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Abstract

Technologies such as direct broad cast satelldgeesy (DBSS), Geosynchronous Earth Orbit
(GEO) and Low Earth Orbit (LEO) satellite commurnicas , global positioning system
(GPS), high accuracy airborne navigation systemaalagge variety of radar systems demand
for high level of antenna performance. Similarhe tequirement for upcoming land based
wireless systems such as cellular and indoor conpation systems that is needed some
more specific and additional features added taatitenna to compensate for the deficiencies
encountered in system’s performance. Though metafitennas are capable enough to fulfil
all the operational requirements, however at verghhfrequencies and under hostile
temperature conditions they are constrained to feeain limitations. To avoid these
constraints the performance of Dielectric ResonAtaennas (DRAS) is evaluated and their
new applications are proposed. In the thesis, yed of antenna applications are sought:

- First is for tracking and satellite applicationsattmeeds a larger aperture
coverage in elevation plane. This coverage iszedlwith a good CP purity
by proposing two ports dual linearly polarized DRArking at X-band. The
DRA is excited by two orthogonal H-shaped apertsi@s yielding two
orthogonal polarizations in the broadside directiBncommon impedance
bandwidth of 5.9% and input port isolation of -3B dre obtained. The
broadside radiation patterns are found to be higiilymetric and stable with
cross polarization levels -15dB or better over ¢héire matching frequency
band. The maximum measured gain is found to beB2 &d8.4 GHz.

- The 2% type of antenna is a dual pattern diversity araetonbe used in the
Body Area Network (BAN) context. This antenna conds a slot loop and
DRA vyielding broadside and end-fire radiation paiserespectively. Based
upon the feeding techniques, the DG antenna ihdurtivided into two
categories one with planar feeds and the other nath-planar feeds (slot
loop excited by planar CPW but DRA excited by eatimonopole) .Both
types are successfully designed and measured updwy wehen configured
into different propagation scenarios. The non-plafe@ds antenna allows
wider common impedance bandwidths than the plaredd (4.95% vs 1.5%)

. In both cases, a maximum value of DG=9.5dB vedsezed when diversity
performance tests were carried out in rich fadingrenments. This value is
close to the one (10 dB) theoretically reached pui@ Rayleigh environment
and was obtained with efficiencies of 70% and 88%lie slot loop and the
DRA respectively. Therefore, we conclude that thestennas could be used
on the shoulders or the chest of professional ektffiremen, policemen,
soldier) where full planar integration is not a k&sgue but where the
communication must be efficient in harsh environteeand for various
gestures, positions and scenarios.

Key WordsDRA, H-shaped aperture slots, Symmetric radiatiattegpns, Slot loop, Diversity
Gain (DG), Body Area Network (BAN).






Résumé

Que l'on considere les domaines des téléecommuaitatide la navigation ou de la
localisation, un niveau élevé de performancesateehne permet de relacher I'effort sur les
niveaux de sensibilité des récepteurs ou les paences en linéarité et en gain des émetteurs.
Il est donc utile de poursuivre des rechercheglsurouveaux types d’antennes en particulier
pour les applications émergentes.

Aux fréquences élevées et dans des conditions métature hostiles, les antennes a
résonateur diélectrique (DRA) sont par exemple plleptées que les antennes métalliques. .
Les antennes DRA, de par leur nature volumiqueggatement la capacité de s’intégrer a des
antennes métalliques 2D avec un couplage réduit.

Dans la thése, deux types d'applications de I'am@dDRA correspondant a ces 2 propriétés
sont recherchés

la réalisation d’'un élément rayonnant pour un neggase embarqué sur un véhicule
terrestre ou un avion. Cet élément de base requiget couverture en élévation
supérieure a celle des éléments imprimés pour pgemene poursuite typique de
+70°. Cette couverture dans un cone large est asawéc une bonne pureté de
polarisation circulaire en utilisant deux ouvertura fente en H orthogonales
parfaitement découplées en bande X. La bande pgassammune en impédance pour
les 2 ports est de 5.9% avec une isolation de B5Lleés diagrammes de type
“broadside” sont trées symétriques avec des niveupolarisation croisée inférieurs a
-15dB sur toute la bande. Le niveau maximum de gsir2.5dBi a 8.4 GHz.

La deuxiéme structure est destinée a la diversdaétehnes dans le contexte des
réseaux corporels ou Body Area Network. L’antenmivarsité combine une antenne
fente en boucle avec un DRA ce qui permet dansspace compact de réaliser des
diagrammes de type “broadside” et “endfire” respechent. Les alimentations
considérées sont de 2 types; Soit purement plaf@iieroruban et coplanaire) soit
mixte en combinant une alimentation coaxiale et almmentation coplanaire. Les
antennes réalisées sont testées avec succés sorpke pour différents types de
scenarii. Lorsque les alimentations mélangent ulmeatation coaxiale et une
alimentation coplanaire, on obtient une bande p@ssan impédance commune
Supérieure au cas ou les 2 ports sont planair@s%lvs 1.5%). Dans les deux cas, un
gain en diversité de 9.5 dB est mesuré pour uremitiche en multi-trajets. Cette
valeur est proche du maximum théorique (10 dB)rbigans un canal de Rayleigh.
On conclut donc que ces antennes compactes etepsibles a la présence du corps
peuvent trouver leur place dans des vétementsgsiofenels (type pompier, pécheur,
etc...) ou l'intégration n’est pas un élément clé snail I'influence du milieu et la
variété des mouvements et scénarii ne doivent pggeher un bon fonctionnement
de I'antenne.

Mots clés: DRA, ouverture en H, diagrammes de ragarent symétriques, boucle fente, gain
de diversité (DG), Body Area Network (BAN).
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1.1 Problem statement:

his thesis is based on two distinct contractugjeats ruled by the ESYCOM Laboratory.
The common link between them is the use of DRAhaseart of the antenna system.

1/ Project 1: Antenna element for digital beamfargnarrays in the Ka-band.

The first project was an industrial one supportegd AXESS EUROPE aiming the
development of smart antenna arrays using digishniforming (DBF) at Ka-band
frequencies [1-2].

This project is related to the increasing demarrdnfobile access to fast data services in
future broadband satellite systems. In-flight datahange between aircrafts and satellites for
real-time internet access is a prominent exampll wktensions to trains or trucks also
anticipated.

Connexion by Boeing [3] was the first in-flight am Internet connectivity service allowing
travelers to access a high-speed Internet conmeatidle on board a plane in flight through a
wired Ethernet or a wireless 802.11 Wi-Fi connettibhe infrastructure used a phased array
antenna Ku band antenna manufactured by eithemBami Mitsubishi Electric Corporation

-1 -



on the aircraft, leased satellite transponders, gmodind stations (Fig. 1.1). The service
provided downlink speeds of up to 20Mbit/s and nipkpeeds up to 2 Mbit/s. Connexion by
Boeing turned out to be a commercial failure in@00t a partnership betweetoneywell et
Inmarsatshould provide a new service by 20h5he Ka band (downlinsOMbit/s at 20 GHz
and uplink 5 Mbit/s at 30 MHz).

On the other hand, DBF provides a high degree stesy flexibility, e.g. adaptive interferer
cancellation and multiple-beam generation. Thedernaias are key subsystems for the next
generation of communication platforms for mobileengs They have been the heart of the
project called SANTANA $mart Antenra Terminal) initialised in 2001 and funded by the
German governmend]. Within the SANTANA project, highly integrateglansmit / receive
modules are developed to demonstrate the technaddgga-band multimedia terminals
emploing digital beamforming. A complete mediumesi2BF system has been realised (64
antenna elements each for the transmiting / rewogiverminal). This system has been
successfully demonstrated by establishing commtiaitdinks between the DBF terminal
and moving platforms (car or plane).

In the future, this advanced technology is intenttedomplement or even replace existing
airborne communications systems, which operatelyniosthe Ku-band.

The scope of our project was to design appropriadéating elements for an antenna array
associated to a Ka-band receiver.

This radiating element must be designed with ti@etrconstraint of polarization purity,
impedance bandwidth and angular coverage. Theieffig of this radiating element is also
mandatory as the total array size must be keptadl as possible.

Figurel.1: Concept of Satellite systems for on-doaultimedia and Internet traffic



Orthogonal linear polarizations can be used to anprisolation between receive and transmit
paths in the RF front end, or to re-use a frequeincyseparate channels. Also, to avoid
polarization mismatches in satellite communicatsystems, a dual linearly polarized or a
circularly polarized antenna is considered to be best solution. A circularly polarized
antenna can be obtained with a single port butpi@se quadrature combination of two
orthogonal linearly polarized ports is usually preéd if wider 3dB AR bandwidths are
required. High decoupling between these 2 poremiscase of major importance to respect
the regulations.

In reported dual linearly polarized antennas, thpedance bandwidth and radiation patterns
symmetry are often limited. One such type of situais presented in Figurel.2 where the
asymmetric radiation patterns limit the circulatgszation purity [5].

For tracking applications, the need for large apertcoverage (say greater tham0° in
elevation) is also a key. When this coverage meastealized with a good CP purity and in
bandwidths greater than few percents, common ptiteteologies are rapidly limited.

(b)



Figure:1.2 (a) picture of the antenna structurg(®j1:E&H co-polarization in broadside
direction (c) port2: E&H co-polarization in broadsidirection [5]

2/ Diversity antennas for Body-worn applications

In the frame of the ANR project BANET launched ©0Z, the laboratory was involved in the
development of antennas specifically dedicatedhi® BAN environment [6] and in the
theoretical and experimental modelling of the BANaenel (Fig 1.3). The first objective of
BANET was to provide a framework, models and tedbgies to design optimised wireless
communication systems targeting the widest rangeodly area network based applications,
in the consumer electronics, medical and sport dmsna

In indoor environments, two or more antenna stmestuworking at the same resonance
frequency but yielding different radiation pattermre often required to obtain the diversity
features fighting the multi-path fading. To maintaiompactness, these antennas must be
integrated to each other while providing diverdigatures at the same time, i.e., distinct
patterns/polarizations with high port decoupling.two-port dual-pattern antenna yielding
broadside and end-fire type radiation patterns matlynmoffer an excellent Diversity Gain
(DG) performance but owing to integration constisiit is often difficult to observe pure
pattern forms rather they get de-shaped due tefteets of ports coupling. One such case is
presented in Figurel.4 where it can be observadriteadual-pattern ISM band antenna, high
coupling levels have excessively de-shaped the ategeradiation patterns which in turn
increases the pattern correlation and reduces @&e D
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Broadside co-polarization
Broadside cross-polarization

Endfire co-polarization
Endfire cross-polarization

(€)

Figurel.4: (a) ISM band dual radiation pattern angdepicting high level of ports coupling
(-3dB) (b) De-shaped broadside radiation patter)se-shaped end-fire type radiation

In both projects, the need for compact dual-potariantennas showing high polarization
purity in large beamwidth and bandwidth is a grefadllenge with metallic antennas. The
main expectation of this thesis is that DielectResonator Antennas (DRAs) are good

-6 -



candidates for the projects depicted above. THiscwiminate in the design and fabrication of
two prototypes

1/ A dual linearly polarized X-band (8-12) GHz DRAelding wide impedance bandwidth
and symmetric radiation patterns to be used foaradd satellite applications. The prototype
was developed at frequencies below the targetedadd to release the effort on the antenna
fabrication, the main goal being the validationtloé feeding strategies to reach the antenna
performance.

2/ A diversity antenna showing a dual pattern aased on a slot-loop and DRA for Body
Area Network (BAN) applications at 2.4GHz.

The main motivations for the choice of DRA are disd below
1.2  Scope of Dielectric Resonator Antennas:

Dielectric materials are non conducting materialst jlike ordinary insulators but have
peculiar characteristics to handle the effect térahting electric fields which when applied,
disturb its dipole orientations. Its behaviour tltapends upon the situational property which
defines how it reacts to the applied electric fiaitdl the induced dipole moment produced in
it.

There is a long list of such materials either ratyravailable or synthetically fabricated by
doping the mixture of different ceramic materials

The dielectric material’'s behaviour is recognizeg & term “relative permittivity” or
“dielectric constant” that is commonly expressedras /g Whereg is called permittivity of
free space, i.e., the dielectric constant valuesefierenced with respect to the an=().

The dielectric constant represents the ability ofaterial to carry an alternating current to the
ability of vacuum to carry alternating current thimsroducing certain capacitance in that
material. Alternatively, when a potential is apgli& concentrates the electrostatic lines and
correspondingly stores certain amount of energgtive to the permittivity of the vacuum.
Apart from efficient radiating elements in the foohantennas, the dielectric materials are
used either in capacitors to increase their cagao@ or in microwave circuits as resonators to
increase the Q-factor of oscillators and filters.

The trendy next generation communication systenes sifting to higher and higher
frequencies limiting metallic antennas performamgeart from severe metallic losses or poor
radiation efficiencies, they offer narrower impedarandwidths such as in microstrip patch
antennas. Under these circumstances, the perfoemahdielectric Resonator Antenna
(DRA) offers best results compared to other anteriamilies. Some of its characteristics are
enumerated below that truly speak of their viap#ihd applicability.

» Design & shape flexibility A broad variety of DRA shapes ranging from trialag to
hemispherical and elliptical to split forms careetively be employed. Some typical shapes
among them are shrewdly manipulated to lower tisenance frequencies which cater to
specific application needs where integration ofjéavolume is a problem. For instance, for
a given radius and dielectric constant the TEO1 enofithe split cylinder DRA vyields
nearly 30% lower resonance frequency that its HENMhhble yet both introduce same type
of broadside radiation patterns [7]. The split mgttr DRA working in its TEOlmode is
presented in Figurel.5.
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Figure:1.5 A DRA radiating it its TEO1 mode[7]
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* Wider impedance bandwidthin terms of performance, generally DRAs are camgpa
with microstrip patch antennas however the formeégldg much wider impedance
bandwidth than the latter. One such situation iaded in Figurel.6 where at resonance
frequency of 35GHz, the -10dB impedance bandwidtihe® DRA (dielectric constant=10)
Is found to be 15.6% while for microstrip patcheanta it is just 2.6% [7].
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Figurel.6: Impedance bandwidths comparison betwd@RA and
microstrip patch antenna (MSA) [7]

Ease of integration with other antenna®©RA can be easily integrated to other types of
antennas and in many cases it is just loaded upem tand as an additional advantage it
lowers the resonance frequency and enhances thedlanpe bandwidth. One such set up is
shown in Figure 1.7 where loading of the DRA upaich antennas has reported an

increase in their bandwidth from mere 2% to 10% [7]
z Cytndrical DRAS

257

‘Subsirate Micrazinie Patthea

Figurel.7: DRA loaded upon square and circular osicip patches [7].

Negligible dielectric lossesAs no metallic losses are associated with DRAd also
dielectric losses are negligible so it offers aerall better efficiency particularly working at
high frequency when compared to patch antenna.cdmgarison is illustrated in Figurel.8



where at 35.5GHz frequency the radiation efficien€YRA is found to be 95% while for
patch antenna it is 86% [8].
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Figurel.8: Radiation efficiencies of (a) DRA as 9@8ppatch antenna as 86% [8].

High temperature toleranceExcessive metallic losses at high temperaturssidi antenna
frequency but due to negligible such losses inedieic materials, DRAs are supposed to
remain stable especially in adverse circumstanees as fire or war conditions [4].

Versatile and flexible excitation techniquedNormally patch antenna design require two
substrates, one for supporting the patch whileroihaised to etch the feed structure thus
restricting an access to other type feeds avail@b@RAs. Many innovative but simple feed
excitations described in section2.2 can easily bepleyed to get DRA’s improved
performance [4]-[6].

1.3 Outline of the thesis:

The thesis is composed of five chapters of which finst chapter introduces general
information, the problem statement, contributiorthad thesis and the proposed solutions. The
other chapters are more specific and target howdheissues are to be resolved.

Chapter2: Until the fundamental characteristics of the DRAs thoroughly known, it is
difficult to fully exploit their most significantspects to design efficient and highly capable
antennas. Chapter2 briefs the details of their ipessggeometry shapes, radiating modes
yielding typical resonant frequencies and radiapatterns, choices of feed mechanism, and
ways and means to optimise the expected resulfg to desired applications. Finally it
elaborates the fabrication issues and also suggests remedial measures.

Chapter3: In this chapter starting from the theoretical imbation, first of all fabrication
issues would be resolved that mainly include DRAsunting and gluing with the ground
planes and the associated feed structures. Thesevafuated in terms of changes in the
resonance frequencies, bandwidths and radiatioterpat Based upon these conclusions,
certain sensitivities and tolerances would be nthied be given due attention while finally
designing a two ports dual linearly polarised DRAMhigh ports isolation and symmetric
radiation patterns to be used at X band for raddrsatellite applications.



Chapter4: This chapter includes rigorous simulation techngqt® design a dual radiation
patterns diversity antenna @2.4GHz to be used émlyBArea Network (BAN) applications.
In first part slot loop antenna that is to yiel®adside radiation patterns is fed by coplanar
waveguide line while DRA that is to yield end-figgoe radiation patterns is fed by non-planar
vertically embedded monopole from below the groprahe. In second part both feeds are
made planar that is slot loop and DRA are excitgdnixrostrip lines etched on the opposite
side of the ground plane. Hence two compact antetnactures are realized that offer
different types of advantages, one with larger camimpedance bandwidth while the other
facilitating its integration upon the body surfaBefore the fabrication takes place, both are
subject to on the body tests to observe if any gbam their performance.

Chapter5: It is assigned to the actual measurements of thenaas and to evaluate their
Diversity Gain (DG) performance in the BAN conteBbth antennas, one with non-planar
and other with planar feeds are measured in tleedpace and then planted at different body
positions in receiving mode. A top-loaded monopaléransmitting modes is worn at belly
position thus forming several communication linkke multi-path effects and time delayed
replica of signals received at the diversity angeare statistically assembled. Finally, suitable
models are applied to observe their Diversity GBIG) performance.

Chapter6 This is dedicated to the overall conclusion amiife prospects of the dual linear
polarized and diversity gain antennas in the frafmeRAs.
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part from efficient radiating elements, DielectResonator Antennas (DRAS) are very

flexible in offering different shapes so any onen dae chosen that is cylindrical,
rectangular, hemispherical conformal or high peofihat suits to particular needs, however
operating in their fundamental modes they all radibke horizontal magnetic dipoles,
independent of their shapes.
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Figure2.1: Different shapes of DRAs .The pictureves cylindrical rectangular hemispherical
low profile circular-disk, low profile triangulama spherical-cap DRAs. [1]

Special design shapes placed on the ground planprasented in Figures 2.2, 2.3, 2.4, 2.5

and 2.6:

z  Seactored Cylindrical DRA
Sectnred Rlng DRA

VA
Ad é )_‘ % Euip/mar DRA

Fig2.2: Sectored and elliptical shaped DRAs tailfaffecific shape requirements [2]

Z

¥ Cross- Shaped DRA

: g Conical DRA  Split-Conical DRA F %
g / Gmund

N\
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Fig2.3: Conical for large bandwidth and cross-shdpe dual polarization purposes [2]

Z  Chamferad
°°'“’3’5 Rectangular DRA

- g

= =

Fig2.4: Rectangular to yield broadside radiatiotiggas and Chamfered-shaped for circular

polarization [2]

Splt Triangle DRA b Truncated Pyramid

Fig2.5: Triangle and Truncated-shaped for moreifipaectegration needs [2]

Ground
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Far-Field
Hemispherical DRA 7 Observation

; Stepped Steppad \ I/_H\ / Point

Rectanguiar DRA  Cylindrical DRA

Ground Plane

Fig2.6: Stepped for larger bandwidth and Hemispbkbheped for analysis purpose [2]
2.1  Cylindrical DRA Characteristics:

A DRA can be analysed in terms of its shape andesad excitation. The electromagnetic

near fields inside the resonating body are the @rgources of interpreting the far field

radiation patterns and thus help to understandothezall characteristics of the antenna.
Though many design shapes are available as shofsigune 2.1, however the best one is that
which is either readily available or that is simfbecut, grind and mould. It is for this reason
that a circular cylindrical shape has been chosethe proposed designs.

2.1.1 Resonant Modes:

Whatever may be the geometry shape of the DRA ihatylindrical, rectangular and
hemispherical, ultimately it is analysed in ternist® resonant modes, near-field distribution
inside the resonator, far-field radiation into thgace, resonant frequency and impedance
bandwidth. The resonant modes are generally claedsiinto two categories such as
Transverse Electric (TE) and Transverse Magneti(TBbth TE & TM must refer to a
coordinate axis. For instance if TE is considergédrepresents that in the direction of
propagation the Electric field component vanishesilev it becomes Transverse
(perpendicular) to it [5]-[6]. For cylindrical DRAt is suggested to make a mode analysis on
the basis of cavity resonant model in which outefazes of the cavity are approximated by
perfect magnetic walls so that eigen function espanfor the fields can be utilised. Then, on
the same footings, same analytical approach carexbended to the mode analysis of
rectangular or hemispherical shaped DRAs.

Cylindrical DRA Far-Field
,  Observation
Point
5 — : R /
Fon s : S
_//' ., —— j //
2 < AR
I RN
/ ko b //
L~ Ground Plane i

Fig2.7: Cylindrical DRA placed on the ground pld2g
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An isolated cylindrical DRA with radius “a” and Igéit “h” on a large ground plane supports
three distinct modes that is TE (to z), TM (to mgdehybrid. TE (Ez=0) and TM (Hz=0) are
axially symmetric and have npvariation while hybrid modes do have. At higheduencies,
pure transverse electric or pure transverse magrfetlds behaviour does not exist
distinctively. So they are termed as hybrid elaoi@gnetic fields and are represented by HEM,
the lowest of them is HEM|[6] .These fields ar@ dependent and can be categorised into
further two groups HE (if Ecomponent is dominant) and EH (it Ebomponent is dominant).
However, for practical purposes only TE, TM and HEMre mostly considered. To identify
the field variations along azimuth)( radial (r) and axial (z) usually three indichattis npm
are used such as & or TMnm.The ' index represents the no. of full period field
variations in azimuthal direction, th8%ndex indicates the no. of radial variations wigl&
index specifies that the dielectric resonator isrt&r than half wave length which is rarely
used and hence for most of the cases it is omiftkd.field description then depends upon
just first two indexes n & p. Wherf'iindex is zero, the electromagnetic field is ciacly
symmetric and seems in the form of concentric egavhen viewed form the cross section
side.

For cylindrical DRA of radius ‘a’ and height ‘h o, the field distribution can be described
in terms of Bessel functions as:

TE: H™"= Jn<(x IE r)‘ a>{igls(%¢;)} sin[(2m + 1)72/2h]} (2.1)
™: E™"= Jn<(XIE,A r)‘ a>{igls(;(2)} cod(2m+1)7z/ Zh]} (22)
n=1,2,3..... p=1,2,3...... m=0,1,2......

where Jn is the nth order Bessel function of thet find while(xrff)and(xgg") are the roots
that satisfy the corresponding characteristics gojust

3,(xE)=0 and  3,(x7¢)=0
The simplified mathematical expression for the mestt mode frequencies is given by
equation (2.3):

C {XTEZ } R 2
f = ke {_ (2m+1)} (2.3)
npm 2
2mmfe, || x| L2d
Employing the corresponding mode, for instance TMiiode the expression (2.3) reduces
to:
C 2 B ? . . 2
f o = 2 \/{XnTg" }+[%} in which (X,Tg" ): (1.84)?

Practically Important Modes:

From application point of view, some typical mo@es categorised as;

In open space dielectric resonator acts as a omdather radiating broadside radiation
patterns employing Td& mode or HEM1 mode while monopole like radiation patterns (end-
fire) using TMv1 mode. As per need of a typical radiation pattamy of the modes can be
excited using a suitable feeding mechanism.
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TEo1s mode:

Usually this mode is excited in split-cylindricddagpe for which the design formula is given in
equations (2.4) and (2.5)

30k
frreo (GHZ) = 27915(82) (2.4)
2
ka=-—227 {1+0212——0008( j } (2.5)
£ +1

TMi10(HEM11)mode

Its simplified design formula is given by the etijoa (2.6) as:

frigo = P \/_ \/184])2 ( j (2.6)

TMo1mode:

Its simplified design formula is narrated by eqoasi(2.7) & (2.8)such as:

fro 01(GHZ) = ;glzg?n)) (2.7)

MEEE .

The resonant frequency associated to each modeefedin the example of Table2.1

Table2.1: FoEr=38, if a=0.6415cm and h=0.281cm

No. Modes Frequency
1 TEo1 3.98 GHz
2 TM1o(HEM11) | 5.26 GHz
3 TMoz 6.12 GHz

2.1.2 Typical Mode Excitation

Depending upon the resonant frequency and the remfjgype of radiation pattern such as
broadside or end-fire a particular mode is excitéd. accomplish it effectively, proper
excitation methods are chosen which are mainlyedrivy:
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* Type of the excitation feed.

» Position of the excitation feed.
Take for instance the case of a coaxial probe extie TMio(HEMz11) mode. It is to be
placed close to the peripheral boundary of thendyical DRA whether embedded inside or
poled equidistant outside it to yield correspondbrgadside radiation pattern. Now, if the
same probe is shifted gradually towards the cenitthe DRA, the TMiomode diminishes
while TMo1s emerges to dominate so instead of exhibiting Isiokd it presents the end-fire
type radiation pattern. On the other hand, if aperslot is to be employed, it is to be placed
at the centre, for generating a broadside radigtetitern while to seek end-fire pattern it is
supposed to be shifted to the DRA boundary.
It is important to note that a crucially importdactor is the aspect ratio (a/h). It describes that
a taller DRA with smaller diameter can yield thengaresonance frequency as that of very
short in height but very large in diameter howewath structures posses different Q values.
According to different permittivity values, there a limit of (a/h) and beyond it further
control of shape may not be possible. The aspdict(aith) also plays a significant role in
determining as if to merge two closely resonatirgdes to generat@ider -10dB bandwidth
or not

To make the concept clearer, we consider the nelat distributions inside the cylindrical

DRAs and their corresponding far field radiatiorit@ans in terms of Té&, TMo1 and TM1o
(HEM11) resonant modes [7-9].

ModeThkz:

120 e, B0

30

0 O ol OO g R IR
40 -30 <20 -10 0
—»——H-field —— E-field — E, (xy-plang) wweee E, (yz-plane)

Fig2.8:ModeThko1 and its broadside far field radiation pattern [1].
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Mode TMz:

60

90 I IO ‘ -ll\ . ‘i Ci i 90
40 -30 -20 -10 0

—_——— o 1 —_—— - 1
H-field E-field iy e S

Fig2.9:ModeTMo1 and its monopole like far field radiation patt¢ti

Mode TM1io(HEMz11):
Z

" 60

90 bbb e e ™ L g
40 30 20 -0 0

— By (xz-plane) ======- E, (yz-plane)

——H-field —— E-field

Fig2.10:Mode TMu1o(HEM11) and its broadside far field radiation pattern [1]

In practice, the excitation source may resonatersé modes simultaneously [10]. The field
strength for a typical mode depends upon the erastof the feed location and its operating
frequency.

These far field radiation patterns have clear rédance to other renowned antenna types.
The Tk seems like radiation pattern of half wavelengtirowa slot on the ground plane and
directed to the axis of resonator. The radiatiottepa from TM:1 seems like a quarter
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wavelength monopole above the ground plane [10¢ HEM:1 resembles to that of half
wavelength narrow slot on the ground plane.
A graphical representation of patterns has beeangin Fig2.11 that explains how a gradual
transformation in pattern shape takes place atmitarthe changing locations by an aperture
slot under the DRA.
P g8
b8 4« Tk &

4 A . w30
30 ’ 30 ?0 ‘ 30‘

A

60 - 80 fl

0 1

q - - \_4*\/ [ fgo | E . i S ot Sk A
40030 220 4100 A 3020 100 40000 0

—— By (xz-plang) =ewe=e By (yz-plane) === B, (yz-plane) — By lxeplane)  =eree By (ya-plare) - === E (yz-plenc) — Ey[xeplang] oeeeee By (yzplane) === E, (yzplae)

(Centre) (Mid way to Boundary) (Close to Boundary)
Fig2.11: Changing radiation patterns correspontbrdjfferent slot positions under DRA [1]

It is interesting to observe that when slot is éydocated at the centre the pattern generated
is perfectly symmetric with no cross polarisatiblgwever, when slot shifts from centre to
boundary, the cross polarization grows and ultilgatansforms to totally different pattern .

2.2 Survey of Excitation Techniques

There are some general rules which simplify thelifege mechanism, applicable to any DRA
type and that can further be refined by using mwwakemethods[11]-[12].

While coupling to the DRA, typically one source €Eiric or Magnetic) is considered that in
turn defines the amount of energy being coupledndJthis principal, a resonance can be
sought and tuned over a specific range while diighisplacing the feed position with respect
to the DRA. As a normal practice it should be ledawvith in the stronger field influence

whether Electric or Magnetic .Let if J1 is the smuelectric current and E2 is the Electric
field inside the DRA then the amount of couplingnfr electric source is given by:

KooJ'(Ez.Jl)dV (2.9)

Similarly if M1 is the source magnetic current ad# is the magnetic field inside the DRA
then the amount of coupling from magnetic souragvsn by;

KooJ.(HZ.Ml)dV (2.10)

The coupling mechanism not only transfers energthto DRA but also generates loading
effect which directly controls DRA’s Q factor .Bo#xternal Q- factor and loaded Q-factor
are expressed mathematically as ;

_Q
Quu =7 (2.11)
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_ Q
Q = 1+ K (2.12)

This phenomenon suggest that maximum power isfeaesl from the coupling port to the
DRA when k =1 so in view of it a particular excitat method is selected.

2.2.1 Aperture Slot

It is a renowned coupling technique with the adagatof having the feed network located
below the ground plane to avoid unwanted radiatitvas cause distortion and degrade the
pattern shape. For HEMMor TMi1i0 being the dominant resonant mode, the apertutheat
DRA centre behaves like magnetic current flowingapal to its length and as a result excites
the magnetic fields in the DRA body causing broaelsadiation pattern in the far field [13-
15]. It is depicted in Figure 2.12. The slot is fdmicrostrip line because it is easy to etch on
the substrate and to seek impedance matching.té&timique is particularly recommended
for high frequency designs requiring highest ledfgbrecision and etching accuracy.

Cylindrical DRA

Slot

ety |
<

Fig2.12: Electric and Magnetic field distributioimsslots [2]

The slot’s resonance is avoided to reduce backwahtion. So the slot's dimensions are
kept small enough to avoid its resonance merge thigh of the DRA and large enough to
couple sufficient amount of energy. Although the@xsize of the slot is determined by the
numerical method, however one can estimate itstefig) and width v,) to start with as:

| = 044 (2.13)
Jeo
Where £, = & ;ES (2.14)
&, and &, are dielectric constants of DRA and substrateaetsgely.
w,=0.2l_ (2.15)
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A quarter wavelength stub length can significamtiprove the coupling to the DRA as its
reactance cancels out to that of the slot. Itvemjias

s= s (2.16)
= ,

Where A, is the guided wavelength in the substrate thus.used

2.2.2 Coaxial Probe

The probe can be considered as a vertical elemtri@nt that is positioned to achieve strong
coupling to the DRA. The level of coupling is optesed while adjusting the height and
diameter of the probe. Depending upon the sha@Raéf and probe location, different modes
can be excited that is when it is fed axially oMM modes are excited. To be more precise
that if TMo1 mode is to be excited, the feed probe is expectdxd located at the centre thus
yielding quarter wavelength monopole like far fieddliation patterns. On the other side when
HEMz11 (TM110) mode is required, the feed probe is supposedetdobated close to the
peripheral boundary so as to yield broadside rexhgtatterns. The location of probe at two
different positions and associated electric andmetig fields are presented in the Fig 2.13.
This is a simple mechanism as in this case onedcantly couple to 5Q without going for
matching network [16-19].This technique is part&ly recommended at lower frequencies to
cope with the fabrication issues, however it isadiguefficient and result oriented at higher
frequencies. For instance compared to slot fegafgaximate position in the peripheral area
of the cylindrical DRA, it is simple to locate tlpgobe at its centre when to excite TMO1
mode .

z z

/L'F Cylindrical DRA ’J—.\- Cylindrical DRA _-Probe

p. ¢ o — P
F % 5/-:’ & "?,L_-j_,.r"r’
e TS _.— Prabe ==
€, | e !
o x e
i Ground

P Z
¥ ¥ #
r r ,/_\\\_ 1——}'
/6:\\ \
V111 »L \(&47)
4§ _V ) o=t Veriical Short Electric

Menopole Equivalence

Fig2.13: To excite DRA Electric and Magnetic cutrdistributions in monopole [2]

2.2.3 Microstrip Line

Direct and Proximity couplings are amongst thepsast methods. It excites the magnetic
fields in the DRA to produce the short horizontahgnetic dipole [20]. The amount of

coupling can be improved by controlling a parameterby increasing the dielectric constant
(permittivity) value of the material used. It iscammon conclusion that for low value of
dielectric constant, minimum energy is coupled. lde@r, with increase in its value other
limitations are encountered particularly at higlfrequencies further reduction in size can
cause fabrication process too sensitive and that imteoduce faulty results. Similarly the
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consequence reduction in impedance bandwidth cait iis wideband applications. The
behaviour of the coupling fields can be observedfthe Fig2.14.

e

x

Fig2.14: Electric and Magnetic field distributioimsproximity coupling [2]

2.2.4 Coplanar Feeds

The coplanar loop efficiently couples energy to RRA. The coupling level and desired
mode excitation can be obtained by gradually sfjdime DR element over the loop [21-24].
By shifting the loop from the edge to the centre ean yield required resonance frequency
and radiation patterns. One such arrangement \eitth distribution is shown in Fig2.15.

Fig2.15: Magnetic fields distributions in coplafieed coupling to DRA [1]

2.2.5 Dielectric Image Guide

At millimetre-wave, if microstrip feed lines areads the conductor losses become significant.
To avoid this problem the use of dielectric imagedg is the best solution .The dielectric
image guide couples the energy to the DRA thatosated in its proximity. Again,
considering associated limitations, a higher pdamity value can be chosen to enhance the
coupling level. This method also offers an addddaatage that it can be utilised as series
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feed to linear array designs [25]. Fig2.16 spedkthe magnetic fields distribution in the
image guide and their coupling behaviour to themasor.

Diclec:
mage

E-Field
H-Ficld

Fig2.16: Magnetic fields distributions in dielectrmage guide and its coupling to DRA [1]
2.3 Dual Port Excitations

For circular polarization purposes dual ports etwh is preferred over single port so as to
yield a wider 3dB Axial Ratio (AR) bandwidth. Footh circular and linear polarizations,
highly decoupled ports are usually required. Ddfarfeed combinations can be chosen to
suite particular requirements thatgsnilar feedsor hybrid feeds.These can be viewed in
terms of ports isolation, coupling level, radiatipattern symmetry and ease of fabrication
[26]. Consider for instance, the following cases:

2.3.1 Hybrid combination of coaxial probe and apenire slot

Though better port isolation is obtained but atsame time two other problems arise such as:
» Fabrication constraints, while drilling and embeudgihe probe into the DRA body
needs a lot of accuracy. It also introduces adddicair gap which at higher
frequencies greatly shifts the results.
* Probe yields asymmetrical radiation patterns that ot acceptable to obtain
circularly polarized waves.
2.3.2 Hybrid combination of aperture slot and coplaar waveguide

Again good level of port isolation is obtained, ités constrained due to:
« Fabrication of waveguides particularly in thin stnétes is a cumbersome task that
requires high level of precision and accuracy.
» It restricts its usage to a number of applications.
2.3.3 Similar combination of two aperture slots

Though comparing with hybrid combinations it intoogs comparatively poor ports isolation,
however, it adds other important advantages such as

* A simple fabrication process that eliminates thesgaility of variation in results.

* The feeding network is below the ground planemgisus radiation interferences
are avoided and the integration of the DRA withnfgd feed structures is
facilitated.

» Whatever may be the choice of combinations, alike hgbrid it is
recommended to set priorities in terms of desigsif@lities.
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2.4  Bandwidth Enhancement Techniques

The use of the broadband devices in the modern conwation systems is on the rise so a
practical purposes antenna is supposed to haver \waledwidth [31-33]. The bandwidth
limitation of antennas is usually linked to themput impedance because it is the quantity
which changes with frequency so improvement in idnee response can help us to enhance
its bandwidth.

This approach can be implemented into four broaelgaies:

I.  Simple structures; controlling permittivitg«() & aspect ratios(a/h).
ii.  Q-factors reduction; introduction of air gap.
iii.  Usage of matching networks.
iv.  Employment of multiple resonators.
2.4.1 Simple Structures

Among numerous choices, it is the most simple aggllt oriented approach. After
selecting the resonant mode, it is the resonath€kectric constant value and its aspect
ratio (a/h) that define the obtainable bandwidti.slmple geometric shapes such as

cylindrical DRAs the smallest possibler value makes Q-factor low which as a
consequence results in wider bandwidth [34].

BW=—""1 100% (2.17)

Vs

Where S= desired VSWR at the input of DRA port.

However, there are some limitations which are atvagsociated with every type of design,
for example in this case though the Q-factor caddmeased accordingly by lowing the value
of dielectric constant but if lowered drastically, fails to capture enough amount of
electromagnetic energy and to act as an efficiestmator.

The other choice is to seek proper aspect ratioevéiFor cylindrical DRA a/h=0.329) that
generates two closely merged resonances such thiakea (-10dB) impedance bandwidth is
obtained. Being simple in fabrication, it is preé&t over other techniques. One such device is
shown in Fig2.17.

Fig2.17: A single piece DRA structure with radiuaral height h [1]
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2.4.2 Q-factors reduction

By the introduction of air gap surrounding the mpole and enclosed by the DRA body helps
in lowering the effective dielectric constant oetBRA [27] which as a result lowers the Q-
factor and thus increases the bandwidth while mgshhe resonant frequency upwards.
Comparatively wider bandwidths are achieved at ¢bset of higher complexity of the
fabrication process. One such model is presentétkifrig2.18. A very slight displacement of
DRA with respect to the centrally located monopcd@ shift the resonance frequency from
desired position. A very careful and highly prec@dting and grinding of DRA piece is
required otherwise undesired air gap size may idedistinfluence the results.

Annular DRA

Fig2.18: Air gap enclosed structure to enhance waitd [2].

24.3

The bandwidth can also be enhanced by manoeuvripgdance matching by using different
types of material before matching to desired DRéx. iRstance flat matching inserts, loaded
notches and multi-segment DRAs are common techsiqée high permittivity inserts
between the feed and resonating body elementtesifib couple the energy efficiently. A
rectangular shaped DRA with under laid high peimiift insert is shown in Fig2.19. Back
radiation is common problem with aperture slot &edwbwever if a carefully selected insert is
used not only coupling is improved but back radiais also controlled.

Impedance matching

High Permittivity(zj/

Insert

DRA

/
,/
/

N

7~

\d

£ N .
\ , Grounded
¢/ Substrate

Microstrip
/" Feed Line

Fig2.19: DRA with high permittivity insert in itdrsicture to enhance bandwidth [1]
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2.4.4 Multiple Resonators

Considering individual design sizes, multiple eletseare made to resonate at slightly apart
frequencies which are shrewdly tuned either to meéogoffer wider bandwidth or to separate
to yield multi- bands [28-29]. Such types of statk#ERAs excited by a probe, are depicted in
Fig2.20. The major disadvantage in this schemieasit is difficult to accurately position and
paste the upper element. So a better solutionisopttoblem can be found in using proper
aspect ratio factor for which there is no needuitice pieces into different dimensions.

Probe-fed DRA 241

Fig2.20: Stacked DRAs to merge two close resorraguencies to enhance bandwidth [2]

2.5 Ground Plane Effects

Normally, during the calculations an infinite sgi@und plane is used but from practical point
of view it is always finite with well defined dimsions. Because of scattering from the edges
of the ground plane, this factor directly influeadbe radiation pattern emanating from the
antenna. In order to evaluate the effect of edgeadration patterns, generally two methods
are employed one is the numerical method such abhddeof Moment (MoM) for smaller
radiating structures and other is Geometrical ThadrDiffraction (GTD) that is for larger
radiating structures [30-32]. The GTD is basicadlyan extension of Geometric Optics(GO)
that is a ray tracing technique in which direct aeflected rays are superimposed to get
overall field influence as is shown in Figure2.21.
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Fig2.21: Diffracting fields bending from a finiteand plane edges [1]

The total radiated field E can be expressed in seofnvector sum of GO fieldsH,,) and
diffracted fields €, ), such as;
E=E,+Eg+Eqg (2.18)

The diffracted fields from the edges can be foundifthe following relation;

@ ikd (12sin6)

T

Ey = 05E,,(6 = +90°)D(d, ,¢%;,n). e (2.19)

Where

i = 1,2(Represent two edges)

D(d,,¢,,n) ; Diffraction Coefficient

n=2 for plane wedge
It has been observed by numerical methods thdefground plane introduces ripples in the
front and back radiation patterns which are nots@né in the infinite ground plane. It
indicates that after reflection from the edges rb@mbination of radiations undergo some
constructive or destructive patterns. The sizenefdground plane can be varied to see if any,
impact upon the radiation patterns. It is estimaked front to back ratio can be improved to
certain extent by enlarging the size of the groptahe and that can be attributed to the
possible reduction in edge slipped back radiations.

2.6 Circularly Polarised DRAs

Considering wide choices of feed structures aviled DRAS some are particularly proposed
to generate CP waves. These include:

Simple designs employing single feed:

» Truncation of two opposite corners of a rectangDIRA.
» Exploitation of crossed shaped slot or slot inaliaé¢ 45° with respect to DRA.
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A bit more complex dual ports design:
* Employment of quadrature feeds.

Complex fabrication designs:
« Utilisation of single and pair parasitic patches.

e Use of perturbed annular slot.
Basic principal of single port technique is to égdiwo nearly degenerate orthogonal modes
to generate a CP wave which usually offers a fewcerd 3dB (AR) bandwidth and
obviously in some applications it is not sufficie@n the other hand a quadrature fed DRA
yields two spatially orthogonal E-fields to yieldGP wave that can significantly enhance

3dB(AR) bandwidth even though at the cost of itsigie complexity.

2.7 DRA Arrays

A single element DRA'’s gain could be about 5 dBiickhcan be increased by an array
arrangement. The overall performance of an arraybeaevaluated in terms of the following

parameters;
i.  Geometry and dimensions of DRA elements.
ii.  The spacing among elements.
iii.  The number of elements used.

iv.  The feed mechanism.
Depending upon a particular need any of the afontioreed techniques can be employed,

some of such mechanisms are depicted in the diaBr22p36].

DRA,— —DRA / ORA B ) MY 1_&
& ~ / ﬁ___a Probe [~ Probe / ] D =

/ Ground plone

| substote I/

Micrastrip
corporare feed
(backsde)

Microsfrip /
T comorote feed | Subsfrate
(back sde) ‘

[ subshafe i Glound Plane

— comorote feed Ground Plane
{back side)

Fig2.22:Possibility of different feeds structure to constrarrays [2]

Array Types
To understand the working of an array, certain gamales are taken into consideration.
Like for other antenna arrays, the overall radiapattern of DRA depends upon the radiation
pattern of single element multiplied by the arragtbr that is:
E=nxE,xAF (2.20)

Where:
E= Overall radiated electric field.
E, = Electric field at same point produced by singRAat the centre of array.

AF= Array factor that depends upon the geometrstaicture (Linear or Planar), the phase
difference of current among elements and the ojperdtequency. AF corresponds to the
following mathematical relations:
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Linear E-plane array (along x- axis direction);

_ 1sin[n(k,ssinfcosp) /2 (2.21)
n sin[(k,ssindcosg) /2 '
Linear H-plane array (along y- axis direction);
_ 1sin[n(kyssingsing) /2 (2.22)

n sin[(k,ssindsing)/2

Where: ko=z/L0 (wave number)

7 Y

ORA DRA DRA DRA DRA

- 98-8 /§
Rt e g

Ground Plane Ground Plane
_ substrate | substrate

Fig2.23: E-plane and H-plane arrays arranged ateaxjs and y-axis [2]

Fig2.24: E-plane & H-plane linear arrays radiatpatterns [2]

DRAs operating at fundamental mode with broadsidéiation, the E-plane array with
spacing s=\/2 has higher directivity than H-plane, while thember of DRA elements in the
array make the beam width narrow [37]. These éustrhted in the Figs2.23&2.24.
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Planar array;

_ 1 sin[m(k,s, sindcosg) /2] sinln(k,s, sindsing) /2]

= , ; , — (2.23)
mn sin[(k,s, sindcosy) /2]  sinlk,s, sindsing) /2]

7 Y

DRA

Uz - . Train I |'-
DRA 04 0 '

7 8/6-

Sv/ z B Wi

DRA DRA » ™ . "

‘oo KW

Probe Prabe 14 H it : i *,

g B2, ’u’ n4
Ground Plane /‘_“_7 g N Sl
‘ w A

| substrate 4 y a4

Fig2.25:2x 2 elements planar array and its more focussedtradipattern in the broadside

direction [2].

CP array:

The arrays can also be constructed while using [@#) elements. One such array consists
of 2x 2 elements configuration and is presented in tg@.B6. The arrangement is coupled by
single unequal crossed slots that are fed by séallgmotated microstrip lines. However, if
dual port coupling is to be used some viable meshais to be devised to employ quadrature
feed so that the array can generate (CP) wave $88-3

cross-shot

1800 D=3.2

~
r" A ——
X . v -r/—\ 711 1T
AT & @)
p— ~ Lot Iw
‘ e\‘ D=AJ2 yr— ,. .
cy lindrical DRAd 8 - )
ound 1\ o= i | :
= V= /P e | &
= 4 .-_—_i.(f | | 0
L il 2
fondling dielectric substrate £, 270
(a) (b)
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Fig2.26 (a) Cross-slot coupling of unequal slot lengths 4b¢lements sequentially rotated
microstrip fed circularly polarised array [1].

Mutual coupling:

An array require that elements be arranged inteecipacking, however at the same time
leaving some space margin to introduce some isolagimong radiating elements is also
important. The coupling level or electromagneticerattion not only depends upon
proximity of array elements but also on structureitentation, values of the dielectric
constant, the heights of DRAs and the thicknegh®fsubstrate used. Corresponding to the
degree of severity of these factors, nearly all angnt radiation characteristics are
influenced such as radiation pattern, directiviyeration frequency and bandwidth. Various
tests have reported that a spacin@/8f generally offers better isolation both in E+maand
H-plane configurations.

2.8 DRA Fabrication Issues

One of the inherited advantages of DRA is its usmidimetre wave frequencies and until a
very sophisticated process aided by micromachirgrayailable a poor fabrication process is
involved. Though newer methodologies such as Low Teatpe Co-fired Ceramic (LTCC)
technology have already matured enough to handle delicacies and has yielded wonderful
results but for very few experimental prototypessieither unavailable or too expensive to
manufacture. So one is constrained to rely uponesalternative methods though at the cost
of little bit variations in the expected results.
When evaluating the performance issues, the DRA suéfgr from the following factors:

» Fabrication tolerance of DRA structure & feed natwo

* DRA cutting and mounting accuracies.

* Possible variation in permittivity values.

« Adhesive materials to glue DRA bodies to the groplaghes.

* Un-wanted air gaps.
The degree of influence of these factors upon fabett designs can be verified by comparing
repeatedly the theoretical results to those wighntieasured ones.

2.9  Conclusion

The basic characteristic and performance issudseoDRAs have been thoroughly analysed.
It has been estimated that they can fulfil our seedthe best possible way. So setting the
priorities, crucial points are marked and practieastrategies are ready to materialise the
design. These designs are thought to be simple é@ntmugvoid any fabrication complexity
and efficient enough to offer outstanding perforoeaaven in adverse circumstances.
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Chapter3

DRA with dual Linear Polarization & Symmetric Radiation
Patterns Performance at X-band (8-12) GHz
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t is realised that with a dual linearly polarise®M® structure, a wider 3dB Axial Ratio

(AR) bandwidth is obtained and that can either filezed to generate dual polarized waves
for radars or a circularly polarized wave for sted working in X-band (8-12) GHz [1]. In
view of such applications, large impedance bandwidhd purely symmetric radiation
patterns are crucially required. As per requirenadribhe project, we are to be confined to the
dual linear polarization design of the DRA.
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To design and test antenna with such capabilitiesptieliminary investigations start with
rigorous simulation techniques. The investigatioacpss is made to evolve from around 7
GHz frequencies and progressed to the lower end-lbhnd (8 GHz) because of possible
upward frequency shift when considering and comaiemg for the critical factor of low
permittivity adhesive material used to glue DRA Y@ the feeding substrate. Before taking
into account the exact nature and role of such madté is imperative to evaluate it in terms
of its permittivity and quantity of usage in thdfecation process.

For dual linear polarization purposes, the DRAtsTIM;1o(HEM;;) mode to yield broadside
radiation patterns that is detailed in section 2.1s excited by two orthogonal ports via
microstrip feed lines that couple electromagnetiergy through aperture slots etched on the
ground plane. The excitation of this mode stricthguires that these aperture slots be
confined to the central area of the cylindricalth DRA and at the same time to offer a
good level of de-coupling between the ports to dwresonance frequency shift and radiation
pattern degradation. To resolve this issue the mgalar-shaped aperture slots are moulded to
H-shaped aperture slots that are reported to be efficient to couple the energy [2]. This
strategy makes the slots to not only remain codfitoethe smaller central region of the DRA
but also supports to manipulate stubs lengths eed line positions in order to improve ports
isolation. For each port starting from rectanguséots, the H-shaped aperture slots are
analysed independently and then their performamoptimised while adjusting both of them
under the available DRA bottom space.

3.1  Design of an aperture-coupled cylindrical DRA

Considering the symmetry of the DRA body with refere to the slot position, port2 is first
set to analysis. Following the design formula give equation 2.4, the cylindrical DRA
resonant frequency is 7.3 GHz respectively witreglt of 4.7mm (H), a diameter of 10mm
(D) and a dielectric constant matergalequal to 6. The DRA is placed above a substrate of
0.508mm thickness with a permittivity=3.38. A microstrip feed line is etched on thettwot
side. The width of the feeding line is set to 1 nammatch 5@ characteristic impedance. A
rectangular slot is etched on the topside groumdelto enable inductive coupling energy
transfer. Ground plane dimensions are fixed to 4840mm.

The basic design structure is depicted in Fig 3.&revta rectangular shaped aperture slot is
located exactly at the DRA centre.
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3.1.1 Estimation of aperture slot length:

To estimate aperture slot’s length keeping its agprate width to 0.6mm and stub length to
2mm, a parametric study analysis is made by a sitiounl process for which the impedance
curves are presented in Figure 3.2. All impedangees are calculated with de-embedding

process and are referenced at the slot level.

Impedance, Ohms

300

(b)

_____
_____

_____

250

Real curve; AprL=7.0mm
Real curve; AprL=7.5mm
Real curve; AprL=8.0mm

200

T T
Imaginary curve; AprL=7.0mm
Imaginary curve; AprL=7.5mm
Imaginary curve; AprL=8.0mm

Figure 3.2:
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The results available from Figure3.2 suggest twasiptes resonances, one is taking place
around 7 GHz and the other beyond the 9 GHz.7Ron aperture lengthround 7 GHz the
imaginary part correspond to nearly 50 Ohms ofrébad part.So this length is suitable to
make DRA resonate. On the other hand, beyond 9 feddmency with the increase of slot
lengths there is a tendency of downward shiftingesfonances that is from around 10GHz
down to 9 GHz. This responsiveness to the slot simafirms the slot resonances. These are
observed to be parted away from the desired DRén@sce. So considering the constraint of
limited availability of space, aperture length ohm is assumed to be suitable for further
analysis. Because that is neither too narrow ta fimoper coupling to the DRA nor too large
to itself resonate in proximity to it.

3.1.2 Width effect of aperture slot:

Until now the width of the aperture was kept anth6however to be more precise there is a
dire need to ascertain its exact value. For thipgse corresponding to slot widths, various
parametric impedance curves are obtained whicprasented in Figure 3.3.
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==e= |maginary curve; Aprw=0.7mn

T T T

| | |

| | |
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| | |

| | |
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| | |

Real curve; Aprw=0.6mm
Real curve; Aprw=0.7mm

Real curve; Aprw=0.8mm
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-
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0 e

0

-200

Frequency,GHz

Figure 3.3: Set of impedance curves representiffigreint slot widths

It can be observed from Figure3.3 that real pdrth®impedance curves remain nearly same
at 50 Ohms around 7.3GHz for all slot widths 06r@m, 0.7mm and 0.8mm while
corresponding imaginary parts too are un-affecledneans slot widths do not greatly
influence the DRA resonance. Nearly similar respassobserved around 10GHz that is the
basically the slot resonance. Both DRA and slobmasaces are found to be widely apart. So
among available choices a suitable width is to lhesen. It is supposed to be neither too
narrow to etch on the ground plane nor too largeaisse smaller space adjustment problem.
Considering these constraints, 0.6mm width seerbg tmore convincing and practicable and
is thus selected for further design analysis.
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3.1.3 Parametric analysis of stub lengths:

An extended quarter wave length stiwg4) plays a significant role in improving the congl
mechanism when its reactance cancels to the reactanthe aperture slot. So choosing the
slot’'s length as 7mm and width as 0.6mm, a setmgfedance parametric is evaluated that
corresponds to different stub lengths. It is todbserved that at what length of stub, the
imaginary part of the impedance becomes purely.ZHre family of curves thus obtained is
presented in Figure3.4.
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Figure 3.4: Set of impedance curves representiffigreint stub lengths

It can be noted from the Figure3.4 that stub lemdth.5mm absolutely nullifies the reactance

parts of the impedance thus improving the coupiinthe DRA at 7.3 GHz. As expected there
is no change in the real parts of the impedance@nall stub lengths of 2.5mm, 3.5mm and

4.5mm the imaginary parts vary. Similarly, at adurOGHz frequency a slight change in

imaginary curves is observed but real parts arendgand to be nearly un-affected. Hence to
proceed further to the design, a stub length omEh5seems more appropriate and is thus
employed.

For the rectangular shaped aperture slot locat&xR#t centre a length of 7mm and a width
of 0.6mm is finally chosen. Using these dimensiod amploying a stub length of 2.5mm the
design is analyzed. The simulated -10dB return (6s&5GHz-8.5GHz) result is depicted in
Figure3.5 which offers an impedance bandwidth 6622
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Figure 3.6: The impedance curves representing reserat 7.3 GHz.
Figure3.5 and Figure 3.6 show that DRA resonankestgplace at around 7.3GHz where
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The broadside radiation patterns in the xoz(E) p&amkeyoz(H) plane at 7.3GHz are depicted
in Figures 3.7 and 3.8 . The co-polarization leveboth planes is found to be nearly 30dB
higher than the cross-polarization in the broadalion. A gain of 5.7 dBi, which is expected
from a single DRA element with radiation efficienafy98% is obtained. Both plane patterns
are exactly symmetric with 3dB Half Power Beam Wi@iPBW) of 90° however, E plane
pattern is found to be slightly wider towards honz The front to back ratio (F/B) in both
planes is estimated to be 12dB. The radiation pettare found to be stable with nearly same
pattern shapes ranging from 7GHz to 8GHz, howekapes degradation is observed when
shifting either to lower or to upper sides of thiesquency range.

3.2  Modification to H-shaped aperture slot

As two aperture slots are to be adjusted simultaslgoat the centre of cylindrical DRA to
excite its TM 1o (HEM;3) modes so as to yield broadside radiation pattérmasce rectangular
shape is modified to H-shaped slot. This shape tsireigntroduces better space utilisation
that facilitates the exact DRA positioning upon $hats thus always remained confined to the
desired resonating mode. The rectangular shapesigdometry on the other hand is expected
to cross the DRA central zone and occupy somesgpetipheral boundary thus interfering
with TMO1 mode excitation that is not desirous owtogits different resonance frequency
and radiation patterns. The H-shaped slot alsoresggood level of energy coupling to the
DRA owing to its magnetic polarisability and smodittid variation due to the presence of
side legs [2].An equivalent size H-shaped aperture slot is engaat the centre with central
length of 4.2mm and two leg lengths each of 2mm éwer, the width is kept same as of
0.6mm.The structure illustrated in Figure3.9 is goadl for different stub lengths ranging
from 2mm to 4.5mm for which impedance and retusslourves are given in Figures 3.10
and 3.11 respectively.

H-shaped
aperture slot

Figure 3.9: Design geometry when H-shaped apeslotas located at the DRA centre
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Figure 3.11: Return loss curve for H-shaped slcated at centre
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It is interesting to observe that 2mm stub lengtipleyed to the H-shaped slot nullifies the

imaginary part of the impedance while same resulbbtained when 2.5mm stub length is



employed to the rectangular shaped slot. The -10dBrm loss ranges from 6.75GHz to
8.5GHz that offers impedance bandwidth of 23%

— GainPhi-phi=0
= GainPhi-phi=90
— GainTheta-phi=0
—— GainTheta-phi=90

60°

dB(RealizedGain

5. 91535e+0A8
4, B304 e +BRD
2, 147 Ze+BaR
2. B4A9:-AR1

=1, 6191 &+AAE
-3, 5@2Ze+DEOE
-5, 385ke+DEO0
| =7, 26B5&+000
=9, 1517 +A08
-1.1@35e+AA1
-1.2915e+0E1
-1, 43@le+BE1
| -1, GGE4e+RAL
-1, B567s+B@a1
-Z.@451e+AA1
-2, Z334%e+0A1
-2, 4217e+BBR1l

(b)

Figure 3.12: Broadside radiation patterns in the(kpand yoz(H) planes at 7.3GHz
(a) 2D radiation pattern (b) 3D polar plot withimfe ground plane

The broadside radiation patterns in the xoz(E) are{Hpplanes are depicted in Figures
3.12(a) and (b). Nearly same results are obsemsad the case of rectangular slot located at
centre that is the co-polarization levels in boldnps are nearly 30dB better than the cross-
polarization in the broadside direction. It yielgain of 5.7 dBi with radiation efficiency of
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98%. Both plane patterns are purely symmetric 8dB Half Power Beam Width (HPBW)
of 90° however, E plane pattern is found to be slyghider towards the horizon. The front to
back ratio (F/B) is found to be around 11dB. Thdgras are found to be stable with in the
band from 6.75GHz to 8.5GHz frequency, however tisigf either to lower or higher
frequency range, degradation in the pattern shiapssserved.

3.3 H-shaped aperture slot offset positian

To generate some space to adjust simultaneouslgitmitar H-shaped slots it is imperative to
shift them from the DRA centre. The new positioneipected to confine to the desired
resonant mode. This situation is elaborated in EgW3

Offset fro
centre

Figure 3.13: Design geometry when H-shaped sloffset from the DRA centre
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Return Loss,dB

Imaginary

Impedance,Ohms

Frequency,GHz

Figure 3.15: Impedance curve when H-shaped sluffset from DRA centre

A slight adjustment was made in the size of H stagbet with central length of 4.4mm and
side leg lengths each of 2mm. The stub lengthsps&tel.9mm and slot is offset at 2.6 mm
from the DRA centre. The resulting return loss andedance curves are presented in Figures
3.14 and 3.15 respectively. The DRA resonance isrgbd at around 7.3GHz while
impedance bandwidth is found to be 22%.
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Figure 3.16: Broadside radiation patterns in the(kpand yoz(H) planes at
(@) 7.3GHz (b)7.5GHz (c)8GHz (d) 3D polar plots.aGHz

The xoz(E) and yoz(H) plane radiation patterns a6H3 7.5GHz and 8GHz are depicted in
Figures 3.16(a), (b) and (c) respectively. The Eldrulane radiation patterns are found to be
symmetric at 7.3GHz frequency, however E-planeepatbecomes slightly asymmetric when
shifted to 8GHz. -3dB Half Power Beam Width (HPBW) both planes is estimated to be
around 90° . The co-polarization levels in both pkaare still 30dB or better than the cross-
polarization in the broadside direction. It showgain of 5.6 dBi with radiation efficiency of
98% like that when the slot is located at DRA cenHowever, the cross-polarization levels
except in the broadside direction have slightlyéased and it is expected phenomenon that
anticipates the slot’s shifting from the centre. Tioat to back ratio (F/B) at 7.3GHz is found
to be 13dB, at 7.5GHz it is around 14dB and at 8@&idezales to 7dB.

3.4  Single port (Portl) performance analysis:

As port2 has yielded desired results so assumsngrésence (loaded with@pportl is set to
excite the other orthogonally located H-shaped atoshown in Figure3.17.The central height
is 4.4mm and two legs each of 2mm long give it @ydbe same dimension as for port2 slot,
similar is the open stub’s length of 1.9mm.The lovegy of the vertically oriented H-slot is
positioned at the origin that generates a gap ahth from the stub of the port2 feed. This
gap is sufficient enough to maintain a good le¥glarts de-coupling.

Open stubs l

Orth@gonal H-shaped slots

Miccrostri
feed lines

Ground plan

D

Port2

Figure 3.17: Portl’s slot design geometry in thespnce of port2.
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Though with reference to slot2, slotl is not symrmatdocated under the DRA position, yet
it is capable of exciting the exact desired modes timtroducing negligible cross polarization
in its radiation patterns and supporting to yieddtér ports isolation.

o]

-5

-10

-15

-20

-25

Return Loss,dB

-30

-35

-40

-45

-50
6

slot

Inrpedance, Ohms.

Figure 3.19: Impedance curves
For portl Figures 3.18 and 3.19 depict the retass bnd impedance curves respectively. It is
evident from the curves that resonance is takimgelat around 7.3 GHz and that is the
expected resonance of the DRA. -10dB return losenfi6.7GHz to 8.3GHz yields a
bandwidth of 22%
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(d)
Figure 3.20: Broadside radiation patterns in the(kp and xoz(H) planes at
(a) 7.3GHz (b) 6.6GHz (c) 8.4GHz (d) 3D polar pbv7.3GHz
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The broadside radiation patterns in the yoz(E) anz{EKpplanes are depicted in Figures
3.20(a) at 7.3GHz (b) at 6.6GHz (c) at 8.4GHz ahdD polar plot at 7.3GHz .

With reference to case (a) at 7.3GHz frequency ha#dnes exhibit purely symmetric
radiation patterns. The co-polarization levels &éB3better than the cross-polarization in the
broadside direction. The gain is found to be of dr and radiation efficiency of 98%. The
3dB Half Power Beam Width (HPBW) is of 90° howevErplane pattern like in portl case,
is found to be slightly wider towards the horizdime patterns are observed to be stable with
in the range of 6.7GHz to 8 GHz, however shiftiadawer or higher than this range, slightly
changes the patterns shape. One such situatioapisted in case (c) at 8.4GHz where a
minor level asymmetry is observed between the E-apthne radiation patterns. The front to
back ratio (F/B) in case (a) at 7.3GHz is around@dR, in case (b) at 6.6GHz is about 7.9dB
and in case (c) at 8.4 GHz it is observed to bé310d

3.5  Dual ports (Portl & Port2) combined performance

So far both ports have yielded expected resulfs38&Hz .The two ports design is finalized
with the design parameters summarized in Tablel.peeifsc notation subscripts associated
with the abbreviation letters can be viewed from degram given in Figure3.42.

Tablel: Portl and Port fed aperture slots desigmegal

DRAfeeding Aperture slots size Feed lengths| Stub lengths(b
Ports Length(L)&Width(W) (Lf) (From slot's centre)
Portl L=4.4mm,lLe LiH =2mm | L1 =21.9mm | k1=1.9mm

W1=0.6mm
Port2 L=4.4mm,kre& Lot =2mm | L2 =19.3mm | Lk>=1.9mm
W2 =0.6mm
g | | 1 1 |
i ] i 7 | |
R R R S B
L. L ; J 1

Frequency,GHz

Figure 3.21: Portl and Port2 return loss curveh waiit isolation of -42dB.
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150 v
Portl Imaginary
= Portl Real
= Port2 Imaginary
~—— Port2 Real

Inpedance, Ohms

Frequency,GHz

Figure 3.22: Impedance plot curves correspondirtgiéoports.

The return loss and impedance curve results forlpamtl port2 are presented in Figure3.21
and 3.22 respectively. -10dB impedance bandwidtlpéotl is found to be 22% (6.7GHz to
8.3GHz) while for port2 it is estimated to be 2086/6GHz to 8.25GHz) .The worst isolation
between the ports is observed to be -42dB.

GainPhi-phi=0
GainPhi-phi=90
GainTheta-phi=0
GainTheta-phi=90
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Figure 3.23: (a) Portl and Port2 broadside radigtetterns (b) 3D polar plot.

The portl and port2 radiation patterns are depicteigures 3.23(a) and (b). It is evident
from the figure that patterns are nearly symmeitrickoz and yoz planes. The total gain being
the magnitude of theta gain and phi gain is eqgoahé gains obtained in single excitation
cases that is 5.7dBi. The average value of 3dB HPBWaround 95° while radiation
efficiency still stands to 98%. The front to backodF/B) is estimated to be 12dB.

3.6  Adhesive material’s analysis

A DRA bonded to the ground plane and the associf#eding network is expected to go
under certain changes in its performance. Actudll not possible exactly to determine the
permittivity and the thickness of the adhesive maltevith which the DRA body is glued to
the ground plane. Generally, if the permittivitylwa of the adhesive material is lower than
that of the DRA, as is assumed in the present ¢hsesesonance frequency shifts to upper
side [3]. Equally important is the applied thicknélsat is with very thin layer, less is the
upward shift and with more thickness, more is thié.sThese parameters can be estimated to
certain extent by performing parametric simulatitvosvever, the exact effects are realized
and confirmed by measuring the results.

3.6.1 Single port (Portl) parametric analysis:

Portl’'s impedance parametric results are depiate&igure3.24. Comprising of different
thicknesses, the ordinarily available adhesive nateras used with supposed permittivity of
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3. As expected there is an upward shift in resomdreguency corresponding to the layer’'s
thicknesses. For example, with layers of 1.0mm5irh and 0.2mm an upward shift from

7.3GHz to around 7.5GHz is observed.
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Figure 3.24: Portl parametric impedance curvesdifterent layers of adhesive material
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Figure 3.25: Portl return loss curves for diffedayers of adhesive material
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As is evident from the Figure 3.25 that adhesivéene has affected the level of coupling to
the DRA. So it needs to be improved by slightlyuating the slots and stubs sizes. The result
after these adjustments are made, are presenkegure3.26.

250

==e== |maginary impedance;Material thickness=0mm {
—=e-= |maginary impedance;Material thickness=0.1mm |
=== |maginary impedance;Material thickness=0.2mm :
200 Real impedance;Material thickness=0mm I I
|
|
|
|
|

Real impedance;Material thickness=0.1mm
Real impedance;Material thickness=0.2mm

Impedance,Ohms

Frequency,GHz

Figure 3.26: Portl impedance curves after sligtiteiase in slot and stub lengths.

As 0.2mm thickness is expected to be more robushiiting the resonance frequency so it is
taken into account for further design analysis.
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Return Loss,dB

8.5
Frequency, GHz

Figure 3.27: Return loss curve with adhesive maltéickness (0.2mm)

The return loss curve in the presence of adhesiveeriablayer of 0.2mm thickness is
presented in Figure3.27. There is an upward shiffréquency from 7.3GHz to around
7.5GHz. The -10dB impedance bandwidth (7GHz to 8.8kl found to be 20%. The other
resonances around 9.5GHz are the slot resonaratesréhdependent upon corresponding slot
sizes.
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Figure 3.28: Broadside radiation patterns at 7.5@H®»z & x0z planes

For portl the broadside radiation patterns arecotegiin Figure3.28. The co-polarization
level is 30dB higher than the cross-polarizatiorelan the broadside direction. The yoz(E)
and xoz(H) plane radiation pattern are purely symmeith -3dB HPBW around 130°. The

gain is estimated to be 5.7dBi while radiation@éncy of 98%. The (F/B) is observed to be
around 10dB.

3.6.2 Single Port (Port2) parametric analysis:

Port2’s parametric impedance results are depicatedigure3.29. Again in compliance with

portl case, different adhesive material’'s layersmasing of permittivity of 3, are taken into

consideration. This presents that for three suclkertayf 0.1mm, 0.15mm and 0.2mm in
thickness the simulated results depict slight upawshift of DRA resonance frequency.

Similarly the level of coupling to the DRA is founid be reduced as is presented in
Figure3.30.
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Figure 3.30: Return loss curves with different agiwe material layers
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In accordance with portl and its slot, port2 asdslot are also slightly adjusted to properly
couple to the DRA. The simulation results for diéier adhesive material layers are depicted

in Figure3.31.
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Figure 3.32: Return loss curve with adhesive maltéickness (0.2mm)



The return loss curve in the presence of adhesivierablayer of 0.2mm thickness is
presented in Figure3.32. Like in portl, there isupward shift in frequency from 7.3GHz to
around 7.5GHz. The -10dB impedance bandwidth (7@-&&GHz) is found to be 20%. The
other resonances around 9.5GHz are the expectesstmances.

GainPhi-phi=0
GainPhi-phi=90
GainTheta-phi=0
GainTheta-phi=90

Figure 3.33: Broadside radiation patterns at 7.5@Hx0z & yoz planes

For port2 the broadside radiation patterns areatieghiin Figure3.33. For both planes the co-
polarization level is 30dB higher than the crostpmation level in the broadside direction.
Both plane patterns xoz(E) and yoz(H) are foundet@ymmetric however with -3dB HPBW
of 120°. The gain is estimated to be 5.7dBi withiaidn efficiency of 98%. The (F/B) is
estimated to be around 12dB.

3.7  Portl&Port2 combined performance with adhesivenaterial:

Both ports working independently are found to ugdesimilar up-ward shift in resonance
frequency due to the adhesive material’s effecteValuate simultaneous performance of the
ports that under went slight increase in their st slot lengths due to the influence of
adhesive material, the design values are given biePaThe symbols used in the Table can
be traced to schematic diagram given in Figure32ed upon these values and employing
adhesive material layer of 0.2mm, the two portsadgnce and return loss curves are given in
Figures3.34 and 3.35 respectively.
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2.1mm

(From slot’s centre)

lk=2mm

(L)

Feed Lengths Stub lengths(y

2mm | L2 =19.5mm

Aperture slots Size
Length(L)&Width(W)

4.6mm,lie Lin =2mm | L1 =22.05mm)| Ls1
0.5mm

W1=0.5mm

[2=4.6mm,2r& L2L

W2

L

Table2:Portl and Port2 adjusted slots and stubgrigalues

\
\
\
Y
11

-

\
3,

Ports coupling(S12) Y

Port1(S11)
Port2(S22)

9.5

8.5
Frequency,GHz

7.5

6.5

portl Real impedance
==e="port2 Imaginary impedance

port2 Real impedance

200
150F ===~

==e==portl Imaginary impedance

=
|
|
|
|
|
|
|
|
|
|
50— - - -—-L————- L _ _

Figure 3.35: Portl and Port2 return loss curveh watit isolation of -40dB.
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As is evident from Figure3.35 that -10dB impedabe@dwidth for both ports (7GHz to
8.6GHz) are found to be 20% and that is exactlyndividual port cases. Thus the common
impedance bandwidth is also 20% while worst patation stands to -42dB.
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GainTheta-phi=90

dB(GainTotal)

5. 9975e+AEA
4, SES1e+pRa
3. 1326e+p0B
1. 7002 &+008

2. B78Re-AR1
-1, 164 Ee+DRE@
~2. 5971 e+00@

| -4, A295&+808
=5. 4619 +00A
-B. 8943 +A80A
-8, 3Z65e+000

-9, 7592e+00@

| -1,1192e+2aL
-1, ZG2he+2AL
-1, 4A56e+AAL
-1.5459e+AA1
-1, 692le+2AL

(b)

Figure 3.36: Portl and Port2 broadside radiatidtepss in X0z & yoz plane at 7.5GHz
(a) 2D pattern (b) 3D polar plot
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Two ports broadside radiation patterns are depictdelgure3.36. There is a pure symmetry
in xoz and yoz plane radiation patterns with -3dBBWV for both plane patterns to be 70°.
The total gain that is constituent of gain theta gath phi is found around 5.7dBi with
radiation efficiency of 98% while (F/B) stands t2dB.

The radiation patterns are found to be stable imtatehing frequency band.

» After thoroughly analysing the main constraintst timay influence the performance
of the DRA, its prototype is finalized.

3.8 X band DRA Fabrication & Measurements:

It is clear from rigorous simulations and the ass\ythat there is a definite upward shift in
resonance frequency, the range of which is not sure

3.8.1 Antenna design parameters:

A cylindrical shaped DRA with diameter (D)= 18mmdahneight (H)=5mm is composed of
dielectric material of relative permittivityr=6. A substrate of permittivity ofr=3.38 and
thickness(t)=0.508mm is used to support a grouadgbf 4cmx4cm size upon which two H-
shaped aperture slots are etched to feed the DR¥posite to the ground plane two
orthogonal microstrip lines each of widtl=1mm and characteristic impedance ofX5fre
etched to feed the DRA. Using the design paramegigesn in Table2, the design structure is
fabricated that is depicted in Figure 3.37(a) FegBi37(b).

The H-slot fed through microstrip feed line 1 ispliseged 2.2mm (along —ve x-axis) while H-
slot fed through microstrip feed line 2 is displd@3mm (along +ve x-axis) from the DRA
centre. This generates a space of 3.1 mm betweemitrestrip feed lines and 2.4 mm
between the slots that assures a proper isolation.

An ordinary glue that is commercially availableused to bond the DRA with the ground
plane.

Port1@

Ls i
L2L i‘ F1| L2R
L

Lf2

Port2 X

(@)
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Ground
Plane DRA H

—>
v

| substrate

(b)

Figure 3.37: X band DRA design geometry fed by ostogonal H-shaped aperture slots
(&) Top view (b) Side view

3.8.2 Measured results:

The fabricated design is pictured in Figure 3.3&al). Figure 3.39 shows the measured
return loss and isolation curves. The -10dB retoss lat (8.1GHz-8.6GHz) yields a common
bandwidth of 5.9% while the ports exhibit an inpstblation of -35dB. The impedance
response can be visualised from the smith chats pieesented in Figure3.40.

(@) (b)
Figure3.38: X band DRA fabricated design (a) tapwi{b) bottom view
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Measured S11

Measured S12

Measured S22

Fig3.39: X band DRA measured return loss and psolation curves

Red curve port1(CPW)
rve port2(DRA)

Blue cu

j.2
4.2

Fig3.40: X band DRA Portl and Port2 Smith chartesr
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plamed xoz-(H)plane are shown

The portl's radiation patterns in the yoz-(E)
Figure3.41(a) and (b) respectively.

Gain Phi-phi=90

N
N
=%

AN

I

= e
0N

(b)
Fig3.41: Portl broadside radiation patterns @8.35@H yoz(E) plane (b) xoz(H) plane
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The Port2’s radiation patterns in the xoz-(E) plané yoz-(H) plane are shown in Fig.3.42(a)
and (b) respectively.

-90°

(@)

(b)

Fig3.42: Port2 broadside radiation patterns @8.35@H xoz(E) plane (b) yoz(H) plane
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Figure3.43: DRA single element gain

3.8.3 Performance analysis:

A DRA @ (8.1GHz-8.6GHz) excited by dual H-shapemtshas been measured to obtain two
orthogonally polarized fields in the broadside diien. Figure3.39 presents a more robust
shift in frequency to the upper side of the matghiand. -10dB impedance bandwidth for
portl ranges from 8GHz to 8.6GHz while for port2stfrom 8.15GHz to 8.6GHz. This
generates a common impedance bandwidth of 5.9%smarrower than the expected value.
This change could be attributed to the adhesive mab$e real impact, uneven layer
distribution between the DRA bottom and the grouyidne and obviously fabrication
imperfection. The input ports isolation of -35 dBideally suited to seek better performance
at X-band. The maximum measured gain depicted inrE®y43 is found to be 2.5dBi at 8.4
GHz.

In both port radiation patterns a cross-polarizata -20dB is observed in the broadside
direction. However, the cross- polarization in goxioz(E)plane increases to -15dB. The
radiation patterns are found to be purely symmetiith maximum directivity towards the
broadside direction that can be observed from EgfiA41l and 3.42. As expected the E-plane
patterns are found to be wider than that of H-plpaterns. A little backward radiation is
attributed to the small ground plane size and @fuliher reduced if a larger ground plane is
used.

It was observed during the measurement that coorseiftnot properly shielded, play a role
in disturbing the radiation patterns, especiallytpxoz(E) was found to be very sensitive to
change the patterns. So a very thick absorbingrmahtee assured to cover the connectors to
suppress their role.

3.9 Conclusion:

Though common impedance bandwidth still needs tonipeoved, yet two ports dual linearly

polarized X-band DRA with improved performance @rnis of better ports isolation and

symmetric radiation patterns has been succesdelygned. It seeks promising applications
in the satellite and radar communication systegmscally it is applicable to uplink frequency

band (7.9 GHz-8.4 GHz) that has been assignedliamicommunications satellites.
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Dual Pattern Antenna combining a Slot Loop and a DRA
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two ports dual pattern diversity antenna is assutnebe best suited to seek Diversity

Gain (DG) performance in the context of Body AreaetWwbrk (BAN) applications [1]-
[2]-[3]-[4]. This diversity antenna design is suppdsto integrate two different types of
antennas, one yielding broadside while the othdrfea types of radiation patterns however,
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maintaining same resonance frequency and yieldamynoon impedance bandwidth around
2.4GHz(ISM band). The unified structure is to be ligdtwo independent ports thus exciting
the respective antenna branches. To start withairdgsign, Coplanar Waveguide (CPW) fed
slot loop is employed to yield broadside while \eit monopole fed DRA to yield end-fire
types of radiation patterns. The design structutbeslot loop is analysed first independently
and then under the influence of the DRA which i®¢éobonded to it. The performance of this
structure is evaluated in free space and upon iamtpm model characterizing the human
body. Similarly the design structure of the DRAegaluated and its performance in the
context of free space and upon the phantom modeaneyzed. After the individual
performances of slot loop and DRA are optimised, uhified structure is subject to analysis
to observe corresponding -10dB common bandwidth lamdl of mutual coupling. This
compact structure is too subject to free spacepdmachtom model analysis to observe if any
change in its performance. Finally this compacedsity antenna is cleared for fabrication.
One main disadvantage in the initial design is rtba-planar feed to the DRA and that is
expected to restrict its on-body applications. 8®odesign is envisaged in which both slot
loop and DRA are fed by planar microstrip feed dinetched on the opposite side of the
ground plane that contains the slot loop and thé&DRitially the slot loop design is analyzed
and optimized and is subject to free space andtpiramodel tests. Then same is repeated for
the DRA branch. After individual antennas exhikdttisfactory performance, the compact
structure is evaluated to observe its common impesldbandwidth and mutual coupling.
Following the free space and phantom model tekts,more compact diversity antenna is
finalized.

41  CPW fed slot loop initial design:

The coplanar waveguide (CPW) line with charactessiinpedance of 5Q and fed by portl

is used to excite the slot loop antenna. The sletdsed in a square shaped ground plane of
small dimensions supported by equivalent sized tsatles of 5cmx5cm with dielectric
constant of(er=3.38 ) and of height h=0.508mm.The schematic diagof the design is
depicted in 4.1.

Slot loop
0 y-axis
CPW feel ¢ B ’ >
X-axis
Ground plane

4.1: slot loop antenna fed by coplanar waveguid@W& line
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The guided wavelength.d) that is to be used in terms of Slot Length (SLyakulated from
the equations 4.1 and 4.2 [5]:

A

Ay T (4.1)
geff

E =(E +D /2. i, (4.2)

So usingr =3.38 the guided wavelength is estimated td be 96mm(by HFSS simulation).

As initial analysis keeping Slot Width (SW = 1mirth)e Slot Length SL is determined to suit
to 2.4GHz resonance frequency. The parametricteeatg presented in Figure 4.2 which are
explicitly summarized in Table4.1.

==e=='|maginary external radius=20mm

==e= |maginary external radius=22mm|

==e= |maginary external radius=24mm|

Real external radius=20mm

Real external radius=22mm

Real external radius=24mm
T

Impedance,Ohms
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
Y
|
|
|
|

Frequency,GHz

(@)
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Return Loss/ports isolation,dB

T
External radius=20mm

External radius=22mm
External radius=24mm
T

25

Frequency,GHz

(b)

4.2: Parametric analysis for (a) impedance andegfoyn loss curves in terms of different slot
lengths

Table4.1: Parametric analysis of slot length whéfthwe1lmm & guided wavelength

(Ag=96mm)
Slot External Radius| Slot Length Slot Length Resonance Frequenc
R(mm) (SL)mm (Ag) (f)GHz
20 mm 108 mm 1.1g 2.4 GHz
22 mm 121 mm 1.29 2.25 GHz
24 mm 133 mm 1.4g 1.8 GHz

As can be observed from the results presentedgur&i4.2 and in Table 4.1, a slot’s external

radius of 20 mm (1.1Ag) yields a resonance around 2.4 GHz but the redl @athe

impedance stands to 125 ohms and that needs torbected to 50 ohms. Before refining
these results, it is suitable here to observe fiieeteof slot widths. A parametric simulation is
performed for slot with external radius of 20mmeTresults are presented in Figure 4.3 while

their summarized description is given in Table 4.2.
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slot width=1mm

slot width=1.2mm

slot width=1.4mm
slot width=1.6mm

Return Loss/ports isolation,dB
|
|
|
|
|
|
|
|
|
|

Frequency,GHz

4.3: Parametric analysis for return loss valugsims of slot widths

Table4.2: Parametric analysis of slot widths whiehexternal radius is 20mm

Slot width Return loss value Impedance bandwidth
(SW )mm (dB) (%)

1.0mm -8dB 18%

1.2mm -8dB 18%

1.4mm -10dB 14%

1.6mm -10dB 18%

It is apparent from Fig.4.3 and Table 4.2 thatitfeeease in the slot width (SW) improves the
coupling and hence yields wider bandwidths. Thimigies that any suitable value of SW can
be chosen that fits to the specific bandwidth nesjuents.

Now we come to ascertain that slot should precieghibit either parallel or series resonance
around 2.4GHz, with real impedance peak standingOt@hms and imaginary to 0 ohm. It

was tried to seek parallel resonance with real adapee at 50o0hms but it did not work. Then
series resonance was found to yield real impedah&)ohms with slot’s average radius of
28.5mm and width of 3.6mm.The results are presaentétyure 4.4(a)

-79 -



I
==e='|maginary curve; slotR=26mm|
==e = |maginary curve; slotR=27mm
==e='|maginary curve; slotR=28mm
=== |maginary curve; slotR=29mm|
Real curve; slotR=26mm
Real curve; slotR=27mm
Real curve; slotR=28mm
Real curve; slotR=29mm

Impedance,Ohms

Frequency,GHz

Figure 4.4(a): portl slot loop radii impedance esrto seek series resonance

Though desired results are sought but DRA placerneside the slot loop is found to change
this resonance and also the antenna size gets.|&ge mid way is sought to not only slot
tolerate the effect of DRA presence but also remampact in size.

For this purpose slot with external radius of 23ammd width of 1.4mm is analysed. The basic
antenna design values are tabulated in Table 4.3.

Table4.3: Slot loop antenna; basic design values.

Structure elements Specific parameters Numeridakva
CPW line S-W-S 1.4mm-7mm-1.4mm
Slot loop External radius(R1) 23mm
Slot loop Internal radius(R2) 21.6mm
Slot loop width 1.4mm
Slot loop Circumference length 146mm

Based upon the estimated design values enliste@ialrie4.3, the simulated results are
presented in Figure 4.4 through 4.7 in terms ofddgmce matching , return loss and radiation
patterns.
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Real impedance

=== |maginary impedance

150

swyo ‘aouepadw|

0
-50

3.5

2.5
Frequency,

1.5

GHz

Figure 4.4(b): Portl slot loop impedance curves.

Slot loop return Ioss[

Frequency,GHz

Figure 4.5: Portl slot loop return loss curve.
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(b)
Figure 4.6: (a) Elevation plane (yoz & xoz) raddatpatterns (b) 3D polar plot
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Gain Phi
Gain Theta

Figure 4.7: Azimuthal plane (xoy) radiation pattern

4.1.1 Basic performance analysis:

The impedance and return loss curves depictedgar&i4.4 and Figure 4.5 show that slot
loop’s required matching at 2.4GHz is mid way betweparallel and series resonances. As
DRA positioning inside the slot loop is expectedrtiuence the slot's matching so will be
finalized. The elevation plane (yoz & xo0z) radiatipatterns are presented in Figure 4.6(a)
and (b). Both the E-plane (yoz) and H-plane (xae)ds exhibit pure symmetry in their
broadside shapes however, xoz plane pattern is\azbéo be narrower as compared to the
yoz plane. The -3dB Half Power Beam Width (HPBW)yoz plane is found to be 80° while
for xoz plane it is increased to 120°. The crossijations in the broadside direction are
noted to be -30dB or better. The antenna gain semied to be 3.3dBi with radiation
efficiency of 100%. A similar shaped pattern isoatdserved in the backward direction and
that could be attributed to the absence of any lpatkh. Along with the observation of
elevation plane radiation patterns, the behaviduazanuthal plane radiation pattern is also
considered. Figure 4.7 presents the radiation qpaite azimuthal plane that reveals larger
value of Gain phi as compare to the Gain theta.

4.1.2 DRA loading effect:

As slot loop antenna is supposed to include wititencircumference area, a Dielectric
Resonator Antenna (DRA) to yield end-fire type aidn pattern [6] so it is pertinent here to
analyse this effect. To accomplish it a cylindricddaped DRA composed of dielectric
constant £r=30) bearing radius of 15mm and height of 12mm thd resonating at the same
2.4GHz frequency is loaded at the centre of thelslap. Due to this loading effect the slot
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loop antenna is expected to undergo certain chamdesh are presented in Figure 4.9
through Figure 4.12. z-axis

0 y-axis {

X-axis

Portl

’H <+ DRA
CPW feel ‘

substfat PortZLertical feed from
below the ground plane

(@) (b)

Figure 4.8: slot loop antenna encircling DRA (g) teew (b) side view

T T
Slot loop Imaginary impedance
Slot loop Real impedance

Impedance,Ohms

Frequency,GHz

Figure 4.9: slot loop impedance curve showing alfgresonance around 2.42GHz.
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Figure 4.11: (a) Radiation patterns; tilt in yoam but symmetry in (xoz) plane (b) 3D polar
plot

Figure 4.12: Azimuthal plane radiation patterngespnting nearly equal Gain phi and Gain
theta.
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DRA loaded slot loop’s impedance and return logvesiare given in Figures 4.9 and 4.10
respectively and that speak of slight change inrésonance frequency from 2.1GHz to
2.42GHz with -10dB RL bandwidth of just 1.2% howew8dB RL bandwidth seems to be
widened. From the study of the impedance curvesppears that the DRA loading results in
its resonance too that appears to be very closthdoslot's resonance and resultantly
introduces sharp parallel resonance around 2.42 GHz

The (yoz) and (xoz) plane radiation patterns aggatied in Figure 4.11(a) and (b) and it can
be observed that yoz plane pattern is tilted towa3@ angle theta with reference to the
broadside direction while xoz is found to be ureeféd and still shows pure symmetry in its
shape. These pattern shapes introduce a gain oft@dBrds the broadside direction. Again
yoz plane pattern is observed to be narrower agpaced to the xoz plane and -3dB Half
Power Beam Width (HPBW) are seen to be nearly sasria slot loop radiating with out the
DRA. The radiation pattern in both planes tendxbilgit symmetry when shifted to lower or
upper sides of the band that is at 2.35GHz and.48GHz however gain is found to be
reduced to 1.8dBi and .8dBi respectively. The cqmdarizations in the broadside direction
are still noted to be -30dB or better. The radiatfficiency of the antenna drops from100%
to 95%. Nearly same radiation pattern behaviowhserved in the backward direction. The
azimuthal plane radiation patterns are given irufggd.12 which shows that due to increase
in its level, the Gain theta is now comparablehit bf Gain phi.

It can be concluded from the preceding analysis sl loop antenna performs well in the
presence of DRA however the design parameters nedusre-adjusted.

4.2  CPW fed slot loop final design:

As it has been observed that the DRA loading intced a bit change in the slot loop
behaviour, so there is a need to slightly re-adjgsiesign values so that optimised result can
be achieved. A rigorous simulation process useddd#sgn values enlisted in Table4.4 to
observe improvement in -10dB impedance bandwidtti ediation pattern shapes. The
important point here is to note the reduction sibt width to just 0.7mm and obviously that is
needed not only to maintain compactness to thenaatstructure but also to reduce coupling
to the DRA to suppress its influence in the slojploesonance.

Table4.4: Compact structure slot loop design pataraevith corresponding values.

Structure Elements Specific Parameters Numeridakva
CPW Line S-W-S 1.4Amm-7mm-1.4mm
Slot Loop external radius 20mm
Slot Loop Internal radius 19.3mm
Slot Loop width 0.7mm
Slot Loop Circumference Length 122mm

Guided Wavelength 13 -
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Figure 4.14: Slot loop impedance curve showingmasoe around 2.42GHz
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Figure 4.16: (a) Slot loop radiation; tilt in yolape pattern has reduced (b) 3D polar plot

Figure 4.17: Radiation pattern presenting largéuevaf Gain phi as compare to Gain theta.
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4.2.1 Final design analysis:

The impedance and return loss curves are givenguré 4.14 and Figure 4.15 respectively
which show an improvement in the results. The -10dBedance bandwidth is around 2.4%
while antenna resonance takes place around 2.42 &¢#dn at around -7dB level, a wider
impedance bandwidth is possible.

The yoz plane and xoz plane radiation patternslepécted in Figure 4.16(a) and (b) and as is
evident from the results that the tilt in yoz plaadiation pattern has reduced while xoz plane
pattern is found to be symmetric. As observed otige (4.1.2) the yoz plane pattern is still
narrow as compared to the xoz plane while -3dB Raliver Beam Width (HPBW) is seen to
be un-changed. The radiation patterns are fourw tstable with in the frequency band from
2.35GHz to 2.42GHz. The gain is estimated to bdB.9/ith radiation efficiency of 98%.The
cross-polarizations in the broadside direction aseusual -30dB or better. The azimuthal
plane radiation patterns that are presented inr€igul7 speak of higher Gain phi value than
that of Gain theta.

One significant issue is the obligation of theisdition of small ground planes to keep the
antenna size as small as possible. Correspondindiffierent ground plane sizes, some
important results are enlisted in Table 4.5. Iblserved that slightly larger ground planes
(60mmx60m) could provide larger BW (8% here).

Table4.5: The effect of ground plane size upon Badith, Gain, F/B, -3dB (HPBW) beam
width and antenna efficiency.

Ground Plane| Impedance | Broadside F/B Elevation Plane -3dB(HPBW) | Antenna

Size (mm) Bandwidth | Gain(dBi) (dB) yoz/xoz (Plane) Efficiency
50%x50 2.4% 2.3dBi| 2.3/-1.3 75°/100° 95%
60x60 8 % 5.5dBi 5.5/1.9 70°/90° 98%
70%x70 9.5% 5.7dBi| 5.7/2.1 70°/85° 97%

4.2.2 On-body performance:

As the proposed antenna is to be employed for thayyBArea Network (BAN) applications,
body surface tests are crucial to evaluate itspegbrmance. It is estimated that lossy nature
of the skin characterized by dielectric constanfepf53) and loss tangent of .002 will change
the performance parameters of the slot antenna.sifhelations tests are performed while
placing the antenna at a height of 15mm above yhedrical shaped phantom representing
real human body’ trunk with radius of 20cm and heigf 40cm. The change in the size of the
phantom trunk is observed not to significantly apanhe results. However, antenna height
upon the phantom is found to be sensitive andigtgd’s proximity to the body offers wider
change in results. But as this antenna is intenidede worn on specially fabricated
professional cloths, hence due height is maintaihatlis at 15mm.
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Figure 4.19: Return loss curve with slot loop péahon the body surface
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4.21: Azimuthal plane radiation pattern presentenger value of Gain phi as compare to

Gain theta.

The results of on the body tests are depictedgurEi4.18 through 4.21. The impedance and
return loss curves presented in 4.18 and 4.19 ctsply show upward shift in resonance

frequency around 2.51GHz and widening of the -10dpedance bandwidth to 18%. The yoz

plane and xoz plane radiation patterns are depiat€dgure 4.20(a) and (b) and as expected
these are found to be more directional in the swddirection owing to the presence of

lossy material in the backward direction where adns are prone to high absorption. The
yoz plane pattern is still narrow as compared ®xbz plane. The gain is estimated to be
6.5dBi while radiation efficiency has dropped fr&@8% to 70%.The cross-polarizations in

the broadside direction are as usual -30dB or béftee azimuthal plane radiation patterns
that are presented in Figure 4.21 speak of highkrevof Gain phi as compare to Gain theta,
however both have been found reduced as compalzutiipfree case.

4.3 Vertical monopole fed DRA initial design:

The TMO01 mode of the DRA is excited to yield encfiype radiation pattern. The excitation
of this mode is accomplished by feeding the DRAweibaxial probe located at its centre. The
probe is inserted into the DRA vertically from b&lthe substrate. It is the same slot antenna
structure within which the DRA is to be located.eTiesonance frequency of the cylindrical
shaped DRA is calculated while considering the peiknty of the material with which it is
made up of and by calculating its radius and heiglhies. The mathematical equations (4.3)
and (4.4) can be employed to seek a desired de$itpe DRA [6].
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_ 30k.a)
frrp01(GH2) armlom) I 4.4
Where:
a=radius of the DRA
h=height of the DRA
Permittivity (r) =30
The resonance frequency calculations are giverabieR.6

Table4.6: monopole fed DRA design values

Structure element Radius / Height Location
DRA 15mm / 12mm Centre of slot loop
Embedded monopole 0.5mm /7mm Centre of DRA

Generally the feed embedded inside the DRA is moitsiclered at the time of resonance
frequency calculation. The resonance frequencyeterchined precisely by the simulation
process that also takes into account the sensgsues if any associate to the feed structure,
the real value of dielectric constant along witlssidangents etc. By rigorously repeated
processes, the results are refined and optimisel& waking into consideration the possible
constraints of the fabrication. One such constranthe effect of adhesive material with
which the DRA body is glued to the ground plane #rad has been detailed in Chapter 3. So
it is important to keep the DRA height a bit higlsr as to compensate for obtaining the
exactly desired resonance frequency. However ifange change in results is observed, the
additional size can easily be removed at the tifmaeasurements to always remain confined
to the desired results.

As DRA resonance mostly depends upon its dimensaodsvalue of the dielectric constant
used, equally important is the probe height ingid€o excite TMO1 mode a suitable probe in
the form of monopole is embedded at the centr@®XRA. The height and thickness of this
probe is estimated by the simulation process,dkalts for which are given in 4.22.
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4.22: Parametric return loss curves representifigrdint probe heights.

As can be observed from the family of parametrauits presented in the Fig.4.22 that -10dB
return loss level is reached when monopole’s heiggitle the DRA is found to be 7mm or
8mm. Both of these heights yield nearly the samsalteso this introduces an enhancement in
the fabrication tolerance. It justifies that whifeserted into DRA, the monopole’s height is
not so sensitive and can assume slightly diffevahie thus nullifying errors attributed to it.
On the other hand the thickness of the probe @riglénsensitive to couple electromagnetic
energy to the DRA so any suitable or readily avdéaiece of copper wire can be utilized for
this purpose. However, for further design analysmsm height is considered and its result is
presented in 4.23.

(o]

-10

Return Loss,dB

-15

-20

Figure 4.23: DRA return loss depicting resonanc2 46Hz frequency.
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It is crucial to evaluate the role of the adhesnaterial that is generally expected to shift the
resonance frequency upward. It has been evaluatdtiat the dielectric constant of the
bonding material is aroundrE2) and actual layer of 0.2mm thickness gets eygalo One
such detailed analysis is depicted in Appendix Ansidering these effects, a parametric
analysis is made for which the results are present&igure 4.24.

Return Loss,dB

Without Adhesive material layer
Adhesive material layer=0.1mm
Adhesive material layer=0.2mm
Adhesive material layer=0.3mm
Adhesive material layer=0.4mm
Adhesive material layer=0.5mm

2.8 2.9 3

-25
2

Frequency, GHz

(@)

T T
Imaginary with no Adh Mtrl
Imaginary with Adh Mtrl=0.1mm
Imaginary with Adh Mtrl=0.2mm|
Real with no Adh Mtrl

Real with Adh MtrI=0.1mm

Real with Adh Mtrl=0.2mm
T T

Impedance, Ohms

— |
e -
- -
- -
- -
-
- -

-

Frequency,GHz

(b)

Figure 4.24: (a) & (b) Parametric set of resulfgresenting upward shift in resonance
frequency corresponding to different adhesive nltiyers.
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It can be observed from the results presented24 that corresponding to different adhesive
material layers there is upward shift in the resmeafrequency. The results available from
appendix A predict that 0.2mm layer is suitabléo&used in bonding the DRA body to the
ground plane due to which it is expected to shdtf 2.4GHz to 2.6GHz. It means the DRA
design to resonant at 2.4 GHz is expected to résoma2.6GHz after the fabrication is

realized. This suggests a design around 2.2GHahabafter including bonding material’s

effect at the time of fabrication, antenna be ntadesonate around 2.4GHz.

4.3.1 Evaluation for adhesive material effect:

To make the DRA resonate at around 2.2 GHz thegdgsarameters are given in Table4.7
while its simulation result is presented in Figdr5.

Table4.7: Monopole fed DRA design parameters tonmate at around 2.2GHz

Structure element Radius / Height Location
DRA 15mm / 18mm Centre of slot loop
Embedded monopole 0.5mm /8mm Centre of DRA

Return Loss,dB

Figure 4.25: DRA return loss curve representingmasce at 2.2GHz

An expected result can be observed from Figure Wi2&re the design is resonating at
2.2GHz without considering the bonding materiaffed.

As has already been analysed that upward frequemiftyis imminent so assuming the real
situation after the fabrication is made, a paraimeinalysis is performed for which the results

are depicted in Figure4.26.
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Return Loss,dB

Adhesive material layer=0.1mm
Adhesive material layer=0.2mm
Adhesive material layer=0.3mm
Adhesive material layer=0.4mm
Adhesive material layer=0.5mm

2.6 2.7 2.8

Frequency,GHz

Figure 4.26: A family of curves representing retlass values corresponding to different
adhesive material layers.

The results are expected and corresponding toréiftéayers thickness an upward shift in
resonance frequency is observed. The results ammatized in Table4.8

Table4.8: Upward shift in resonance frequency apoeding to different adhesive material

layers.
No. Adhesive material thickness Upward shift inoreence frequency
1 0.1mm 2.35 GHz
2 0.2mm 2.40 GHz
3 0.3mm 2.43 GHz
4 0.4mm 2.44 GHz
5 0.5mm 2.45 GHz

From the results presented in Table 4.8 one cam thet precise assumption of 0.2mm layer
thickness that yields the desired results.

4.4 Vertical monopole fed DRA final design:

The aforementioned analysis suggests an errordigsgn for which the values are given in
Table4.9. This includes the effect of adhesive mltso that after fabrication process one is
sure of resonance to take place at 2.4GHz.

Table 4.9: DRA final design parameters.

Structure elements Radius / Height Location
DRA 15mm/ 18mm Centre of slot loop
Embedded monopole 0.5mm /8mm Centre of DRA
Adhesive material layer 15mm /0.2mm Between grqpiade & DRA
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DRA port return loss
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Frequency,GHz

Figure 4.27: DRA return loss curve representinglBLOnpedance bandwidth of 3.3%

DRA Imaginary impedance
DRA Real impedance

Frequency,GHz

- 100 -

100

Figure 4.28: DRA impedance curves representingllphrasonance around 2.42GHz
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Figure 4.29: DRA end-fire type radiation patterak(f/oz & x0z) elevation plane patterns
5.r 3D polar plot.
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Figure 4.30: DRA azimuthal plane radiation pattespresenting large value of Gain theta.

4.4.1 Final design analysis:

The DRA design results are depicted in Figure 4t#dugh 4.30. The return loss curve
presented in 4.27 represents an impedance bandefi@!83% and that has been observed to
be widened due to the effect of low permittivityhadive material. The impedance curves
presented in Figure 4.28 speaks of parallel resmman2.42GHz. The end-fire type radiation
pattern in the (yoz & xoz) elevation plane is dégicin Figure 4.29(a) and (b).Both plane
patterns are found to be purely symmetric with sqoslarizations of -12dB or better. The
azimuthal plane radiation pattern is given in Feggdr30 where it can be observed that Gain
phi is -20dB smaller than that of Gain theta. Thenodirectional gain of the DRA is
observed around 0dBi while its radiation efficiengyound to be 96%.

To observe the effect of enlarging the ground plaiféerent ground plane sizes are subject to
analysis as was done in the case of with slot kstopcture. The results are summarized in
Table4.10 that speaks of slight increase in impeeapmandwidth while no considerable
change in radiation patterns or antenna efficiea@bserved.

Table4.10: Effects of ground plane size upon badtwiradiation pattern and efficiency

Ground plane| Impedance| Elevation plane Azimuthal plane Antenna

size(mmxmm) bandwidth | radiation patterng Gain phi /Gain theta| efficiency

50x50 3.3% End-fire -20dB/0dB 96%
60%60 4.2% End-fire -17dB/1dB 98%
70x70 4.6% End-fire -18dB/1dB 96%
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4.4.2 Planar feed tests:

The antenna under investigation needs to haveraipfaed structure to be tested on the body
surface. Therefore, the DRA coaxial feeding is aeptl by a microstrip line etched on the
bottom side of the substrate to feed to the moreomohbedded inside the DRA. As the
microtrip line goes below the slot loop and migbupgle to it, a minimum current must be
maintained at the interception point. To observe thinimum, the feed line is made to pass
below that interception where E-field distributiom the slot seem negligible. The design
structure is presented in Figure 4.31 while itsiitssare depicted in Figure 4.32 through 4.34

E Field[¥/n]

2, 0953e+083
. 2, Fl4Y4e+0a3

2,5334%e+083
2, 3524e+203
2,1715e+083
1. 9985e+083
1. 8096e+083
1. B286e+083
1. 4477 e+083
1. 26867 e+0@3
1. 8857 +083
9, B479e+082Z
7. 2383e+082
5. 4287e+DB2
3. 6191e+082
1. 6696e+0B2
9, 6384 e-0aY

CPW feed
Portl

Microsirip feed
Port2

Figure 4.31: DRA fed by planar microstrip line gagsbelow the slot loop where E-field
distribution seems negligible

Return Loss,dB

Figure 4.32: DRA return loss curve got affectedhmsy presence of slot loop interruption
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Return Loss/ports isolation,dB

Figure 4.34:

(b)
Radiation patterns (a) yoz & xoz plémne3D polar plot

Figure4.35: Both ports return loss curves presagtt kevel of coupling

The return loss and impedance curves presentdd3ih and 4.33 illustrate that due to the
interception of slot loop the impedance bandwidiid aesonance frequency of the DRA is
affected. The DRA (S22) expected to resonate 8GHE undergoes a shift to 2.35GHz
while another resonance is observed around 2.540GHk.to disturbance in DRA resonance,
the end-fire type radiation pattern in the elevagain (yoz & xo0z) presented in 4.34 (a) and
(b) is observed to be de-shaped. In the radiatimtepn no clear null is observed in the
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broadside direction while omni-directional gain liaspped to -5dBi.This is attributed to high
level of ports coupling as is presented in 4.35e Thupling level as large as of -5dB is
obviously expected to badly influence the expectsdlts.

A close observation of the E-field distributiontime slot loop reveals that they might have
stronger effect at the observed point. So thenmeeed to seek another point that may offer
really negligible fields to observe better couplivgtween the two ports. One such situation is
presented in 4.36 where the DRA feed line is madpaiss below the slot where fields are
seen totally null.

1. 8750 +@A3
1. 756 e +@A3
1. 6258e+BE3

E Field[¥/m]
1. BEEE:+0E3
1, 3758e+0E3

l 2, BEE8e +0R 3
1, 2566 +EE 3
1, 1258e+0@3 .
i 1, 0866e+083 [ £
G, 7581e+0@2
7. 5881e+0R2
G, 2581e+BRZ
5, 8881 +002
I 1, 25681e+002
1, 1675e-002
Portl
CPW feed

3, 75@1le+B@2
2, 5Bale+BEZ

Figure 4.36: DRA fed by planar microstrip line gagsbelow the slot loop where E-field
distribution is totally null
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Return Loss/parts isdlationdB

A s [

Figure4.37: Both ports return loss curves reprasgitetter level of de-coupling

As observed from 4.37 that though ports de-coup(®tR) improved (-10dB), yet slot loop
(S11) performance disturbs. It is therefore inférfi@ally that slot loop and microstrip feed
line can not be completely shielded from each other

» So for this structure, the effort for planar fegfin DRA is curtailed and vertical feed
IS maintained.

4.4.3 On-body performance:

On the similar pattern of slot loop antenna, theADR also subject to on the body tests. The
lossy nature of the skin characterized by dieleaoinstant ofgf=53) and loss tangent of .002

may influence the performance of DRA. The simuladidests are performed while placing
the antenna at a height of 15mm above the cylintstaped phantom representing real
human body’ trunk with radius of 20cm and heigh46tm.

Return Loss,dB

4.38: DRA return loss when placed on the phantodylat a height of 15mm.
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4.40: Radiation patterns on the body surface (a)&®&oz plane (b) 3D polar plot

Gain Phi
Gain Theta

4.41: Azmuthal plane radiation patterns represgriinger Gain theta.

The results of on the body are depicted in Figu8 4hrough 4.41. The return loss and
impedance curves presented in 4.38 and 4.39 reésglgcshow that DRA -10dB impedance
bandwidth is nearly un-effected by the lossy natfreghe phantom body and that yields
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nearly the same results as without its presence.ydh plane and xoz plane radiation patterns
are depicted in Figure 4.40(a) and (b) and as é&geato significant change in the end-fire

pattern is observed. The radiation efficiency am ¢ther hand is found to drop from 99% to

85% mostly because the back radiation is absorgatieobody tissues. The azimuthal plane
radiation patterns that are presented in Figuré dptak of much higher value of Gain theta
as compare to Gain phi and it presents nearlyaheessituation as in body free case.

It can be concluded that when placed upon the Isodiace, the DRA undergoes very small

changes as compared to the slot loop antenna.

4.5 Coupling performance:
Free space performance:

So far slot loop and DRA antennas have been arhiysiependently and are found to yield

the desired results not only in free space but ajson the body surface for which it is

particularly designed. Generally, it is expectedttivhen both ports are excited, depending
upon the level of mutual coupling between them, rigteirn loss, resonance frequency and
radiation pattern may undergo a slight change. Tthesmportant to evaluate such behaviour
before the design is finalised. Keeping all theiglesparameters intact, the two ports
simulation results are presented in 4.42.
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4.42: Two ports slot loop and DRA return loss and$isolation curves

As can be observed from Figure 4.42 that both awatemperform well around approximately
the same frequency of 2.4GHz thus yielding -10dBicmn bandwidth of 3.3%.The slot loop
return loss remains at -7dB level and it could keibaited to the presence of adhesive
material with which DRA is glued to the ground maihe simulation results without it show
the return loss deeper than -10dB level and it peliconfirmed by the measured results that to
what extant gluing can influence the -10 level. Plogts isolation is around -13dB, though it
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is not so ideal however it is found not to influengreatly the overall performance of the
antenna.

On body performance:

It has been observed in individual cases for slopland DRA that the presence of the body
influences their performance, though it is strorfigetthe former and slighter for the latter. So
it is important to observe their combined behaviouthe presence of the body. Keeping all
the factors same as in individual antenna (slop land DRA) cases, the phantom body tests
are evaluated to observe dual ports antenna pexfaren The lossy nature of cylindrical
phantom depicting human body trunk, is charactdrizg dielectric constant otr=53) and
loss tangent of .002 and is expected to introdoceeschanges in the results. The simulations
tests are performed while placing the dual porterama at a height of 15mm above the
phantom formed by radius of 20cm and height of 40Ehe simulated results are presented in
4.43.

T
S11-slot loop
S12-ports isolation

Return Loss/ports isolation,dB

Frequency,GHz

4.43: Two ports slot loop and DRA return loss andgisolation curves upon the body
surface

Figure 4.43 narrates that both slot loop and DRéAgoen well around 2.4GHz frequency and

yield impedance bandwidths of 17% and 4% respdgtividhe slot loop return loss that has

been observed to be more sensitive, remains |dveer 1L0dB level and it could be attributed

to the presence of lossy nature of the body with53 and loss tangent of 0.002). The ports
isolation is now found to be -15dB or better. Tbascludes that dual pattern antenna works
well upon the body surface.

» The proposed dual pattern antenna is expectedrtorpewell and fulfil nearly all the
requirements, except planar feeds to DRA so as douked for on the body
applications to seek certain Diversity Gain (DGheTneasured results of this antenna
are presented in section 5.3.
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4.6  Two ports planar feed structure:

The antenna proposed in the previous section lpleksar feed to DRA though it can still be
planted upon the body surface using L-shaped comndwwever, it would be more
appropriate to replace it with planar feed to ereats utility.

So following the same techniques, an alternativa@gtieis proposed that offers purely planar
feeds to both antennas. The slot loop is fed byertadd microstrip feed line instead of CPW
line while DRA is fed too by microstrip line thatns below the interrupted section of the slot
loop. Thus both feeding lines are etched on oppaside of the ground plane upon which
DRA is residing encircled by the slot loop hencelding end-fire and broadside types
radiation patterns. This manipulation gives momapactness to the antenna structure.

4.6.1 Microstrip fed slot loop design:

A microstirp feed line of 1.4mm width with charagstics impedance of 5@ and fed by
portl is used to excite the slot loop antenna. dibeis etched on the square shaped ground
plane supported by equivalent sized substrate ain®®50mm with dielectric constant of
(er=2.2) and of height h=0.508mm.The schematic diagrathe design is depicted in 4.44.

I—>y-axis

X-axis

-

4.44: Slot loop etched on the ground plane is fethizrostrip line
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==e=|maginary stb=16mm

Real stb=16mm

Impedance,Ohms

Frequency,GHz

(b)

4.47: slot loop(a) return loss and (b) impedanceesicorresponding to different stub lengths.

The results presented in 4.45 through 4.47 illtstthe antenna matching. The results
depicted in Figure 4.45 present a family of impexaand return loss curves corresponding to
various slot loop radii. The slot loop radius ofrd and width of 1mm is found to yield
resonance around 2.4GHz. Figure 4.46 depicts fieetadf slot widths which is observed not
to be so significant though width of 1.2mm seemsensuiitable to make loop resonate around
2.4GHz however, practically any suitable width afale from the results can be chosen that
fits to desired frequency. The stub lengths respampresented in the results of 4.47, where it
can be observed that a stub of 16mm length improwepling to the slot.

4.6.2 DRA loading effect:

As has been observed that DRA residing within tbelsop is expected to affect the slot loop
resonance, hence slot loop return loss and impedano/es in the presence of DRA are
presented in 4.49 and 4.50 respectively.
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4.49: DRA loaded slot loop return loss depictingrodpe in its resonance frequency
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4.50: slot loop impedance curves in the presen@RA

The DRA loaded slot loop is presented in 4.48s interesting to observe from 4.49 and 4.50
that the resonance frequency seems shifted dowmdrom 2.05GHz. So in order to shift this
frequency to 2.4GHz one is required to reduceizts and that ultimately reduces the antenna
structure. As a result the design becomes more aoimgmd hence introduces more usability
for on the body applications.

4.6.3 Interrupted slot loop design performance:

To assign planar structure to the DRA feed, thelifeee microstirp line of 1.4mm width is
made to pass below the interruption point introducethe slot loop where E-fields are found
to be negligibly weak. This situation is narratadti51. Owing to the need of miniaturization
of the antenna structure the ground plane and mubstsizes are now reduced to
36mmx36mm.The slot loop design values in the DRading context are reviewed with slot
loop radius of 15.5mm, width of 0.4mm and interroptgap of 11mm.On the same footings
the stub length is optimised at 4.5mm. The sloplperformance is depicted in Figures 4.52
through 4.55.
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4.51: DRA encircled by the slot loop with interriget to pass below microstrip line to feed to
DRA

Return Loss,dB

4.52: Slot loop return loss curve with interruptiarit
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4.54: Slot loop broadside radiation patterns (&) &yoz planes (b) 3D polar plot

4.55: Azmuthal plane radiation pattern with lar@ain phi
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The return loss and impedance curves given in &P 4.53 speak of -10dB impedance
bandwidth as around 2% while antenna undergoesadglaesonance to 2.47GHz. The xoz
plane and yoz plane radiation patterns are depictdéigure 4.54(a) and (b) that present
symmetry in their shapes with gain of 0.8dBi howewxez plane radiation pattern is found to

be narrow as compared to the yoz plane. The crolssipations in the broadside direction are
-15dB or better. The radiation patterns are founde stable with in the frequency band from
2.39GHz to 2.44GHz. The radiation efficiency of #ugtenna is estimated to be 94%. The
azimuthal plane radiation patterns that are presemt Figure 4.55 present slightly higher

Gain phi value than that of Gain theta.

It has been estimated that a larger interruptiop daectly influences the impedance

bandwidth. There is an obligation to keep this age enough to keep slot size smaller to
make it offer -10dB impedance bandwidth around H4G

4.6.4 On-body analysis:

The antenna is placed at a height of 20mm abovetiverical phantom body comprising of
radius of 20cm and height of 40cm hence depictifguaan corps trunk characterised by
effective permittivity of 53 and loss tangent 00@2. The estimated results are presented in
Figure 4.56 through 4.59.

Return Loss,dB

Frequency,GHz

4.56: Slot loop on body return loss curve
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4.58: Slot loop on body radiation patterns (a) &oyoz planes (b) 3D polar plot

Gain Phi
Gain Theta

4.59: Azimuthal plane radiation patterns with ngadme Gain phi and Gain theta values

With reference to free space case certain chamgesbaerved. The return loss and impedance
curves given in 4.57 and 4.58 respectively yieltDdB impedance bandwidth that remains
same around 2% while antenna resonance takes ataoed 2.45GHz frequency. The xoz
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plane and yoz plane radiation patterns are depictdelgure 4.59(a) and (b) that represent
elevation plane to be more directional with gair0&dBi.The backward radiation is found to
be reduced significantly and this could be atteloluto the lossy nature of the phantom model
upon which the antenna is planted and that absbbsadiations. The xoz plane radiation
pattern is still narrow as compared to the yoz @larhe cross-polarizations in the broadside
direction are -15dB or better. The radiation effigy of the antenna is estimated to drop from
94% to 65%. The azimuthal plane radiation patténasare presented in Figure 4.59 speak of
nearly same Gain phi and Gain theta values thd5idBi.

4.6.5 Microstrip fed DRA design performance:
The DRA design values do not undergo any wide chamgile planar feed in the form of
microstrip line has yielded the desired results &éna given in 4.60 through 4.63

Return Loss,dB

T
Imaginary impedance
Real impedance

|

4.61: DRA impedance curve representing parallelsargbs resonance around 2.4 GHz
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4.62 : DRA radiation patterns (a) xoz & yoz plaf@s3D polar plot
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Gain Phi
Gain Theta

4.63: Azmuthal plane radiation patterns with larggiue of Gain theta.

The DRA return loss curve presented in 4.60 wh#eimpedance curves plotted in 4.61
speak of its impedance bandwidth of 3.3% at araud@GHz frequency. The end-fire type
radiation pattern in the (xoz & yoz) elevation @ans depicted in Figure 4.62(a) and (b).Both
plane patterns are found to be purely symmetrity wibss-polarizations of -12dB or better.
The azimuthal plane radiation pattern given in Feg4.63 presents that Gain phi is -15dB
smaller than that of Gain theta. The omni-direailogain is found to be around 0.5dBi with
radiation efficiency of 98%.

4.6.6 On-body analysis:
In line with slot loop the DRA is also placed athaight of 10mm above the surface of
phantom. The estimated results are presented ntdr6ugh 4.67.

o

-10

-15

RaumLosds

-20

-25

Frequency,GHz

4.64: On body DRA return loss curve
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4.66: On body DRA radiation patterns (a) xoz & yanes (b) 3D polar plot

4.67: Azimuthal plane radiation patterns with largalue of Gain theta
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The on body return loss curve is presented in wiide impedance curves are plotted in 4.65.
The -10dB impedance bandwidth is found around 4Be& @nd-fire type radiation pattern in
the (xoz & yoz) elevation planes is depicted inureg4.66(a) and (b). Both plane patterns are
found to be purely symmetric in the elevation plavigle certain reduction in the backward
direction can be attributed to the lossy naturepbntom model. The azimuthal plane
radiation pattern is given in Figure 4.67 whereah be observed that Gain phi is -18dB
smaller than that of Gain theta in any directiomttimeans gain phi undergoes larger
attenuation compared to gain theta. The radiatfboiency of the antenna is found to drop
from 98% to 85% while gain drops to 0dBi.

4.7  Coupling performance
Free space performance:

As both antennas are found to perform well at samM2GHz frequency so it is important to
evaluate coupling between their ports for which theerall design values are given in
Table4.11 and result in Figure 4.68.

Table4.11: Slot loop and DRA optimal design wits@sated feed values

Antenna Design Values Feed Line Stub Resonance

Type size Length | Frequency
Ls

Portl Loop radius=15.5mm | Length(L)=7.5mm| 4.5mm 2.4 GHz

(Slot Loop) | Loop width=0.4mm Width(w)=1mm

Port2 DRA Diameter=30mm | Length(L)=18mm | O 2.4 GHz

(DRA) DRA Height=18mm Width(w)=1mm

T
S11-slot loop
S12-ports isolation
S22-DRA

Return Loss/ports isolation,dB

2.6

4.68: Slot loop and DRA return loss curves withtpasolation of -12dB

The results presented in 4.68 illustrate that klop -10dB impedance bandwidth is around
1.8% while for DRA it is 3.2%. Thus the common baitth is found to be 1.8% with ports
isolation of -12dB.
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On body performance:

The same dual ports antenna is planted upon thetgrhabody at the height of 10mm so as to
evaluate its performance in the presence of losstemal with =53 & loss tangent=0.002)
The simulations tests are performed upon phantoméd by radius of 20cm and height of
40cm.

;
1 1 1 1 1 1 S11-slot loop
| | | | | | S12-ports isolation
| I I I I S22-DRA
| I I I I I T
I I I I I I
I | I I I |
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I I I I I I
I I I I I I I
I I I I I I I
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Q | | | | | |
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2.2 2.25 2.3 2.35 2.4 2.45 2.5 2.55 2.6

Frequency,GHz

4.69: Slot loop and DRA on the body return loss pods isolation curves

It can be observed from Figure 4.69 that due tobibay influence both slot loop and DRA
resonance has slightly shifted downward and yiatddr impedance bandwidths of 2.5% and
4% respectively. The ports isolation is found terove to -15dB.This slight change in results
can be attributed to the presence of lossy natiitkeophantom body, however the proposed
antenna withstands such constraints meted ous fmeiformance and exhibits fidelity to yield
the desired results.

» The proposed antenna is more compact and confonithl both feeds exhibiting
planar structure ideally suitable for on the bogyplecations to yield Diversity Gain
(DG) performance. The measured results of thisnauat@re given in section5.4

4.8  Conclusion:

Two types of dual patterns body wearable antenaas been presented one with non planar
feeds while other with planar feeds. The antennth won planar feed structure is though
restricted to limited applications upon the bodysipons but it offers larger impedance

bandwidth. While on the other hand, the planar fapttnna is easy to integrate upon the
body but at the cost of reduced impedance bandwBltith antennas present endfire and
broadside ports showing high isolation in a compeice and are expected to show good
diversity gain performance in the next section.
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Diversity schemes are usually divided into spacération and pattern diversities. The
space diversity scheme is used when replica otiteals, are received at two or more

antennas. For an efficient combination, the sigaalthe antennas must be uncorrelated
which requires a minimum distance between the aaigntypically a half-wavelength. This
mostly happens at the mobile communication bas#osta On the other hand, the
polarization and pattern diversity schemes are wgleen a limited space is available for
instance as in BAN context. The performance of Badtennas is evaluated when employed
into different channel configurations upon the bsdyface typically Line Of Sight (LOS) and
Non Line Of Sight (NLOS) communication links. Thehapter uses the two-port body
wearable antenna described in chapter 4 which esifpally design for pattern diversity.
This antenna provides radiation patterns compleimgrgach other in a compact size for
integration purposes. The performance of such amnaa is evaluated in terms of diversity
gain (DG) for different channel configurations,. idfferent positions of the receiving and
transmitting antennas on the body surface.
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As many aspects of the radio communication arevelgtiinvolved in the evaluation of
diversity performance, a brief overview is presdriere.

5.1  Overview of mobile radio channel:
In the indoor environment, the fading predominated exhibits different behaviours that can
be categorised into three main classes:

Very slow fadinglt accounts for different body positions suchlyasg, standing and sitting
postures. It can also be attributed to the changfripe body surroundings and is expected to
last for several minutes to even hours.

Slow fading It is associated to the proximity of slow moviolgjects such as arms movement
or the types of antennas and is expected to lag¢¥oto several seconds.

Fast fading It is assumed to be as fast as the process mdnriasion and reception between
the respective antennas, its rapidity can be etuinas the time elapsed for the travelling of
half wave lengths in the free space. Static chasmapulse response is given as [1]-[2]-[3]:

N-1 )
h(t) =) ad(t -t )e'* 5.1
k=0

For each impulse h(t), the amplituée depends upon the reflection coefficient of each
scatterer and the distance traversed by each r@hd&.phase, is related to the complex
value of the reflection coefficient while time ofrigal t, depends upon the total distance

covered by each ray.
The model described by equation 5.1 representdttra Wide Band(UWB) channel in

which time difference t, —t,” between the “direct ray and tHe" echo” is calleddelay

excessvhile collective duration delivered to echoes by $itatterer is calledelay spreadin
general sense to traverse a distance of 30cmag detess is assumed to be 1ns, however in
BAN context the impulse response measurement egplex task that requires additional set
ups.

The time dispersion phenomenon leads to the sigfadsng in frequency band thus
introducing distortion in terms dhter Symbol InterferencéSl). TheCoherence BangBc)
that defines channel selectivity is a frequencydofam which the channel is considered to be
constant. If the band occupied by the transmitigdad is very large compared to it, the signal
distorts and the channel is called selective.

It can be illustrated by a simple case of the fetence of two rays for which equation 5.1 is
subject to Fourier Transformation as [4];

N-1 )
H(f)=> ae’™ 5.2
k=0
considering N=2 represents two identical amplitudithe rays, so
H(f)=a(e ® +¢e ) 5.3
-jwrTt t, —t
or H(f)=2ae °? cos[w(T)] 54
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Coherence timéTc” of the channel accounts for rapid changdsnig place in the spreading
environment or displacement of the mobile unit. Symbol time“Ts” of the digital
transmission is larger than “Tc” the communicatiistorts.

The equation 5.5 describes that in multi-path emrirent, the channel gets selective and
Transfer function is observed to change from OagqRand stop or Notch filter). This relates
Bc with the delay timex) difference between two paths and that is given as

BC: 1
I, -1,

5.5

5.2 BAN channel in indoor environment:

In indoor environments, the propagation of the tetenagnetic waves give rise to stationary
waves owing to the interference of direct and ieclirwaves (reflected by wall etc).
Corresponding to this phenomenon, maxima and miraneaexpected to be observed. For
instance, if a receiving antenna is made to mowh welocity v, the time between each
maxima and minima is of the order of *2v. This time is very short that is around 100ms a
2.4GHz and represents fast fading.

The physical modelling of moving BAN channel in timeloor environment depicts that at
receiver the signal is received directly (by bodyface waves) and indirectly (by walls
reflected waves). It is found similar to the mo@DST-207 that is used for GSM where
impulse response of the Finite Impulse RespondR) (Hter represents a multi-path scenario.
The analysis also reveals that more receiving amateis close to the reflectors, highly
dynamic is the received signal. Similarly smalledaor size is observed to offer immense
reflections thus dominating NLOS communication amelding Rayleigh type Cumulative
Distribution Function (CDF) curves while largeresis found to exhibit LOS communication
that is confirmed by Rice type CDFs.

Due to Doppler’s effect the channel modulationoigrfd to distort the carrier signal when two
carriers are 2fd distance away. It is found thalNlrtOS case the number of reflected waves
form a continuous spectrum that spreads to seWxallt is composed of leading stronger
direct wave that is flanked by nearly equivalerftexded rays as is depicted in Figure5.1
however, Doppler effect influences these carrignais and normal walking speed (0.8m/s)
introduces a frequency shift up to 5/6 Hz.
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Figure5.1: Frequency in Hz surrounding 2.4GHz

5.2.1 Main channel parameters [4]

Cumulative Distribution Function (CDF):
It helps to know the probability of the receivedrsl strength not to cross certain limit and to
stay below it.

Time Autocorrelation:

This function helps to identify the coherence tinsed and to extract slow and fast fading of
the received signal. Generally correlation of O.%egs is recommended to ascertain the better
autonomy among signals. A coherence time of 10Gnabserved for fast fading and 4s for
slow fading.

Level Crossing Rate (LCR):

It allows to recognise the frequency of passintghefamplitude of the signal that is estimated
to be around -3dBc with reference to the RMS valuthe signal and equal to fd. One finds
that the passages are few for weak and strong mmeé but frequent for amplitudes that rest
around RMS value of the signal that is with Dopgér.2 Hz at 2.4GHz, LCR is found to be

maximum at 7.8 Hz that is very close to fd(7.2 Hz).

Average Fading Duration (AFD):

It represents the average fading duration for @mithreshold, generally with reference to
RMS value of the signal and it helps to fix the pling time to correctly analyse the signals
in BAN.

AFD.LCR=Prob(x<R)
WhereProb(x<R) correspond to CDF of the signal.

AFD and LCR allow to evaluate the performance gitdl modulation in the form of channel
characterization and bear great importance in desgggBAN and mobile channel links.
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5.2.2 Statistical channel modelling:
This type of modelling envisages the use of statistaws which narrate the behaviour of the
combination of direct and reflected signals camgydifferent amplitudes and phases in the
static or dynamic environments. These include [4];
Rayleigh:
It takes into account the incidence of uniformlgtdbuted NLOS rays being reflected with
similar intensities. This is evaluated in termsPobbability Distribution Function (PDF) and
Cumulative Distribution Function (CDF) which aregi as:

PDF: f(x)=— e 5.6

o

CDF:F(x) =1-¢2" 5.7
Where 27°is the average power of the signal wit volts.
Rice:

It assumes direct links between the antennas atwliats stronger signals as compare to the
reflected ones. Its PDF and CDF are given as:

PDF: f (x) :izezf’2 Io(xr—"z) 5.8
o o
. — rO X
CDF:F(x)=1-Q| 2,2 5.9
oo

Where |, is the zero order Bessel function and Q is Marcunction.

The CDFs based upon Rayleigh and Rice models aengxely used in analysing and
comparing the diversity gains in rich fading enwingents.

5.3  Antenna measurements (non planar feeds):

Based upon the simulated results presented inosedtil through section 4.5, the antenna is
fabricated for which the design structures are gi@iphed in Figure5.2 and measured results
are presented in Figure 5.3 through Figure 5.6

(a) (b)
Figure5.2: Fabricated antenna with non-planar DB&df(a) top side (b) bottom side
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Figure5.4: Slot loop and DRA measured smith chames

The two ports return loss and isolation curvespaesented in Figure5.3. The -10dB return
loss for slot loop ranges from 2.34 GHz to 2.73 Gitule for DRA from 2.36 GHz to 2.48
GHz thus yielding impedance bandwidths of 15% ar@b% respectively. This offers a
common bandwidth of 4.95% centred around the wgrkrequency of 2.4GHz with ports
isolation of -13dB. Compared to the simulated rssuhe widening of the bandwidths can be

- 138 -



attributed to the exact DRA loading and bonding&#. As is observed from Figure5.3 that
slot loop undergoes two close resonances and samigecnoted from the simulated results.

Gain Theta phi=90
Gain Theta phi=0
Gain Phi phi=0
Gain phi phi=90

planes.

Figure5.6: DRA measured end-fire type radiatioriguas in elevation plane.
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The slot loop’s broadside radiation patterns messur free space are presented in Figure 5.5.
It is observed that yoz-plane radiation patterres r@arrow while xoz-plane exhibits wider
radiation patterns and it is exactly what is obedrin the simulated results (section4.2). The
cross polarization, on the other hand in the brolgddirection are found to be -15dB less than
the co-polarization levels.

The DRA'’s end-fire type measured radiation patténrthe free space are presented in Figure
5.6. The xoz-plane co-polarization pattern is neagyimmetric, though a small distortion is
observed towards left horizon and possibly it cooéddue to the presence of connector or
CPW line etched on the ground plane. However, #teems offer important realization that it
bears a clear null towards its broadside direction.

Thus both antennas are found to establish duahtiadi patterns one with estimated gain of
2.3dBi in the broadside direction while the othethwa gain of 0dBi in the omni-direction
with null towards broadside. These patterns atgetexploited to observe certain value of DG.

5.3.1 Diversity Gain Analysis:

The diversity gain test is pictured in Figure5.7enéha person wearing both the transmitting
(top loaded monopole) and receiving diversity angetfslot loop and DRA) is made to
perform random walking motion so as to depict regle situation. The rich fading
environment is assured inside the laboratory watidomly placed scattering objects such as
chairs, desks, variety of instruments and compugtrs

Figure5.7: A person is walking in the laboratoryvgaring diversity antenna in receiving
mode at chest while top loaded monopole in trarisigimode at belly.

The diversity antenna is planted on the body aehtifferent locations that is at chest, hip
and at back to evaluate its DG performance. Thatielbelts worn at belly and chest positions
hold both the transmitting and diversity receiviagtennas and help to slide them around
easily. As this antenna is object to be mountedhenbody and integrated into specially
designed wearable kits or uniforms or in backpamkghest packs. Assuming this type of
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usage and avoiding slot loop’s sensitivity to thexgmity of skin, the antenna is planted at a
height of 20mm under which a clothing pad was usdte measurement campaign was
launched by placing a transmitting monopole antespexating at 2.4GHz with 0dBm power
held at belly position. The Agilent's VNA was catitbed in the power receive mode for a
sample time period of 60 seconds and connecteletaliversity antenna. This scheme then
forms three on the body channels which are refeiweas (1)Belly to chest position (0(R)
Belly to hip position (90{3) Belly to back position (180°)Angles presented in parenthesis
help to quickly understand angular position betwientransmitting and receiving antennas.

(1)Belly to chest position (0°):

The diversity analysis tests for this situation gresented in Figure5.8 through Figure 5.10.
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Figure5.8: Slot loop, DRA and their combined powesreption patterns representing clear
power imbalance between the two receiving branches.
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Figure5.9: Slot loop and DRA branches represergingaximum correlation of 0.35 between
them.
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Figure5.10: CDF plots for slot loop and DRA représey no DG.
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(2)Belly to hip position (90°):
The diversity analysis tests for this situation gresented in Figure5.11 through Figure 5.13

-20

e

Figure5.11: Slot loop, DRA and their combined povesreption patterns representing minor
power imbalance between the two receiving branches.

0.25

02F--------

015 - - -—-—-—-—-—

[

Correlation

0.05——————~—

IR o
L !U \ il WM m W \ ﬂ \HI { { |

(i [

=}

|

|

|

|

L
0 20 40 60 80 100 120
Total time in s

-0.1

Figure5.12: Slot loop and DRA branches represergingaximum correlation of 0.23
between them.
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Figure5.13: CDF plots for slot loop and DRA represeg about 3dB DG.

(3)Belly to back position (180°):

The diversity analysis tests for this situation gresented in Figure5.14 through Figure 5.16
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Figure5.14: Slot loop, DRA and their combined povesreption patterns representing no
power imbalance between the two receiving branches.
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Figure5.15: Slot loop and DRA branches represergingaximum correlation of 0.08
between them.

Figure5.16: CDF plots for slot loop and DRA repréasgy about 9dB DG.

In all cases such as depicted in Figures5.9, 215 the Envelop Correlation Factor (ECF)
factor, that is considered to be a common yards$ticgkeasure un-correlation or independence
among replica of signals, is found to remain I&sst0.4. The power samples of these replica
collected at two different branches of the divgrsiintenna are combined together by
Selection Combining (SC) method which are giverFigures5.8, 5.11,5.14 and then CDF
curves are plotted at an outage probability ofitch are depicted in Figures5.10, 5.13 and
5.16 for DG calculations.
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For channel (1Belly to chest position (0°j}he DG is observed to be null, partly because of
Line Of Sight (LOS) link between transmitting areteiving antennas but :mainly because it
offers a clear power imbalance (in favor of DRAgtthn turn is not able to realize the
diversity performance. This is elaborated in graphves presented in Figure5.10 where it
can be noted that DRA's received replica are maicnger than slot loop’s so that is favored
by SC to yield no DG at all.

For channel (2Belly to hip position (907)a DG of 2dB is reported as now link is partially
LOS and partially Non-LOS (NLOS), so owing to thentribution of faded signals impinging

upon the antenna, though still exists a lower pawdralance favors a smaller improvement
in DG value. This is presented in Fig 5.13 whereaaow marked shift from comparatively

stronger DRA signal to CDF curve of combined sigaakferred to as DG.

For channel (3Belly to back position (180°)a DG of 9.5dB is observed as now both
antennas are in the NLOS condition and both braoh¢he diversity antenna freely collect
only pure replica of signals faded from the surding objects randomly placed in the
laboratory environment .This mechanism totally atiates the power imbalance factor in
which SC gives nearly equal weight to both branigmas thus introducing a larger DG
value. This is narrated in Fig 5.16 where an ameavked shift from relatively stronger DRA
curve to combined signal curve represents a maxif@n

» Though overall performance of the antenna is foianle fine but its non planar feed
structure (Port2-DRA) restricts its body wearalpplecations so an antenna with both
planar feeds is presented.

5.4  Antenna measurements (planar feeds):

Based upon the simulated results presented inose4t6 to section 4.7, dual pattern diversity
antenna with purely planar feed structures is &abed for which the design structures are
photographed in Figure5.17 and measured resulisrasented in Figure 5.18 through Figure
5.21

(a) (b)

Figure 5.17: Fabricated antenna with both planed f@) top side (b) bottom side
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Figure5.19: Slot loop and DRA measured smith ctiantes
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Figure5.18: Slot loop and DRA measured and simdleg&urn loss and ports isolation curves



The measured return loss and isolation curves @agepted in Figure5.18. The return loss
bandwidths € -10dB) for port 1 (Slot Loop) and port 2 (DRA) areserved to be in the range
of (2.387GHz-2.425GHz) and (2.35GHz-2.45GHz) resipely thus yielding a common
bandwidth of 1.5%. The ports isolation is found#&-12dB at 2.4 GHz which is sufficient for
an efficient diversity recombination of the signdter both ports the smith chart is presented
in Figure 5.19 that illustrates respective antesimapedance response.

Gain Theta phi=0
Gain Theta phi=90
Gain Phi phi=90
Gain Phi phi=0

90°

Figure5.20: Slot loop measured broadside radigiaiterns in xoz and yoz planes.

Gain Theta phi=0
Gain Phi phi=0

Figure5.21: DRA measured end-fire type radiatiottgpas in elevation plane.
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The Slot Loop’s broadside radiation patterns irefspace are presented in Figure5.20. An
asymmetry is observed in the xoz(E) and yoz(H) ggamhile cross polarizations are found to
be comparatively small. A large back radiation heaf the same size as of broadside is
attributed to the use of a small ground plane &medlack of slot loop’s backing plate. The

DRA's end-fire radiation pattern presented in FefuRl shows a purely symmetric shape in
the xoz(E)-plane (elevation). It leads to the casn that the DRA’s radiation pattern is less
affected by the ground plane size compared toltidaop.

5.4.1 Diversity Gain Analysis:

The experimental setup is nearly same as emplayéiei case of non-planar feed structure
antenna. The transmitting monopole antenna mouwriealsmall ground plane (30x30 mm) is
placed 10 mm above the body and fixed on a largstielstrip around the belt that can slide
along it. The receiving diversity antenna is fixaa another strip at the centre of the chest.
Foam spacers of 10 mm mounted on each antennaitk@ackssure a fixed antenna height
above the body and strongly limit the antenna detudue to the body.

Three links are studied: Link1: chest-to-belly (A%nk2: chest-to-hip (90°). Link3: chest-to-
back (180°), where the angle indicates the cormdipg rotation of the transmitter with
respect to the belly position. For the signal asijon, an Agilent network analyzer ES361C
PNA is used as a two-port narrowband receiver aithF bandwidth set to 10 kHz. The PNA
is synchronized to the transmitter whose powerlléveset to O dBm. For a given link, a
measurement campaign was composed of three rueategpthree times. For each run, a set
of 20 001 samples is recorded during 60 s (one kaegch 3 ms). The person under test
simulates a slow walk with large arms movements itlab room that is a rich scattering
environment with desks, shelves, chairs, etc...

The diversity gain test results for these linke aresented in Figure5.22 through 5.30.
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Figure5.22: Slot loop, DRA and their combined povesreption patterns representing clear

power imbalance between the two receiving branches.

DRA(not shown) i

them.

Aniqeqoid

Figure5.23: Slot loop and DRA branches represergingaximum correlation of 0.2 between
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Figure5.24: CDF plots for slot loop and DRA représgy no DG.
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Figure5.26: Slot loop and DRA branches represergingaximum correlation of 0.4 between
them.
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Figure5.28: Slot loop, DRA and their combined povesreption patterns representing no
power imbalance between the two receiving branches.
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In all cases, the Envelop Correlation Factor (EfaE}or between the signals received at both
ports remained less than 0.4 which are presenté&digures 5.23, 5.26 and 5.29. The power
samples are combined together by the selection icangomethod and then CDF curves are
plotted. For DG calculations, the outage probabiit 1% is used. For channel (1) chest-to-
belly, no DG was observed, possibly because of Lidfe Sight (LOS) link between
transmitting and receiving antennas with a cleavgroimbalance that in turn nullifies the

120



diversity performance. This situation is elaborate#figure5.24. For channel (2) chest-to-hip,
a 4dB DG was reported as now the link is partiafBS and partially non-LOS (NLOS) with
a lower power imbalance. The resultant graph isatiegh in Figure5.27. For channel (3)
chest-to-back, a 9.5 DG was observed as now baémaas are in NLOS conditions and both
branches of the diversity antenna collect only pueplica of signals faded from the
surrounding objects present in the laboratory thlirminating the power imbalance factor.
This can be viewed from the results depicted irufa§.30.

55 Conclusion:

Both antennas, one with non-planar feeds (slot le@xcited by CPW that is planar but DRA
is excited by vertical monopole) and other withnalafeeds exhibiting dual radiation pattern
antenna are successfully measured and tested dootheand then analyzed into different
channels schemes. The non-planar feeds antenris yigdler (4.95%) and the planar feeds
antenna offers narrower (1.5%) common impedancevaiaiths respectively. In both cases, a
maximum value of DG=9.5dB is achieved when divgrg#rformance tests are carried out in
rich fading environments. This value is close te tme (10 dB) theoretically reached in a
pure Rayleigh environment and is obtained withcedficies of 70%/65% and 85% for the slot
loop and the DRA respectively. Therefore, we codelthat this antenna could be used on the
shoulders or the chest of professional clothesrffen, policemen, soldier) where full planar
integration is not a key issue but where the comaoation must be efficient in harsh
environments and for various gestures, positiomissgenarios.

- 154 -



References:

[1] F.Perez and P.Marino Espineira “Modeling the rédss Propagation channel A
Simulation Approach with MATLAB” University of Vig, Spain.

[2] A.A Serra, P.Nepa, G.Manara, and P.S Hall “Dsity Measurement for On-Body
Communication Systems” IEEE ANTENNAS AND WIRELESSR®PAGATION
LETTERS,VOL. 6, 2007.

[3] Imdad Khan, Peter S.Hall Andrea A.Serra, And&®&aliuc and Paolo Nepa “Diversity
Performance Analysis for On-Body Communication Gles at 2.45GHz” IEEE
TRANSACTIONS ON ANTENNAS AND PROPOGATION.VOL, 57,4, APRIL 20089.

[4] Thierry Emmanuel Pires ALVES, PhD Thesis “ CORPTION D’ANTENNES
POUR LE RESEAU BAN et MODELISATION DU CANAL DE
PROPAGATION* Université Paris Est Marne La Valléafce.

[5] T.Alves, B.Poussot and J.M.Laheurte “PIFA-Topaded Monopole Antenna with

Diversity Features for WBAN Applications” IEEE ANTENAS AND WIRELESS
PROPAGATION LETTERS, Volume 10, 2011, Pages 693-696

- 155 -



- 156 -



| Chapte6

Conclusion and Prospects

Contents
6.1 Overall conclusion 157
6.2  Future prospects 158

6.1  Overall conclusion

For tracking applications in the satellite and raat@as, DRA present several advantages over
printed antennas: larger elevation coverage, higffariency in the X-band and above, high
polarization purity. The first part of the thesiasdedicated to DRA designs for this purpose,
i.e., high polarization purity, two ports dual laréy polarized X-band antennas. In reported
literature, there is a lack of symmetry in the do@it radiation patterns that is very important
for dual linear or circularly polarized applicateonThis was observed that due to improper
excitation methods inefficient and uneven energypting mechanisms might have excited
some parts of unwanted modes thus disturbing thmestry of the desired radiation patterns.
To avoid this problem, it is very important to empkuch a feeding mechanism that precisely
excites the required mode and suppresses the ueavane. To accomplish it, two orthogonal
H-shaped aperture slots were successful fittedinvithe prescribed bottom area of the
cylindrical DRA to excite TM110 mode that yieldohdside radiation pattern. H-shaped slots
were found flexible in adjusting to the confinecarbelow the DRA. This technique also
improved level of coupling owing to smooth disttiiom of E-fields within the slot. One such
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DRA with improved performance in terms of bettertpasolation and symmetric radiation
patterns has been successfully designed. The conmmmedance bandwidth (5.9%) though
wider enough for a number of applications yet iede to be improved. Due to high
temperature tolerance and frequency stability featuthis antenna with the exhibition of
excellent radiation efficiency (98%) has promisiagplications in the satellite and radar
communication systems.

The other aspect of the work was to design a dadiation pattern, compact diversity
antennas to be worn on the body to seek Diversitiyn @G). Though two such autonomous
antennas, one with broadside and the other withfiemdypes of radiation patterns is not
difficult to realize. The main issue was to intagraoth of them with each other such that
both operate at same 2.4GHz frequency while maimgigood level of ports de-coupling
and thus assuring pure broadside and end-fire typesdiation patterns. Slot loop and DRA
branches have been successfully integrated to pielddside and end-fire types of radiation
patterns. This diversity antenna is composed ofdegign structures.

As for first design, to feed these branches, Caplavave guide (CPW) was assigned to the
slot loop and vertically embedded monopole fronolethe ground plane to the DRA. It
could be termed as compact diversity antenna biit mon-planar feed to DRA. The second
design comprises of purely planar feeds in whicthblwanches are fed by microstrip lines
etched on the opposite side of the ground planectirdains the slot loop encircling the DRA.
Both of these diversity antennas offer good levieparts de-coupling (-14dB) and exhibit
dual radiation patterns. The first antenna is foundyield wider common impedance
bandwidth (4.95%) with both radiation patterns syetnic in the elevation plane. The second
diversity antenna offers narrower common impedabardwidth (1.5%) with broadside
radiation pattern slightly asymmetric and end-fiagliation pattern purely symmetric. Both
antennas offer different types of advantages, itise dne though not purely planar but yields
wider impedance bandwidth while the second thoagkd in common bandwidth but its pure
planar structure enhances its usability upon ttoy Isoirface.

After successful measurements, these diversitynaagewere tested on the body to evaluate
their DG performance in a rich fading environmemside the laboratory. Assuming slot
loop’s sensitivity to the proximity of skin, thetanna was planted at a height of 20mm under
which foam spacer was used. The measurement campeag launched by placing a
transmitting monopole antenna operating at 2.4Gik @dBm power held at belly position
while receiving diversity antenna at 3 distinctivedy positions that is at chest, hip and at
back. This scheme forms three on the body chanmeish are referred to as (1) Belly to
chest position (0°) (2) Belly to hip position (9Gahd (3) Belly to back position (180°). A
maximum value of DG=9.5dB was achieved in chanmnel®le other channels exhibiting
expected performance due to full or partial Line &fht (LOS) communication between
them. Nearly same results were obtained from baotbrsity antennas. Therefore, it can be
conclude that these antennas can be used suctgskfulinstance on the shoulders or the
chest of professional clothes. These can alsotbgrited to special wearable kits to make the
user to always remain connected to the distortiea Eommunications while handling hostile
or emergency situations.

6.2  Future prospects
This work has shown that DRAs offer promising aggions at high frequencies due to high
radiation efficiency and negligible dielectric less They have met successfully nearly all the

requirements targeted in our research work. Thdbglsize of the DRA in many applications
such as in X band does not matter and can easiigtégrated or incorporated to the desired
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space. However, as a future course of works itsncomimpedance will be improved. On the
other hand diversity antenna needs further minizdtion so as to enhance its usage for on-
body applications. The size of the DRA as partefdiversity antenna has a great potential to
be reduced. With the commercial availability of inigermittivity dielectric material these are
expected to reduce in sizes. Similarly there isdnteexplore new range of miniaturized
antennas which require simple integration techrsquith DRAs and both been cohabited to
each other. This strategy is expected to introdnoee compactness to the overall structure
and assure significant improvement in the overatfgrmance of the diversity antenna
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Lppendil \

Evaluation of Adhesive Material’'s Role in DRA
Fabrications

As the DRA bonded to the feed structure and theigtoplane has been estimated to be
influenced by the adhesive material thus causinghange in its resonance frequency,
impedance bandwidth and radiation patterns. Obiyoustil this effect is duly accounted for
and compensated with, the antenna can not be expéotyield the desired results [4].
Though some highly sophisticated technologies gupdpwith state of the art micromachining
tools, are commercially available to fully expltiite fabrication tolerance in minimizing the
possibility of errors but they are either too exgea or just confined to bulk productions.
Before the prototype fabrication of x band antetakes place, first of all bonding issues are
resolved while using an ordinary inexpensive adiesnaterial and thus tracing out a
comparative shift in resonance frequency, consdaqieange in its impedance bandwidth and
the radiation patterns.

As the DRA TM110(HEM11) mode has already beenyamal, so to seek solid conclusions
the other frequently used mode TMO1 is also subjecinvestigation and that is too
employing different feed excitations that is mpale and aperture slot. For this purpose
two frequencies that is 2.4GHz and 8.9GHz are @mh@®cause of ready availability of DRAS
thus composed of dielectric materials ©£80) and €=6) respectively.

Al: Antenna Designs

Two sets of DR antennas radiating in diMnodes, fed by monopole and aperture slot are
presented in Fig 3.35(a) & (b) while their desigmgmeters are enlisted in Table3.
z

A

Adhesive

/Material
h
t A .,

Substrate




X

(b)

Figure 3.35: DRA’s TMO1 Design geometry fed by @nopole top view (b) aperture slot
top view

Table3: Design parameters of the DRAs fed by moleoaod aperture slot operating
at 2.4GHz and at 8.9GHz.

DRA | Ground Plane DRA Cylinder Feed type Band
Size Dimensions Dimensions width
2.4 GHz | 50mmx50mm | Diameter(D)=30mm | Monopole 1.6%
with Height(H)=12mm Diameter(dm)=1.2mm
&=30 Height(hm)=6.508mm
50mmx50mm | Diameter(D)=38mm | Aperture slot 1.4%

Height(H)=7.5mm Length(L)=10mm
Width(W)=1.2mm

8.9 GHz | 30mmx30mm | Diameter(D)=18mm | Monopole 17%
with Height(H)=5mm Diameter(dm)=1mm
&=6 Height(hm)=4.8mm
30mmx30mm | Diameter(D)=18mm | Aperture slot 13.7%
Height(H)=5mm Length(L)=6mm

Width(W)=0.5mm

To reside various DRA sizes upon, a square grqlae supported by under-laid substrate
of £&=3.38 and height h=0.508 mm is used. The monopaletiae aperture slot are made to
couple the energy to the DRA fed by(h@haracteristics impedance microstrip line of width
ws=1mm and that is etched on the substrate oppositetground plane side.



A2: Monopole Feed

To excite TM1 mode, a monopole of an appropriate height withadmtrary diameter is
supposed to be embedded exactly at the DRA centréhe case of the 2.4GHz antenna, a
monopole of diameterngtl.2mm and height i¥6.508mm while in the case of 8.9 GHz
antenna, a monopole of diameteg=tlOmm and height ¢6g4.8mm are fitted into the
equivalent sized holes drilled inside the DRA. Thenopole penetrates the DRA vertically
from below the substrate through the ground pl&aeto avoid its shortening with the ground,
isolations of diameters 3mm and 2mm with thicknes47um are introduced by removing
metallic patches at the centre to correspond tartbeopole diameters of 1.2mm @ 2.4 GHz
antenna and 1mm @ 8.9 GHz antenna.

A3: Aperture Feed

The same Thh mode excitation is accomplished by an aperturelstated at the periphery
of the boundary area [3]. The exact size and looatif the aperture is determined by the
simulation process. The aperture is offset at 1&dor the 2.4 GHz antenna and 6mm for the
8.9 GHz antenna from the centre of the DRA. Thertape slot etched on the ground plane
include an equivalent gap due to the removed netalfer of 17um thickness and that is
expected to be filled with adhesive material whiee DRA is bonded to the ground plane.
The energy coupling through the slot is maximizgdubing an open stub. The stubs lengths
of Ls(1)=4.4mm @2.4 GHz antenna and(2=1mm @ 8.9GHz antennas are added by
extending the corresponding microstrip feed lines.

A4: Adhesive Material’s Estimation

To bond the DRA to the ground plane, an ordinsinsparent adhesive material of
supposed permittivity ofe(=2.2) is used but due to uncertainty in its ampliickness,
various parametric simulations ranging from 0.05rton1.0mm are performed to latter
compare with the measured results.

A5: Measured Results

For 2.4 GHz DRA, for which the fabricated designs depicted in Figure3.36 the return loss
(S11) results are presented in Fig3.37 whilemitsiopole fed radiation patterns in Fig3.38(a)
and aperture fed patterns in Fig3.38(b)respegtivel

(b)

Xi



() (d)

Fig3.36: DRAs fabricated designs at 2.4GHz;
aperture slot fed: (a) top view (b) bottom viewr&onopole fed: (c) top view (d) bottom view
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Fig3.37: DRA@2.4GHz measured and simulated retss turves
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Measured Gain Phi-phi=0
Measured Gain Theta-phi=0
=== Simulated Gain Phi-phi=0
=== Simulated Gain Theta-phi=0
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Fig3.38: DRA@2.4GHz measured and simulated radigiaiterns

(a) monopole@2.48GHz (b) aperture slot@2.55GHz
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Similarly for 8.9 GHz antenna, for which the fafaied designs are depicted in Figure3.39
the return loss (S11) results are presented in3.#igwhile its monopole fed radiation
patterns in Fig3.41(a) and aperture fed in Figh}idspectively.

(€) (d)

Fig3.39: DRAs fabricated designs at 8.9GHz;
aperture slot fed: (a) top view (b) bottom viewr&onopole fed: (c) top view (d) bottom view
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Fig3.40: DRA@ 8.9GHz measured and simulated rdas® curves
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Fig3.41: DRA@8.9GHz measured and simulated radigiaiterns
(a) monopole@9.25GHz (b) aperture slot@10.2GHz
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A6: Performance analysis

With reference to 2.4 GHz antenna, in the cagbefmonopole’s fitting inside the DRA, the
measured resonance frequency has shifted to 2.47 @isition, instead of the predicted one
at 2.4 GHz. Corresponding to this effect, the messumpedance bandwidth has also
increased to 2.4% in comparison with a 1.6% egton. Similarly in the case of the
aperture slot’'s DRA excitation, the measured reso@drequency has an upward shift at 2.55
GHz compared to the prediction at 2.4 GHz while theasured impedance bandwidth is
found to be 2% in contrast with 1.4% of predictett.oThe radiation patterns measured at
new frequency positions that is for monopole a¥2Z3Hz and for aperture at 2.55 speak of
the same resonating mode in action thus yieldimdjfeee type pattern in which the measured
Gain Theta(co-polarization) is found to be lardert the Gain Phi( cross-polarization).

For the 8.9 GHz antenna, in the case of the mdeogxcitation the measured resonance
frequency has shifted upward to 9.25 GHz insteachtifulated one at 8.9 GHz along with an
increase in its impedance bandwidth from 17% to 28%imilar pattern was observed in
the case of the aperture excitation that has shitte 10.2 GHz along with an increase in its
impedance bandwidth from 13.7% to 15.5%.To obsénibe same mode is working, the
radiation patterns are measured for monopole 28 @&Hz and for aperture at 10.2 GHz .
Though a slight variation in patterns is noted that can be attributed to the influence of
connectors at high frequency or any imperfectioth measurement process. However, the
overall shapes patterns resemble to the theonrgtimaddicted results that justify the expected
mode to resonate.

The results obtained are expected and justifiablehe basis of experimental evidences. In
the 2.4 GHz antenna, the aperture feeding effecblean found to be more robust (6.2%) than
the monopole’s fed (2%). Similar pattern is obsdrivethe 8.9 GHz antenna, the aperture fed
undergoes a shift of 12% as compared to monopd#&'Shis upward shift can be attributed
to the low permittivity adhesive material applietdtlze DRA bottom to glue it to the ground
plane. A comparison of measured and simulated teessliggests a more precise
consideration of material’s thickness that is dfrdm to 0.2mm. The robustness of aperture
feeding compared to the monopole is due to thetaeés energy coupling mechanism in the
presence of adhesive material’'s layer concentratigidl near fields. The widening of the
impedance bandwidth in all cases is obviouslylaitable to lower Q values of the adhesive
material. This two pronged strategy not only resslthe outstanding DRA bonding issues but
also additionally aids in increasing the impedaoaedwidths.

The impact of an ordinary adhesive material bondirigielectric Resonator Antenna (DRA)
to the ground plane is evaluated to precisely @etis role in bringing about possible change
in the resonance frequency, impedance bandwidthradidtion patterns. In terms of aperture
slot feed, an upward resonance frequency shift 2#6along with an increase in impedance
bandwidth from 1.4% to 2% @ 2.4 GHz while a sbiftL2% with an increase in bandwidth
from 13.7% to 15.5% @ 8.9 GHz have been observiedila®ly, in the case of monopole
fed DRA, an upward shift of 2% with an increasedidwidth from 1.6% to 2.4% @2.4 GHz
while an upward shift of 4% with an increaseadwaidth from 17% to 20% @8.9 GHz
were obtained. In all cases, the excited resonatinoge TMO1 is found to be stable and
harmonious to its resonance frequency thus alwaslding end-fire type radiation patterns.
Thus it can be concluded that:
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LppendixB

MatLab code to evaluate Diversity Gain performance of the antenna.

% ON-BODY DIVERSITY ANALYSIS

%

close all ;

clear all ;

%

fid=fopen( 'DRA ceinture 180 poitrine.prn' ),
a=fscanf(fid, '%e" ,[1 inf]);

a=a’

fclose(fid);

%

fid=fopen(  'LOOP ceinture 180 poitrine.prn' ),
b=fscanf(fid, '%e" ,[1 inf]);

b=b";

fclose(fid);

%

% % % % % % % % % % % % % fid=fopen(‘ref.prn’,'r");

% % % % % % % % % % % % % c=fscanf(fid,'%e",[1 inf] );
% % % % % % % % % % % % % c=c';

% % % % % % % % % % % % % fclose(fid);

%

L_pertes=6.5; % Pertes cable coaxial TX

a=a+L_pertes;

b=b+L_pertes;

% % % % % % % % % % % % % c=c+L_pertes;

%

npi=length(a);

T=60; % Temps d'analyse

R=50; % Resistance de référence (50 ohms)
Te=T/npi; % Temps d'échantillonnage

t=[0:Te:(npi-1)*Te];
tc=[0:Te:2*(npi-1)*Te];

%

% MAXIMUM COMBINING
%

for i=1:npi

it a(i)>b()
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comb_max(i)=a(i);
else
comb_max(i)=b(i);
end

end

%
% LINEARIZATION
%

s_a=sqrt(((2*R)/1000)*10.~(a/10)); %vecteur tension sur 50 ohms.
s_b=sqrt(((2*R)/1000)*10.7(b/10)); %vecteur tension sur 50 ohms.

% % % % % % % % % % % % % s_c=sqrt(((2*R)/1000)*10.
tension sur 50 ohms.
s_comb_max=sqrt(((2*R)/1000)*10.~*(comb_max/10));
ohms.

%

% DIVERSITY CORRELATION

%
corr_s_channel=(xcorr(s_a-mean(s_a),s_b-mean(s_b),

%

% ECDF

%

[cdf s a x_s_a] = ecdf(s_a);

[cdf s b x_s_b] = ecdf(s_b);

% % % % % % % % % % % % % % % % % % % [cdf s c x_S
[cdf s comb_max x_s_comb_max] = ecdf(s_comb_max);
%

Xx_s_a_dBm=10*log10((x_s_a."2/(2*R))*1000);
Xx_s_b_dBm=10*log10((x_s_b."2/(2*R))*1000);

% % % % % % % % % % % % % % % % %
X_S_c_dBm=10*log10((x_s_c."2/(2*R))*1000);
X_s_comb_max_dBm=10*log10((x_s_comb_max."2/(2*R))*1
%

%
% AFFICHAGE
%

figure(1)
subplot(2,1,1)
plot(t,a, g ),
axis([0 60 -100 -20));
hold on;

plot(t,b, ™),

axis([0 60 -100 -20]);
legend( 'DRA', 'loop' );

xlabel( ‘'timeins' );
ylabel( 'dBm');
grid on;

subplot(2,1,2)

% % % % % % % % % % % % plot(t,c,'m’);

% % % % % % % % % % % % hold on;

% % % % % % % % % % % % axis([0 60 -100 -20]);
plot(t,comb_max, b ),

axis([0 60 -100 -20));

% % % % % % % % % % % % legend(‘reference’,'comb_m_
legend( ‘comb_m_a x' );

xlabel( 'timeins' );

Xix

~(c/10)); Y%vecteur

%vecteur tension sur 50

‘coeff  ));

_c] = ecdf(s_c);

000);



ylabel( 'dBm');
grid on;

%

figure(2)

plot(tc,corr_s_channel, b ),

grid on;

%

figure(3)

semilogy(x_s_a dBm,cdf_s_a, ‘g ),

hold on;

grid on;

semilogy(x_s b _dBm,cdf s b, ro);

% % % % % % % % % % % % % % % % % % semilogy(x_S_c__ dBm,cdf_s_c¢,'m’);
semilogy(x_s_comb_max_dBm,cdf_s_comb_max, b ),
min_s=min(x_s_b_dBm);
max_s=max(x_s_comb_max_dBm);

axis([-100 -20 0.001 1]);

xlabel( 'Power(dBm)" );

ylabel(  'Probability’ );

% % % % % % % % % % % % % % % % % %
legend('monopole’,'PIFA','reference’,'comb_m_a_x');

legend( 'DRA','loop' ,'comb_m_a x' );
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Résumé en Francais
Que l'on considere les domaines des télécommuaoitatide la navigation ou de la
localisation, un niveau élevé de performance dedfme permet de relacher I'effort sur les
niveaux de sensibilité des récepteurs ou les paences en linéarité et en gain des émetteurs.
Il est donc utile de poursuivre des rechercheslsurouveaux types d’antennes en particulier
pour des applications émergentes.

Sujet de these :

Dans cette these, deux types d'applications deehawe DRA correspondant a ces 2 propriétés
sont recherchés

1) La reéalisation d'un élément rayonnant pour usea& phasé embarqué sur un veéhicule
terrestre ou un avion. Cet élément de base requiertcouverture en élévation supérieure a
celle des éléments imprimés pour permettre unespdartypique comprise entt&0°. Cette
couverture dans un cbne large est assurée aveoomme pureté de polarisation circulaire en
utilisant deux ouvertures a fente en H orthogonpéfaitement découplées en bande X.

2) La deuxieme structure est destinée a la divesdntennes dans le contexte des réseaux
corporels embarqués ou Body Area Network (BAN).ntémne a diversité combine une
antenne fente en boucle avec un DRA ce qui peraues dn espace compact de réaliser des
diagrammes de type “broadside” et “endfire” respechent. Les alimentations considérées
sont de 2 types; Soit purement planaire (microruétacoplanaire) soit mixte en combinant
une alimentation coaxiale et une alimentation cogl.

Caractéristiques principales des antennes a résoratr diélectrique (DRA):

Pour répondre aux attentes des utilisateurs ereted®a débit, les systemes de communication
sans fils se tournent vers des fréguences de plysus élevée. La conséquence de cette
montée en fréquence est notamment I'augmentatian pietes au niveau des éléments
conducteurs et donc une diminution de I'efficagjtébale des systémes de communication.
Dans ces circonstances, les antennes a résona&ectrique (DRA) offre de meilleurs
résultats par rapport a d'autres familles d'ante@dniease d’éléments métalliques. De plus, les
antennes DRA offrent des pertes diélectriques gégbles, elles sont peu sensibles aux
variations de température et s’integrent facilemsat des technologies de fabrication
planaires.

R1.0: Conception d’'une antenne DRA en bande X

Afin de générer un diagramme de rayonnement de typeoadside », le mode TM110
(HEM11) de l'antenne DRA est excité. Pour obtenie udouble polarisation linéaire au
niveau de l'antenne, deux acces d'alimentation s@cessaires. Ces acces sont réalisés en
technologie microruban. L'énergie électromagnétigébiculée par les lignes d’alimentation
est transmise a I'antenne DRA via des fentes dplagae gravées dans le plan de masse. Pour
un bon fonctionnement du mode TM110, ces fentegetbiétre confinées au niveau de la
zone centrale de I'antenne DRA de forme cylindrigdi@utre part, pour éviter tout décalage
de la fréquence de résonnance de I'antenne et digttgsion du diagramme de rayonnement
la topologie des fentes doit garantir un fort nivede découplage entre les ports
d’alimentation. Pour satisfaire ces conditions, flastes en forme de H positionnées de
maniere orthogonale sous I'antenne DRA ont étéuete.
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R1.1: Performances simulées de I'antenne DRA en bda X :

L'analyse de I'antenne DRA en bande X indique dedgomances similaires sur les deux
acces (dénommés port 1 et port 2). Au niveau dépanse en fréquence de I'antenne, la
bande passante a -10dB sur le port 1 est de 22%adues fréquences de 6.7GHz a 8.3GHz.
Pour le port 2, I'antenne est adaptée entre 6. 758H.25GHz soit 20% de bande passante.
L’isolation entre les accés est élevée, égale dBl2Les diagrammes de rayonnement sont
symétriques et de forme quasi identique pour lasxd@acces. Pour chaque port le gain
maximum est égal & 5.7 dBi. L'angle d’ouverture3dB est de I'ordre de 95°. Le rapport
avant arriére est estimé a 12dB. L’efficacité @amtiénne est élevée avec un rendement proche
de 98%.

R1.2: Effet du matériau adhésif sur performances siulées de I'antenne DRA en bande
X:
Pour réaliser I'antenne DRA, un matériau adhésif rExessaire pour fixer le résonateur
diélectrique sur son plan de masse. L’estimation daractéristiques électriques de ce
matériau et de ['épaisseur requise est essentigllar prédire avec exactitude les
performances de I'élément rayonnant. Cette pantsgnte les performances simulées du
DRA apres optimisation en incluant le matériau adh&u niveau de I'adaptation, la bande
passante a -10dB simulée commune sur les deux aockse les fréquences de 7GHz et
8.6GHz soit 20%. L'isolation reste satisfaisant@@wun niveau minimum de 42 dB. Les
diagrammes de rayonnement restent symétriques ldardans xoz et yoz. Dans ces deux
plans les angles d'ouvertures a -3dB sont de 7Qft pa gain maximum de 5.7dBi a la
fréequence centrale. L’efficacité de I'antenne est98% et le rapport avant arriere est de 12
dB. Les diagrammes de rayonnement restent stalnlésige la bande passante de I'antenne.

R1.3 : Résultats de mesure de I'antenne DRA en baa

Cette partie présente les mesures de I'antenne &83uble polarisation linéaire orthogonale.
En termes de fréquence, par rapport a la simulatoabserve sur les deux acces un décalage
positif de la fréquence de résonance et une dimoimude la bande passante. La bande
passante a -10dB sur le port 1 varie de 8GHz aHz6&ors que pour le port 2, elle se situe
entre 8.15GHz et 8.6GHz. Dans ces conditions, taé&gassante commune aux deux acces
est de 5,9%, valeur inférieure a celle attenduecl@amgement pourrait étre imputé a l'impact
réel du matériau adhésif notamment au niveau dénkmmogénéité en termes d’épaisseur et
plus globalement aux tolérances de fabricationatgdnne. L'isolation entre les ports est de
35 dB. Le gain maximum mesuré est de 2.5dBi adquence de 8,4 GHz. Au niveau du
rayonnement, la polarisation croisée est de 20dBl'agcés 1 avec un diagramme de
rayonnement de type « broadside ». Sur l'acces n2,olaserve une dégradation de la
polarisation croisée avec une valeur minimale ddB.5Sur les deux acces les diagrammes de
rayonnement sont symeétriques. La taille finie danple masse génére un rayonnement arriere
non neégligeable, ce dernier pouvant étre reduibegmentant les dimensions du plan de
masse. Nous avons observé lors des mesures umfiatt des connecteurs sur la distorsion
des diagrammes de rayonnement, distorsion négligsalbes connecteurs sont correctement
protégés avec des matériaux absorbants.

Bien que la bande passante commune en impédaneeimssffisante, I'antenne proposée
présente une forte isolation entre les ports dtakon conduisant a des diagrammes de
rayonnement de qualité. Il serait possible d'wéilifantenne réalisée dans la bande X, plus
précisément pour les liaisons montantes couvranfréquences de 7.9GHz a 8.4Ghz pour les
systemes satellitaires et radar.
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R2.0: Antenne a diversité pour application BAN (Bog Area Network)

R2.1: Antenne boucle alimentée par ligne coplanaireouplée a un résonateur
diélectrique excité par une sonde coaxiale.

L’antenne boucle et lantenne DRA sont dans un pEentemps dimensionnées
indépendamment. L'optimisation des antennes esttemem espace libre puis a la surface
d’'un modele équivalent matérialisant le corps humidrsque que les deux antennes sont co-
localisées, pour former une structure compacteefiiess de couplages mutuels entrainent la
modification des parameétres de chaque antenne t@dotap fréquence de résonnance et
diagramme de rayonnement). Il est important de tfiemces effets pour I'optimisation
globale de la structure antennaire.

Performance en espace libre

Pour les deux antennes, les résultats de simulatia@space libre présentent une fréquence de
résonance située autour de 2.4 GHz, la bande gassammune étant de 3.3%. L'isolation
entre les acces reste acceptable avec un niveaonammnde -13dB.

Performance sur le corps humain

L’interaction avec le corps humain entraine I'atérn des performances des antennes. La
présence du plan de masse au niveau de I'antenAe libitte cet effet, en revanche la boucle
est fortement perturbée. La modélisation du corpmdin est réalisée par un cylindre
équivalent caractérisé par une permittivité retatrgale a 53( = 53) et une tangente de perte
de .002. Ce cylindre a un rayon de 20 cm et undebhawde 40 cm. L'optimisation de
'antenne a deux accés est menée a une haute@rmenlau dessus du corps.

Résultats de mesure :

Les résultats de mesure montrent une bande passaniwise entre 2.34 GHz et 2.73 GHz
pour I'antenne boucle soit 15%. Pour I'antenne DRAande passante se situe entre 2.36
GHz et 2.48 GHz soit 4.95%. La bande passante comaraux deux acces est donc limitée
autour de 2.4 GHz par la bande passante de I'agtBRA. L’isolation entre les accés est de
13 dB. Les diagrammes de rayonnement mesurés pon@snt aux attentes, en espace libre,
'antenne boucle présente un diagramme de rayonmtedeetype « broadside » et I'antenne
DRA de type « endfire ».

R2.2: Antenne boucle et antenne DRA alimentée pamg structure planaire

L’antenne proposée dans la section précédenterpeésae alimentation de type coaxial au

niveau du DRA. Ce type d'alimentation est difficlent compatible avec les contraintes

d’intégration d’'une antenne sur le corps. Cettdipaborde la conception d’'une antenne a
deux acces, composé d’'une boucle gravée dans nndplanasse, couplée a un résonateur
diélectrique. Chacune de ces structures rayonnastealimentée par une structure planaire
(ligne microruban) facilitant I'intégration de I'tenne pour des applications de type BAN.

Performance de I'antenne.

L’antenne fonctionne autour de 2.42Ghz. Les bamdssantes relatives sont de 1.8% et de
3.2% respectivement pour I'antenne boucle et l'amteDRA. L’isolation entre les acces est
de 12 dB.
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Performance sur le corps

L’antenne est optimisée pour fonctionner a 10 mmcdips humain dont le modele a été
présenté dans la section précédente. A cette destamremarque une légére diminution de la
fréequence de résonnance des antennes. Au niveshaddses passantes, nous observons une
augmentation (2.5% pour I'antenne boucle et 4% pantenne DRA), cette augmentation
est attribuée a la présence du milieu a pertesolation entre les acces reste satisfaisante
avec un niveau de 15dB.

Résultats de mesure :

Les mesures montrent des performances l|égeremédticimes a celles obtenues en

simulation. Au niveau de I'antenne boucle, la bapdssante se situe entre 2.387GHz et
2.425GHz, pour I'antenne DRA la bande passante@sprise entre 2.35GHz et 2.45GHz.

Dans ces conditions la bande passante communesdelx acces est de 1.5%. L’isolation
mesurée entre les acces est de 12dB a la fréqderzdGhz, isolation suffisante pour obtenir
de bonnes performances en diversité. Le diagrameneagonnement de lI'antenne boucle

présente une asymétrie dans le plan yoz, cepetelanveau de polarisation croisée reste
faible. L’antenne boucle présente également unmagnment arriere important, rayonnement
qui pourrait étre limité en ajoutant un plan mégaké supplémentaire. Le DRA présente un
diagramme de rayonnement « endfire » peu affecteagaésence du plan de masse limité.

R2.3: Analyse du gain en diversité

Pour évaluer les performances de I'antenne, depagnes de mesure pour estimer le gain en
diversité ont été menées en conditions réelles. psmsonne est équipée d’'un réseau BAN,
'antenne d’émission est un monopdle chargé, leptaur se compose de I'antenne sous test
('antenne boucle combinée a I'antenne DRA). Pehdanmesure le sujet effectue des
mouvements simulant les conditions de la marches dam environnement propice aux
phénomenes de multi trajets. Les performancesasgeline sont mesurées pour 3 scénarios
différents correspondant a 3 positions de I'antestes test respectivement au niveau du torse,
de I'épaule et du dos. Pour I'ensemble des cordigums, I'antenne d’émission reste fixée au
niveau de la ceinture. L'instrumentation est condgod’'un VNA Agilent calibré en mode
récepteur connecté a l'antenne sous test. Un généralimente I'antenne d’émission, la
puissance est fixée a 0dBm a la frequence de 2.4Bénzdant les campagnes de mesures
'ensemble des antennes sont maintenues a uneaksiie 10 mm du corps humain.

Pour les deux antennes a diversité présentéescdtiaghese les mesures montrent un gain en
diversité de 9.5 dB dans des conditions favorafppes de trajet prépodérant). Cette valeur
approche la valeur théorique de 10 dB, obtenue damsvironnement de type Rayleigh.

Dans ces conditions, les antennes développées meétre utilisée et intégrée directement
dans des vétements pour des applications liéessanleillance des personnes. (pompiers,
pécheurs...)

R3.0: Conclusion

Ces travaux de recherche montrent les possibdiféstes par les antennes DRA. Grace a une
efficacité élevée et des pertes diélectriques gégbles, les antennes DRA sont bien adaptées
aux applications hautes fréquences. Les prototgmgennaires développés en bande X

présentent de bonnes performances et peuventrfeiles’intégrer aux systémes standards.

Cependant, des améliorations pourront étre apmmé&tamment au niveau la bande passante
des antennes. Pour les applications BAN, l'anteardiversité de diagramme développée
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pourrait-étre miniaturisée pour une meilleure indign, notamment au niveau de la taille du
DRA. Pour atteindre cet objectif, une possibiliegadt I'utilisation de matériaux a constante
diélectrique élevée. De plus, il semble nécesshaeplorer d’autres pistes de recherche sur
les antennes électriguement petites capables miég’er facilement avec les antennes DRA.
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