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ABSTRACT

Recent years have witnessed a great deal of intieoes both scientific and academic communitieshe

field of flexible electronic systems. Most flexibkdectronic systems require the integration of ifx
antennas operating in specific frequency bandsdwige wireless connectivity which is highly demadd

by today’'s network oriented society. On the othandy High Impedance Surfaces have become very
popular in the design of contemporary antenna atcromvave devices due to their wide range of
applications derived from their unique electromdigneproperties which significantly enhance the
performance of antennas and RF systems. Accorditigéy integration of HIS structures within flexible
wireless systems is very beneficial in this growfigyd of research. In this paper, a systematidensvof
flexible HIS structures reported in the literatiseconducted, which provides the reader with adbgh
description and a complete list of state of thedagigns intended for flexible wireless systems.
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1. INTRODUCTION provide wireless connectivity. Needless to say, the
efficiency of these systems primarily depends oe th
Today’s industrial and academic research is fogusin characteristics of the integrated antenna.

intensive activities aimed at developing flexibleda The nature of flexible wireless technologies reggsiir

wearable wireless systems due to their applicghitita the integration of flexible, low profile, light wght and

wide spectrum of applications such as personalcompact antennas. At the same time, these antennas

communi_cation_,_ medicine, fi_refighting, entertain_men should be mechanically robust, efficient with st

aeronautics, military and Radio Frequency Idemtfan  pangwidth and desirable radiation characteristics.

(RFI,D) .tags (C‘?"et al., 2007; -Her.tleeret al., 2009). On the other hand, the same decade witnessed the

Their I|ght_ weight, low fabr_lcat_pn cost, ease .Of revolution of Metamaterials (MTMs), artificially

manufacturing and the availability of inexpensive . . - .
engineered  structures  which exhibit unique

flexible films/substrates (i.e., papers, textilesida _ . -
plastics) make flexible electronics an appealing electromagnetic properties that do not exist inuret

candidate for the next generation of hand-held (Yaoet al., 2905). These strgct_ures can_be engineered
electronics (Nathan and Chalamala, 2005). Moreover,!0 have desired features within a desired frequency

recent developments in miniaturized and flexiblergg ~ fange. The integration of these artificial struesir
storage components paved the road for thewith antennas and microwave circuits has showneto b

commercialization of such systems (Huahgl., 2011). extremely beneficial in several applications (Yargl
Modern flexible electronics and gadgets such asRahmat-Samii, 2009).
flexible mobile phones, displays, electronic boakwl The most promising types of MTMs that are expected

rollable keyboards are often equipped with an araen to be industrialized in the field of wireless systeare
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the p-Negative (MNG) MTM and High Impedance states that a PEC ground plane causes the antenna’s
Surfaces (HIS) (Sievenpipetal., 1999). current and its image to cancel each other, inrothe
HISs are successfully applied in many antennawords shorting the antenna. This is responsible for
systems for performance enhancement utilizing theirdropping the real part of the antenna impedance
unique features. Their advantages include surfameew towards zero ohms, while the imaginary impedance
reduction which is considered as a serious drawfrmck approaches infinity. Thus, a significant amount thé
microstrip antennas as it reduces antenna’s gain€lectromagnetic energy is trapped between the matand
efficiency, limit their bandwidth and increase csos the ground plane; hence the antenna can no loadte

polarization levels. In phase reflection and mutual €fficiently (Kim and Yeo, 2008). This is the oppesi
. scenario if an AMC is placed instead of PEC duétgo

coupling reduction among radiating elements in ) - g .
ping g d reflection of electromagnetic wave with zero phetsé.

antenna arrays in general and MIMO systems in HIS struct b tificiall . d toeh
particular are very promising applications of these . structures can be artificially engineered 'oeha

artificial structures. However, the application safch :‘?eptr}:ﬁg rfgﬁctéonﬂ(]:gefgc;leerlt piLC;ll)lertrlgz”IZneg :bia.leee: d
structures in flexible and wearable technologies is g y ge- y ypically

limited by their relatively high profile and thesize periodic metallization patterns which are oftenleazl

- , Frequency Selective Surfaces (FSS) printed on a
and bandwidth’s dependence on the substratesgrounded dielectric material (Qi@hal., 1997).

relative permittivity and thickness (Paekal., 2001). The surface impedance of the HIS is defined as the
This has triggered the need for flexible, conformall  yatip of the tangential component of the electi@d
compact HISs to be integrated within the targetedg tg the tangential component of the magnetic fidld
technology. In response to such requirements, aatthe surface Equation 1:
plethora of designs and techniques have been mport
in the literature which will be reviewed in thistiate. IE, |

In section 2, a theoretical background on HISs is Zs = ] (1)
provided. In section 3, we discuss the design, !
methodology and applications of the significant ] o
flexible HIS designs reported in the literature.eTh Where,E; and H; are the electric and magnetic fields
flexibility analysis involved with characterizinghé¢  COmponents tangential to the surface. . .
performance of HISs under bending and flexing The FSS grid along with the grounded dielectrib sla

conditions is discussed in section 4. Finally, €@n be represented by a capacitance in parallél avit

with a resonant frequency given by Equation 2:

2. HIGH IMPEDANCE SURFACES:
BACK GROUND fa—1t 2
2ny/L.c @
HIS was first proposed by (Sievenpipet al.,
1999) the structure of which was based on squareyhere, L and C are the equivalent inductance and

metallic plates printed on a grounded dielectric capacitance associated with the dielectric slabtaed
substrate and connected to the ground plane throughtss grid. The circuit analogy for the HIS is depitt
metallic posts (vias). Later on, numerous typesits in Fig. 1.

geometries have been extensively studied (Kim agd, Y This resonant frequency is determined by the
2008; Costaet al., 2009). In general, HIS's are Qimensions and geometry of the structure; i.e.,
classified into two types based on their charastri changing the dimensions and geometry leads to a
features: Artificial Magnetic Conductor (AMC), change in the values df and C and therefore the

which mimics a Perfect Magnetic Conductor (PMC) in yesonant frequency can be modified accordingly. For
a specific frequency range and Electromagnetic Bandgxample, the period of a square patch based HIS is

Gap (EBG). It is known that a Perfect Electric rg|ated to its resonant frequency by Equation 3:
Conductor (PEC) has a reflection phase of 180°afor

normally incident plane wave, while a Perfect
Magnetic Conductor (PMC), which does not exist in p=
nature, has a reflection phase of 0°. Image theorem
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Fig.1. (a) Circuit representation for the HIS structurg@onventional Square-patch based HIS structure

According to the same paralleC model, the surface process and it would be impractical to considefoit
impedance and reflection coefficient for the HIS flexible and conformal applications.
structure can be calculated by Equation 4 and 5: In general, EBG’'s resonant frequency does not
normally coincide with the AMC’s. This can detesats

7 = jal 4 the benefits of HIS in specific applications. Howg\the
s 1_(w )2 “) AMC and EBG features are not required to coexishe
o considered application.
where,wy is: 3. LITERATURE REVIEW

1 Bai et al. (2009) investigated the performance of a

“’v‘m ®) textilg Coplanar Wa\_/eguide f_e_d (CPW) antenna under
bending and crumpling conditions. A HIS is used to
improve the wearable antenna performance. Bothtinpu

impedance and radiation pattern were investigateed

on numerical and experimental methods.

r= Z,-Z, 6) Zhu and Langley (2009), investigated the

Z.+Z performance of a flexible dual band (2.45, 5 GHx}ite

antenna based on the conventional square patchl base

eHIS in terms of Specific Absorption Rate (SAR). A
significant reduction in SAR achieved when the HIS

fstructure is included; however, the size of theigiess
relatively large (128120 mm). Moreover, textile based
antennas are prone to discontinuities in substratierials

in addition to the textile nature of fluid absogpti A

i S ) flexible, compact antenna system intended for tetbome

yields infinite surface impedance. Thus, the plamse applications was proposed by (Raedal., 2012). The

reflection coefficient for the PMC is +1. _ design is based on an M shaped printed monopole
It is worth mentioning here that the operationaBHI  gntenna operating in the Industrial, Scientific and

bandwidth is between -90° and +90° as defined bypmedical (ISM) 2.45 GHz band integrated with a
(Sievenpipeet al., 1999). miniaturized slotted Jerusalem Cross (JC) HIS gdoun
On the other hand, when dealing with surface wavesplane. The HIS ground plane is utilized to isoltte

suppression, mushroom type EBG structure demoastrat user’s body from undesired electromagnetic radiaiio
a better performance compared to vialess structuresaddition to minimizing the antenna’s impedance
However, grounding vias complicate the fabrication mismatch caused by the proximity to human tissues.

And the reflection coefficient is Equation 6:

where, 7 is the free space impedance. As can b
determined from (6), the surface impedang®fZa PEC
surface, which has a zero tangential component o
electric field is zero. Hence, the PEC reflection
coefficient is equal to -1. While for a PMC surfatiee
tangential component of the magnetic field is aghich
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SAR is assessed using a Human body model (HUGO) tanethod to evaluate the effect of curvature on éfieation
verify the feasibility of the proposed design. Tardenna  phase characteristics of an AMC structure. By olisgithe
expresses 18% impedance bandwidth; moreover, thehanges of the corresponding frequency band afrrétas
integration of the HIS ground plane increases thetfto  of different length dipoles antennas versus inphase
back ratio by 8 dB, provides 3.7 dB increase imgai  reflection, the effect of curvature on the refleatphase is
addition to 64% reduction in SAR (Shahid, 2009) determined. Raadt al. (2012) proposed a systematic
presented a modified wearable form of HIS defined a approach to characterize the performance of abflEeXl 1S

non uniform HIS and integrated it with an antenoa f \yhen subjected to different extents of bending@mpsed.
improved performance under low profile limitatiofhe The performance of an array of squarepatch bas& HI
HIS was also utilized to reduce the size of a nérma \nqer various bending extents was investigated as a
%enchmark. According to the reflection phase ans|lys
shift to a higher resonant frequency is observed in
addition to bandwidth degradation when the degree o
bending is increased. It is worth mentioning tha¢ t
reported study could be applied to different HIS
geometries depending on the targeted application.

bandwidth. A low profile antenna based on the prigs

of a non-uniform HIS was presented by the sameoauth
in 2010. The proposed design is able to minimize
electromagnetic interaction with the human tissubigh

in turn reduces SAR and degradation in radiation
efficiency. Finally, A flexible uniplanar HIS desig
manufactured using laser micromachining was present
by (De Cos and Las-Heras, 2012). It is charactdrize 5. CONCLUSION
under flat and bent conditions by measuring itkeotibn . . .
coefficient phase in an anechoic chamber. The dedig The integration of High Impedance Surfaces (HISs)

prototype shows broad HIS operation bandwidth (agou Within modern wireless systems is becoming incregi

7%) and polarization angle independency. popular nowadays due to their beneficial properties
Consistently, flexible electronics are drawing much
4. FLEXIBILITY ANALYSIS attention and are on a fast track to commerciaizaf his

triggered the need for an article to systematiaayew the
As stated previously, flexible, wearable and camflr  status of the flexible and conformal HIS research.
antenna systems are becoming extremely popular A theoretical background was provided in the first
nowadays. One of the main challenges facing SUsler®8  gection, followed by an extensive literature review

is the uncertainty of maintaining performance patens of | ibing desi d licati f flexible HIS
the wearable/conformal antenna system which ardozs escribing designand applications ot fiexle S
Finally, flexibility analyses which are needed to

their flat profile during operation especially fetements .
made of flexible materials. Therefore, it is neaegsto characterize the performance of such structureserund

evaluate the performance of antennas and any tjpe gPperational bending anq flexing effects are re.vidawe
integrated structures under bending and flexinglitons. ~ Was concluded that this type of study is vital when
It is worth mentioning that most previous reseavels only ~ designing HIS structures for flexible and conformal
focused on investigating the bending effects onapplications due to their consequent parametensgeha
wearable/conformal antennas based on conventide@l P

ground planes both numerically and experimentally 6. REFERENCES

(Farahaniet al., 2010). Palikarast al. (2011), proposed a

conformal HIS is utilized to reduce the diameteraof Bai, L., A.L. Goldman and J.R. Carlson, 2009. Resit

cylindrical antenna, However, only the effect of and negative regulation of odor receptor gene ehoic
curvature on the far field radiation pattern was in Drosophila by acj6. J. Neurosci., 29: 12940-
investigated. Bai et al. (2009) investigated the 12947. DOI: 10.1523/JNEUROSCI.3525-09.2009

performance of a dual band textile antenna intedratith Cai, X.H., B. An, X.W. Lai, Y.P. Wu and F.S. Watial.,
an HIS under bending and crumpling conditions imgeof 2007. Reliability evaluation on flexible RFID tag

input impedance and radlatl_on patterns. Howevee, th inlay packaged by anisotropic conductive adhesive.
reported research focused mainly on the effectinfature . .
Proceedings of the 8th International Conference on

on the antenna characteristics only. De @oal. (2011) . .

presented and characterized a flexible uniplanarCAM Electronic - Packaging Technology, Aug. 14-17,
based on reflection coefficient phase under fldt@reping IEEE Xplore Press, Shanghai, pp: 1-4. DOL
conditions. Liuet al. (2008) proposed a trial and error 10.1109/ICEPT.2007.4441524

////4 Science Publications 269 AJEAS



Costa, F., S. Genovesi and A. Monorchio, 2009. 1@n t

Hertleer, C., H. Rogier,

Haider R. Khaleeét al. / American Journal of Engineering and AppliedeBces 7 (2): 266-270, 2014

bandwidth of high-impedance frequency selective
surfaces. Proceedings of the IEEE Antennas and
Wireless Propagation Letters, Dec. 11-31, IEEE
Xplore Press, pp: 1341-1344. DOI:
10.1109/LAWP.2009.2038346

De Cos, M.E. and F. Las-Heras, 2012. Novel uniglana

Park, J.Y., C.C. Chang, Y. Qian and T. Itoh, 208d.

improved low-profile cavity-backed slot antenna
loaded with 2D UC-PBG reflector. Proceedings of
the IEEE Antennas and Propagation Society
Symposium, Jul. 8-13, IEEE Xplore Press,
Boston, MA, USA, pp: 194-197. DOL:

10.1109/APS.2001.959431

flexible artificial magnetic conductor. Int. J. Qian, Q., M. Wu, H. Cao, Y. Guo and S. Fasical.

Antennas Propagat., 109: 1031-1035. DOI:

10.1007/s00339-012-7373-9

De Cos, M.E., Y. Alvarez, R. Hadarig and F. Lasaser

2011. Flexible uniplanar artificial magnetic
conductor. Proceedings of the 5th European
Conference on Antennas and Propagation, April 11-
15, IEEE Xplore Press, Rome, pp: 1218-1221.

Farahani, H.S., M. Veysi, M. Kamyab and A. Tadjalli

2010. Mutual Coupling Reduction in Patch Antenna
Arrays Using a UC-EBG Superstrate.
Antennas Wireless Propagat. Lett., 9: 57-59. DOI:
10.1109/LAWP.2010.2042565

L. Vallozzi and L. Van

1997. The effect of antisense human Fas RNA on
activation induced apoptosis of T cell. Zhonghua,
18: 619-622. PMID: 15625758.

Raad, H.R., A.l. Abbosh, H.M. Al-Rizzo and D.G.

Rucker, 2012. Flexible and compact AMC based
antenna for telemedicine applications. IEEE
Trans. Antennas Propagat., 61: 524-531. DOI:
10.1109/TAP.2012.2223449

IEEE Shahid, B., 2009. Design and synthesis of non

uniform high impedance surface based wearable
antennas. Phd thesis, Loughborough University
Institutional Repository.

Langenhove, 2009. A textile antenna for off-body Sievenpiper, D., L.J. Zhang, R.F.J. Broas, N.G.

communication integrated into protective clothing
for firefighters. IEEE Trans. Antennas Propagat:, 5
919-925. DOI: 10.1109/TAP.2009.2014574

Huang, Y., J. Chen, Z. Yin and Y. Xiong, 2011. RoH

roll processing of flexible heterogeneous electsni

Alexopolous and E. Yablonovitclet al., 1999.
High-impedance electromagnetic surfaces with a
forbidden frequency band. IEEE Trans. Microw.
Theory Tech., 47: 2059-2074. DOI:
10.1109/22.798001

with low interfacial residual stress. IEEE Trans. Yang, F. and Y. Rahmat-Samii, 2009. E|ectromagnetic

Components Packag. Manufact. Technol., 1: 1368-
1377. DOI: 10.1109/TCPMT.2011.2157692

Kim, D. and J. Yeo, 2008. Low-profile RFID tag amte

Band Gap Structures in Antenna Engineering. 1st
Edn., [llustrated, @ Cambridge, @ Cambridge
University Press, ISBN-10: 052188991X, pp: 266.

using compact AMC substrate for metallic objects. v 5 HY W. Xu LW. Li Q. Wu and T.S. Yeet

IEEE Antennas Wireless Propagat. Lett., 7: 718-
720. DOI: 10.1109/LAWP.2008.2000813

Liu, T., X.Y. Cao, J. Ma and W. Wang, 2008. Effeft

curvature on reflection phase characteristics of
electromagnetic band-gap structures. Proceedings of
the Global Symposium on Millimeter Waves, Apr.

al., 2005. Propagation property analysis of

metamaterial constructed by conductive SRRs and
wires using the MGS-based algorithm. IEEE

Trans. Microwave Theory Techniques, 53: 1469-

1476. DOI: 10.1109/TMTT.2005.845210

21-24, |EEE Xplore Press, Nanjing, pp: 260-263. Zhu, S. and R. Langley, 2009. Dual-band wearable

DOI: 10.1109/GSMM.2008.4534617

Nathan, A. and B.R. Chalamala, 2005. Special Issue

Flexible Electronics Technology, Part 1: Systems
and Applications. IEEE Proc., 93: 1235-1238. DOI:
10.1109/JPROC.2005.851525

Palikaras, G.K., A.P. Feresidis and C.G. Parinil1120

Advances in conformal metamaterial antennas using
High Impedance (HIS) and Electromagnetic
Bandgap (EBG) surfaces. Proceedings of the 5th
European Conference on Antennas and Propagation,
Apr. 11-15, IEEE Xplore Press, Rome, pp: 3466-
3469. DOI: 978-1-4577-0250-1

////4 Science Publications 270

textile antenna on an EBG substrate. IEEE Trans.

Antennas  Propagat., 57: 926-935. DOI:

10.1109/TAP.2009.2014527

AJEAS



