommunication system. Finally,
the authors are currently applying this approach in analysis
of CRLH metamaterials-based microwave circuit.
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