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ABSTRACT
Recent years have witnessed a great deal of interest from both scientific and academic communities in the
field of flexible electronic systems. Most flexible electronic systems require the integration of flexible
antennas operating in specific frequency bands to provide wireless connectivity which is highly demanded
by today’s network oriented society. On the other hand, High Impedance Surfaces have become very
popular in the design of contemporary antenna and micro-wave devices due to their wide range of
applications derived from their unique electromagnetic properties which significantly enhance the
performance of antennas and RF systems. Accordingly, the integration of HIS structures within flexible
wireless systems is very beneficial in this growing field of research. In this paper, a systematic review of
flexible HIS structures reported in the literature is conducted, which provides the reader with a thorough
description and a complete list of state of the art designs intended for flexible wireless systems.
Keywords: High Impedance Surface (HIS), Antennas, Flexible Electronics, Wireless Systems
provide wireless connectivity. Needless to say, the
efficiency of these systems primarily depends on the
characteristics of the integrated antenna.
The nature of flexible wireless technologies requires
the integration of flexible, low profile, light weight and
compact antennas. At the same time, these antennas
should be mechanically robust, efficient with sufficient
bandwidth and desirable radiation characteristics.
On the other hand, the same decade witnessed the
revolution of Metamaterials (MTMs), artificially
engineered
structures
which
exhibit
unique
electromagnetic properties that do not exist in nature
(Yao et al., 2005). These structures can be engineered
to have desired features within a desired frequency
range. The integration of these artificial structures
with antennas and microwave circuits has shown to be
extremely beneficial in several applications (Yang and
Rahmat-Samii, 2009).
The most promising types of MTMs that are expected
to be industrialized in the field of wireless systems are

1. INTRODUCTION
Today’s industrial and academic research is focusing
intensive activities aimed at developing flexible and
wearable wireless systems due to their applicability in a
wide spectrum of applications such as personal
communication, medicine, firefighting, entertainment,
aeronautics, military and Radio Frequency Identification
(RFID) tags (Cai et al., 2007; Hertleer et al., 2009).
Their light weight, low fabrication cost, ease of
manufacturing and the availability of inexpensive
flexible films/substrates (i.e., papers, textiles and
plastics) make flexible electronics an appealing
candidate for the next generation of hand-held
electronics (Nathan and Chalamala, 2005). Moreover,
recent developments in miniaturized and flexible energy
storage components paved the road for the
commercialization of such systems (Huang et al., 2011).
Modern flexible electronics and gadgets such as
flexible mobile phones, displays, electronic books and
rollable keyboards are often equipped with an antenna to
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the µ-Negative (MNG) MTM and High Impedance
Surfaces (HIS) (Sievenpiper et al., 1999).
HISs are successfully applied in many antenna
systems for performance enhancement utilizing their
unique features. Their advantages include surface wave
reduction which is considered as a serious drawback in
microstrip antennas as it reduces antenna’s gain,
efficiency, limit their bandwidth and increase cross
polarization levels. In phase reflection and mutual
coupling reduction among radiating elements in
antenna arrays in general and MIMO systems in
particular are very promising applications of these
artificial structures. However, the application of such
structures in flexible and wearable technologies is
limited by their relatively high profile and their size
and bandwidth’s dependence on the substrate’s
relative permittivity and thickness (Park et al., 2001).
This has triggered the need for flexible, conformal and
compact HISs to be integrated within the targeted
technology. In response to such requirements, a
plethora of designs and techniques have been reported
in the literature which will be reviewed in this article.
In section 2, a theoretical background on HISs is
provided. In section 3, we discuss the design,
methodology and applications of the significant
flexible HIS designs reported in the literature. The
flexibility analysis involved with characterizing the
performance of HISs under bending and flexing
conditions is discussed in section 4. Finally,
conclusions are given in section 5.

states that a PEC ground plane causes the antenna’s
current and its image to cancel each other, in other
words shorting the antenna. This is responsible for
dropping the real part of the antenna impedance
towards zero ohms, while the imaginary impedance
approaches infinity. Thus, a significant amount of the
electromagnetic energy is trapped between the antenna and
the ground plane; hence the antenna can no longer radiate
efficiently (Kim and Yeo, 2008). This is the opposite
scenario if an AMC is placed instead of PEC due to its
reflection of electromagnetic wave with zero phase shift.
HIS structures can be artificially engineered to have
in phase reflection coefficient properties in a specified
frequency range. They are typically realized based on
periodic metallization patterns which are often called
Frequency Selective Surfaces (FSS) printed on a
grounded dielectric material (Qian et al., 1997).
The surface impedance of the HIS is defined as the
ratio of the tangential component of the electric field
E to the tangential component of the magnetic field H
at the surface Equation 1:
Zs =

(1)

where, Et and Ht are the electric and magnetic fields
components tangential to the surface.
The FSS grid along with the grounded dielectric slab
can be represented by a capacitance in parallel with an
inductance (Costa et al., 2009), i.e., a resonant LC circuit
with a resonant frequency given by Equation 2:

2. HIGH IMPEDANCE SURFACES:
BACKGROUND

f =

HIS was first proposed by (Sievenpiper et al.,
1999) the structure of which was based on square
metallic plates printed on a grounded dielectric
substrate and connected to the ground plane through
metallic posts (vias). Later on, numerous types of HIS
geometries have been extensively studied (Kim and Yeo,
2008; Costa et al., 2009). In general, HIS’s are
classified into two types based on their characteristic
features: Artificial Magnetic Conductor (AMC),
which mimics a Perfect Magnetic Conductor (PMC) in
a specific frequency range and Electromagnetic Band
Gap (EBG). It is known that a Perfect Electric
Conductor (PEC) has a reflection phase of 180° for a
normally incident plane wave, while a Perfect
Magnetic Conductor (PMC), which does not exist in
nature, has a reflection phase of 0°. Image theorem
Science Publications
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where, L and C are the equivalent inductance and
capacitance associated with the dielectric slab and the
FSS grid. The circuit analogy for the HIS is depicted
in Fig. 1.
This resonant frequency is determined by the
dimensions and geometry of the structure; i.e.,
changing the dimensions and geometry leads to a
change in the values of L and C and therefore the
resonant frequency can be modified accordingly. For
example, the period of a square patch based HIS is
related to its resonant frequency by Equation 3:
p=
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(a)

(b)

Fig.1. (a) Circuit representation for the HIS structure (b) Conventional Square-patch based HIS structure

According to the same parallel LC model, the surface
impedance and reflection coefficient for the HIS
structure can be calculated by Equation 4 and 5:
Zs =

jω L

(

1− ω

ωo )

2

process and it would be impractical to consider it for
flexible and conformal applications.
In general, EBG’s resonant frequency does not
normally coincide with the AMC’s. This can deteriorate
the benefits of HIS in specific applications. However, the
AMC and EBG features are not required to coexist in the
considered application.

(4)

3. LITERATURE REVIEW

where, ω0 is:
ωο =

1
2Π LC

Bai et al. (2009) investigated the performance of a
textile Coplanar Waveguide fed (CPW) antenna under
bending and crumpling conditions. A HIS is used to
improve the wearable antenna performance. Both input
impedance and radiation pattern were investigated based
on numerical and experimental methods.
Zhu and Langley (2009), investigated the
performance of a flexible dual band (2.45, 5 GHz) textile
antenna based on the conventional square patch based
HIS in terms of Specific Absorption Rate (SAR). A
significant reduction in SAR achieved when the HIS
structure is included; however, the size of the design is
relatively large (120×120 mm). Moreover, textile based
antennas are prone to discontinuities in substrate materials
in addition to the textile nature of fluid absorption. A
flexible, compact antenna system intended for telemedicine
applications was proposed by (Raad et al., 2012). The
design is based on an M shaped printed monopole
antenna operating in the Industrial, Scientific and
Medical (ISM) 2.45 GHz band integrated with a
miniaturized slotted Jerusalem Cross (JC) HIS ground
plane. The HIS ground plane is utilized to isolate the
user’s body from undesired electromagnetic radiation in
addition to minimizing the antenna’s impedance
mismatch caused by the proximity to human tissues.

(5)

And the reflection coefficient is Equation 6:
Γ=

Z s − Zο
Z s + Zο

(6)

where, Zο is the free space impedance. As can be
determined from (6), the surface impedance Zs of a PEC
surface, which has a zero tangential component of
electric field is zero. Hence, the PEC reflection
coefficient is equal to -1. While for a PMC surface, the
tangential component of the magnetic field is zero which
yields infinite surface impedance. Thus, the plane wave
reflection coefficient for the PMC is +1.
It is worth mentioning here that the operational HIS
bandwidth is between -90º and +90º as defined by
(Sievenpiper et al., 1999).
On the other hand, when dealing with surface waves
suppression, mushroom type EBG structure demonstrates
a better performance compared to vialess structures.
However, grounding vias complicate the fabrication
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SAR is assessed using a Human body model (HUGO) to
verify the feasibility of the proposed design. The antenna
expresses 18% impedance bandwidth; moreover, the
integration of the HIS ground plane increases the front to
back ratio by 8 dB, provides 3.7 dB increase in gain, in
addition to 64% reduction in SAR (Shahid, 2009)
presented a modified wearable form of HIS defined as
non uniform HIS and integrated it with an antenna for
improved performance under low profile limitation. The
HIS was also utilized to reduce the size of a normal
patch antenna and improve its gain and impedance
bandwidth. A low profile antenna based on the properties
of a non-uniform HIS was presented by the same author
in 2010. The proposed design is able to minimize
electromagnetic interaction with the human tissues which
in turn reduces SAR and degradation in radiation
efficiency. Finally, A flexible uniplanar HIS design
manufactured using laser micromachining was presented
by (De Cos and Las-Heras, 2012). It is characterized
under flat and bent conditions by measuring its reflection
coefficient phase in an anechoic chamber. The designed
prototype shows broad HIS operation bandwidth (around
7%) and polarization angle independency.

method to evaluate the effect of curvature on the reflection
phase characteristics of an AMC structure. By observing the
changes of the corresponding frequency band of return loss
of different length dipoles antennas versus inphase
reflection, the effect of curvature on the reflection phase is
determined. Raad et al. (2012) proposed a systematic
approach to characterize the performance of a flexible HIS
when subjected to different extents of bending is proposed.
The performance of an array of squarepatch based HIS
under various bending extents was investigated as a
benchmark. According to the reflection phase analysis, a
shift to a higher resonant frequency is observed in
addition to bandwidth degradation when the degree of
bending is increased. It is worth mentioning that the
reported study could be applied to different HIS
geometries depending on the targeted application.

5. CONCLUSION
The integration of High Impedance Surfaces (HISs)
within modern wireless systems is becoming increasingly
popular nowadays due to their beneficial properties.
Consistently, flexible electronics are drawing much
attention and are on a fast track to commercialization. This
triggered the need for an article to systematically review the
status of the flexible and conformal HIS research.
A theoretical background was provided in the first
section, followed by an extensive literature review
describing design and applications of flexible HISs.
Finally, flexibility analyses which are needed to
characterize the performance of such structures under
operational bending and flexing effects are reviewed. It
was concluded that this type of study is vital when
designing HIS structures for flexible and conformal
applications due to their consequent parameters change.

4. FLEXIBILITY ANALYSIS
As stated previously, flexible, wearable and conformal
antenna systems are becoming extremely popular
nowadays. One of the main challenges facing such systems
is the uncertainty of maintaining performance parameters of
the wearable/conformal antenna system which are based on
their flat profile during operation especially for elements
made of flexible materials. Therefore, it is necessary to
evaluate the performance of antennas and any type of
integrated structures under bending and flexing conditions.
It is worth mentioning that most previous research was only
focused on investigating the bending effects on
wearable/conformal antennas based on conventional PEC
ground planes both numerically and experimentally
(Farahani et al., 2010). Palikaras et al. (2011), proposed a
conformal HIS is utilized to reduce the diameter of a
cylindrical antenna, However, only the effect of
curvature on the far field radiation pattern was
investigated. Bai et al. (2009) investigated the
performance of a dual band textile antenna integrated with
an HIS under bending and crumpling conditions in terms of
input impedance and radiation patterns. However, the
reported research focused mainly on the effect of curvature
on the antenna characteristics only. De Cos et al. (2011)
presented and characterized a flexible uniplanar AMC
based on reflection coefficient phase under flat and creeping
conditions. Liu et al. (2008) proposed a trial and error
Science Publications
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