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ABSTRACT

ELECTRONICALLY STEERABLE ANTENNAS FORSATELLITE COMMUNICATIONS

A study of phased array antennas for application to mobtkdiga communications has
been conducted. The study is focused on small 7-elementsabia it also includes
investigations of mutual coupling, influence of finite grdyslanes, and application of
sequential rotation.

Three types of phased arrays are devoted particular atterithe antenna elements
of these arrays are cavity-backed annular slot antenniaseg@rdrooping dipole anten-
nas, and dielectric resonator antennas. The three arraynalysed with a three-stage
model which includes numerical simulations of the arralys,itmpacts of finite ground
planes, and inclusion of the receiver and feed network citariatics. This allows for
an assessment of tli¢/7" of the array. It is concluded, that the dipole array offeks th
best performance among the three arrays, in particularalits superior coverage at
low elevation angles. The investigations have led to thestrantion of a prototype of
the dipole array on which measurements have been condUdtesneasurements agree
well with the numerical simulations.

The mutual coupling between the antenna elements is igetst with emphasis
on the impact of the element radiation pattern, array sizejrd plane, and parasitic
structures. Some means of reducing the mutual couplingletby the array scanloss,
are identified. One of these means is the use of parasitic pude® positioned between
the elements of the array, and such monopoles are employkd @ipole array.

The influence of finite ground planes on the array radiatianvsstigated in sev-
eral respects. The investigations are conducted using amecahMethod of Auxiliary
Sources model of the ground plane. With this ground planeaidlde impacts of the
ground plane size, shape, and curvature are analysed asswiedl consequences of rais-
ing the array slightly above the surface of the ground pladnis.concluded, that these
ground plane properties have significant influence on treyaadiation and hence the
overall performance.

The application of sequential rotation to phased arraysvsstigated using two
different models. An analytical spherical wave expansiadei has been derived and
can be employed for general antenna elements, planar aoayeajries, and scan angles.
This model is based on the assumption of identical elemeiténpa and it does not
include the mutual coupling. The other model, a numericahdeé of Auxiliary Sources
model, includes the entire array without making the abosamptions. The two models
demonstrate the significant improvement of the polarisatiarity that can be obtained
with the sequential rotation for arrays whose elements hawe polarisation purity. Itis
further concluded, that the improvement of the polarisatiarity does not necessarily
guarantee an improvement of the main-beam circularlyssad directivity.






RESUME

ELEKTRONISK STYRBARE ANTENNESYSTEMER TIL SATELLITKOMMUNKATION

Et studium af fasestyrede antennegrupper til anvendetsedbil satellitkommunika-
tion er blevet udfegrt. Studiet er fokuseret pa sma 7-eleraaténnegrupper, men det
indbefatter ogsa undersggelser af gensidig kobling, iddfse af endelige jordplan og
anvendelse af sekventiel rotation.

Opmeaerksomheden er specielt rettet mod tre typer af faselyantennegrupper.
Elementerne i disse antennegrupper er kavitetsantenrtecimk@ilaere slidser, printede
skra dipolantenner og dielektriske resonatorantennetteleEntennegrupper undersgges
med en tretrins model, som inkluderer numeriske simulerirej antennegrupperne,
pavirkningerne fra endelige jordplan og inklusion af kaeaistika for modtager og fa-
denetveerk. Dette muligger en vurdering af antennegrup@éfis Det konkluderes, at
dipolantennegruppen fungerer bedst blandt de tre antempjger, specielt pga. en over-
legen deekningsgrad ved lave elevationsvinkler. Undetsege har fart til en frem-
stilling af en prototype af dipolantennegruppen, pa hvilder er blevet udfart malinger.
Malingerne stemmer godt overens med de numeriske simgksrin

Den gensidige kobling mellem antenneelementerne undessmgd saerlig veegt pa
pavirkninger fra elementernes udstralingsmgnstre, asgmppens stgrrelse, jordplan
og parasitiske strukturer. Enkelte virkemidler, til at hddge den gensidige kobling
og dermed antennegruppens skan-tab, identificeres. Ess& di brugen af parasitiske
monopoler placeret mellem antennegruppens elementegdzmae monopoler anven-
des i dipolantennegruppen.

Pavirkningen fra endelige jordplan pa antennegruppensalihg undersgges i
flere sammenhaenge. Undersggelserne udfares med en nutMatblod of Auxiliary
Sources"-model af jordplanet. Med denne jordplansmodasarares pavirkningerne fra
jordplanets stgrrelse, facon og krumning samt konsekveasH at lgfte antennegrup-
pen en anelse over jordplanets overflade. Det konkludetebsse karakteristika for
jordplaner har en signifikant indvirkning pa antennegruysagdstraling og dermed den
samlede virkningsgrad.

Anvendelsen af sekventiel rotation til fasestyrede arggrupper undersgges med
to forskellige modeller. En analytisk, sfeerisk bglgeudivigsmodel er blevet udledt
og kan anvendes for generelle antenneelementer, planenggieppegeometrier og
skanvinkler. | denne model antages det, at antenneelemeritar samme udstralings-
diagram, og den gensidige kobling inkluderes ikke. Den andedel, en numerisk
"Method of Auxiliary Sources"-model, inkluderer hele amtegruppen uden at gare
ovennaevnte antagelser. De to modeller demonstrerer daeffilsagte forbedring af
polarisationsrenheden, som kan opnas vha. sekventigiamtaf antennegrupper,
bestaende af elementer med darlig polarisationsrenhetdkdd&luderes endvidere, at
forbedringen af polarisationsrenheden ikke ngdvendigaignterer en forbedring af
den cirkuleert polariserede direktivitet i antennegrugdeovedslgife.
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CHAPTER1

INTRODUCTION

Electronically steerable antennas, also known as phasagsahave been a research topic during more than
60 years with the analysis of linear arrays by Schelkunoff943 [1] being one of the pioneering works.
Following the 2nd World War, the interest in phased arragsireed a boost as the necessity of improving the
existing radar technology became apparent [2]. Thus it ealésed that the phased array antennas enable very
fast scanning compared to the bulky mechanical radarsalaetin the air defense systems of that time. The
phased array antennas remained an important researctdopidlitary applications during the "Cold War"
era. In the 1960s and 1970s the increasing armament witisti@thissiles spurred the development of more
advanced air defense systems, including ground-basedanrtissking radars [3] as well as radars for ships
and aircraft [4, 5]. An example is the so-called Hard PointriDastration Array RadaHAPDAR), shown
in Figure 1.1, built at the White Sands Missile Range in Newxide, USA, with the purpose of tracking
multiple airborne targets [6].

While the early applications of phased arrays were almosiuex
sively military, the technology slowly permeated into Gam applica- T
tions during the late 1980s and early 1990s. It remained g @®r 4 &
pensive technology, employed mostly for specialised appibns such ’ﬁ
as air traffic control in airports [3, 7], as well as varioussg-borne /jﬁ '
applications [8]. During the 1980s and 1990s early expanisevith
mobile satellite communications systems were conductedhd Mo-
bile Satellite ExperimentSAT-X) in the USA [9] and the Experimen-
tal Mobile Satellite SysteneMss) in Japan [10], a number of phased ~
array antennas were developed for land-vehicular and aatizal ap-
plications [11-14]. With the continued breakthroughs aost ceduc-
tions of electronic components, phased array technology inger
prohibitively expensive. Furthermore, the developmenhotiern-day
mobile satellite communications and the increased dentaar@®f, im- S
ply that phased arrays are now of interest for such appdinafialso S = W=
from a commercial perspective. M

In the following, a brief review of mobile satellite commuations
systems is given with specific emphasis on Inmarsat. Thislliewed
by an overview of different types of antennas used for theitaalser
terminals and a discussion of the challenges of phased dasign.
Finally, the topics of the present study and the contentsefémaining chapters are outlined.

Figure 1.1: TheHAPDARIs a phased array
radar for tracking multiple airborne tar-
gets. The picture is from [6].

1.1 Overview of Mobile Satellite Communication Systems

Mobile satellite communications systems, or Mobile Sate$ervicesyISss), enable people to communicate
from almost anywhere on the surface of the Earth without #redrfor fixed communications infrastructure,
e.g., traditional land-line and cellular phone servicaspdrtant areas of application are ships (maritime),
aircraft (aeronautical), and ground use (land-mobile).cdse of the latter, disaster areas, where the fixed
communications systems have broken down, as well as rermeds that completely lack this infrastructure,
are examples.

TheMsss consist of three main parts; the satellite fleet or sagagkipeaters, the fixed Earth stations which
are connected to the terrestrial communications netwakd,the mobile user terminals. The satellite re-
peaters relay the communication from the mobile user taatsito the fixed Earth stations (up-link) and vice
versa (down-link).
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MSSs typically employ circular polarisation in order to avoigdrgal degradation due to the atmospheric
effect known as Faraday rotation [15]. This effect is pretwmnt for low frequencies and is not negligible,
for instance, for the-band frequency range that is employed in mesgs, including Inmarsat.

1.1.1 Brief Historical Outline

The 1960s saw the initial development of experimental comipaiion satellites and in 1965 the first commer-
cial, INTELSAT I, entered operation. At that time, sat@ltommunications merely provided links between
fixed Earth stations to which the users were connected viesigial networks. The demand for corresponding
services for mobile use arose, primarily among maritiméonat and resulted in the formation of the Inter-
national Maritime Satellite Organisation, also known amansat, in 1979 [16]. Inmarsat launched the first
commercially based global satellite communications serin 1982 with the initial launches of the Inmarsat-

2 (I-2) fleet[16, 17]. Since then, the demandfmshas expanded into the land-mobile and aeronautical user
segments.

Typical for the early communications satellites were loywaty and high cost. As the technology pro-
gressed, larger and more powerful satellites were devdlapd this translated into higher capacity, lower
requirements for the user terminals, and thereby an ouwerdliction of the cost passed on to the user. Over
the years, several otheiss operators have entered the market and today both globakgnmhialMsss are in
operation [18]. Inmarsat, however, remains in the leadaig, being by far the largest, and is considered to
be the most important [19].

1.1.2 Some Existing Mobile Satellite Communication System

Present-daywisss primarily operate with satellite constellations in theo&&ationary Earth OrbitGeE0) and
Low Earth Orbit (EO). TheLEO is located at an altitude of about 700-1500 km, while &0 is at about
35600 km, above the Equator [18].

The earlymsss, including the globally operating Inmarsat, were all libgeGEO constellations. Advan-
tages of thesEO are that the entire Earth, except the polar regions, can bered with 3 satellites and that
the satellite positions remain fixed relative to the Eartisaldvantages are the high altitude which implies a
large signal path loss, lack of coverage at the polar regemd the very costly process of inserting satellites
in the high-altitudesE0 [20]. Today, several region&sss operate from theEQ, e.g., the American Mobile
Satellite CorporationjMsc) in North America, Thuraya in the Middle East, Asia CelluBatellite ACe9) in
Southeast Asia, and the Optus MobileSat in Australia [18].

In the late 1980s it was concluded th&o constellations were no longer infeasible for commergigss
[18] and some of the attention shifted froBEO to LEO. Within a relatively short time a number @EO
services sprang to life. In practice, however, many haveéoyehter commercial operation. Advantages of the
LEO are that the satellites are much cheaper to put in orbit.hEurtore, the path loss is much smaller and
thus the requirements for the antenna gain of the user tatename not so severe [20]. The low altitude of
theLEO implies that many satellites are necessary in order to geogiobal coverage. Furthermore, ttgo
satellites are not fixed with respect to the Earth and thisireg complicated hand-over procedures between
the satellites as they traverse the skgss based omEO constellations include Iridium [21] and GlobalStar
[22].

The Medium Earth Orbit\EO) and Highly Elliptical Orbit HEO) are examples of other satellite con-
stellations.MEO constellations are located at altitudes of about 1000@Q2®n [18] with the ICO Global
Communications1ss being an example. For further details of satellite constielhs, used for fixed as well
as mobile satellite communications, excellent overviearslee found in [15, 18].

1.1.3 The Inmarsat Satellite Fleet and Services

Inmarsat is an internation®iss provider offering global coverage with@GEo-based satellite fleet. As men-
tioned earlier, Inmarsat was the first provider to inaugueatommercialiss, and presently the satellite fleet
comprises 3 generations of satelliteg, I-3, andi-4. Thel-3 are still in use while the 2 are primarily func-
tioning as back-up capacity [23]. The satellites, with two launched in 2005 and a third planne®@07,
host the new Broadband Global Area NetwoBlcAN) service [24] as well as the older existing services and
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Figure 1.2: (&) Quadrifilar
helix antenna developed by
Thrane & Thrane [25] for the
Inmarsat mini-C service. The
picture is from [26]. (b) The
WorldSpace Boat Antenna de-
veloped by JAST [27]. The pic-
(@) (b) ture is from [27].

will, with the third satellite, cover the entire Earth extép the polar regions. The Inmarsat services extend to
maritime, aeronautical, and land-mobile applicationgluding a number of emergency and security services.

The Inmarsat system operates with circularly polarisedoradynals atL.- and c-band , on the mobile
terminal side and Earth station side, respectively [18]thwispect to the mobile terminals the frequency
bands are 1525 MHz - 1559 MHz for the receiving case (dowk)Emd 1626.5 MHz - 1660.5 MHz for the
transmitting case (up-link).

1.2 Antenna Types for Mobile User Terminals

The various satellite communications systems set vergraifft requirements for the user terminals. Depend-
ing on the distance to the satellite, data rate, and thelisatepeater gain, the user terminals must comply
with certain requirements for the Effective Isotropic Redd Power&IRP) and receiverz /T, (ratio of an-
tenna gain to system noise temperature) in the transmit ecelve cases, respectively. Hence, a range of
different antenna types are employed in user terminalsdardo comply with these requirements.

1.2.1 Omnidirectional Antennas

For applications where the requirement of the user ternaint#nna gain is sufficiently low, omnidirectional

antennas are well suited. In particular f@0 constellations, such as employed by Iridium, the path Isss i
relatively small. Since theeo satellites are not geostationary, the omnidirectionatiamas are even more

advantageous because there is no need to direct an anteimbeam towards the satellite.

Omnidirectional antennas are also used v&H#D constellations, an example being the low data rate In-
marsat mini-C service [23]. Examples are quadrifilar hetiteanas [26, 28], drooping dipole antenna [29],
and small omnidirectional arrays [30]. In Figure 1.2a amepke of a quadrifilar helix antenna for the Inmarsat
mini-C service is shown. In order to increase the diregtigitiow elevation angles, some omnidirectional an-
tennas are designed with a null in the radiation patternénatitenna bore-sight directibnAn example of
such an antenna is the JAST WorldSpace Boat Antenna in FigRbe[27].

In applications where the gain requirements are larger,othaidirectional antennas are not feasible
choices. In such cases the antenna must have a distinct maim, lirected towards the satellite either by
mechanical or electronic means.

1.2.2 Manually and Mechanically Steerable Antennas

The manually and mechanically steerable antennas haveafistain beams that are directed towards the
satellite. They may consist of a single antenna element oedfbeam antenna array. For stationary appli-
cations, the main beam can be steered manually towards téléteay simply orienting an antenna panel

appropriately. In Figure 1.3a, an example of a manuallyrstt@antenna array is shown in virtue of the

Explorer™ 700 antenna [31] developed by Thrane & Thrane A/S.

*In principle, an antenna with such a null is not omnidirecéilb However, in the case of the antenna in Figure 1.2b, ¢his t
is nevertheless used, and probably denotes that steerthg ahtenna is unnecessary.
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Figure 1.3:  (a)A manually
steerable antenna, Explorét
700, developed by Thrane &
Thrane [25]. The picture is
from [31]. (b) A mechanically
steerable antenna with a single
helix antenna element devel-
oped by Omnipless [32]. The
(@) (b) picture is from [32].

For mobile applications, where the direction to the sagetihanges, the proper orientation of the antenna
is maintained automatically by a satellite tracking sysém positioning motors which mechanically steer the
antenna [15]. Examples of applications are the InmarsatB®&, 55, and 77 services [23]. Typical antenna
types, used either as single antennas or as elements oftfeaad-arrays, are microstrip and helix antennas.
In Figure 1.3b, a mechanically steered helix antenna, dpeel by Omnipless [32], is shown.

From an electrical point of view, the mechanically
and manually steerable arrays are relatively simp
However, the mechanical steering is disadvantage
for some applications for a number of reasons. Fir
it requires complicated machinery which is susceptik
to break down if the antenna is operated in a rough 4
vironment such as on a vehicle crossing over une
terrain. Second, it is a relatively slow process to d
rect the antenna towards the satellite. The high-g
antennas, which are needed for high data rates, are
thermore quite large, and must be enclosed by la
bulky radomes. For these reasons the mechanically , , ] )

gure 1.4: Switched-beam array with 8 slanted microstrip

steerable antennas are best suited for maritime applf:datches [33] developed for the Optus MobileSat programme.

tions where ample space is available on the ship wh T patches are operated as 8 two-element phased arrays, pro

orientation changes slowly. For aeronautical and langhing a total of 24 beam settings. The picture is from [33].
vehicular applications the large radomes and fragile

mechanical components may very well be incompatible withahrodynamic design requirements as well
as the vibration and shaking that may occur in these envieoitsn

1.2.3 Switched-Beam Arrays

The switched-beam array is a type of electronically stderabtenna in which a single element or subset of
elements cover a certain angular portion of the hemispHeepending on the direction to the satellite, the
relevant subset of elements is turned on while the remaigliemgents are left inactive.

A switched-beam array, where a single element is used ateg tirdeveloped in [34] with 4 microstrip
patches arranged on the 4 lateral sides of a cube. In [33]Je@rBent circularly polarised microstrip switched-
beam array is constructed for use with the Australian OptodiMSat programme. In this case 2 of the 8
elements are excited at a time. Furthermore, a phase def@y cain be introduced in either of the two active
elements. Thus the array consists of 8 different two-elémpbkased arrays and a total of 24 different beams
can be formed. This switched-beam array is shown in Figute It.is noted that a very similar design has
been described in [35].

The so-called INexpensive Earth StatiokgS) [36] is another example. It has been developed for used
with the InmarsaBGAN service. TheNES array consists of 8 microstrip patches arranged with oniz biotal
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(a) (b)
Figure 1.5: (aA 19-element phased array of crossed-slot elements dedfoptheMsAT-xproject by Teledyne Ryan Electronics.
The picture is from [37](b) The T-4000 Inmarsat High-Gain Antenna developed by TECQMdimies. The picture is from [38].

element on the top and 7 slanted patches on the sides of aigyligestructure. The patches can be excited
individually or in pairs consisting of the top patch and ofi¢he 7 slanted patches.

The non-horizontal alignment necessary for most of the etegsmimplies that switched-beam arrays have
a relatively high profile. The electronic switching inherrém the switch-beam arrays results in a certain
complexity of the design. Furthermore, the switches wilitcibute with some loss that will have detrimental
effects on the antenrGl/ 7.

1.2.4 Phased Arrays

In phased arrays all the antenna elements are excited aimewltisly and the main beam of the array is steered
by applying a progressive phase shift across the arraywapeithereby higher gain can be achieved than for
switched-beam arrays where only a small number of the eles@a turned on at a time. Some of the first
applications to satellite communications were developethind-vehicular use under tiIMsSAT-X programme

in the 1980s. Two different 19-element phased arrays wanstoacted, a cavity-baked crossed-slot array by
Teledyne Ryan Electronics [11, 37] and a microstrip patcayalby Ball Aerospace [12], both in co-operation
with Jet Propulsion Laboratory®L). The former of the two is shown in Figure 1.5a. In the late@9®lanar
[13] and trigonal shaped [14] phased arrays were developéajdan, consisting of microstrip and crossed-slot
elements. Both were aimed at the Inmarsat aeronauticatssrwhich received much interest in the wake
of theEMSsproject. For the maritime Inmarsat-M service, a 12-elenspivial antenna array was developed
in [39] and more recently a 19-element patch array [40]. AHfer example is the 12-element stacked-patch
array for use with the Optus MobileSat service, developdd1f An examples of a modern, commercially
available phased array antenna is shown in Figure 1.5b tmevof the T-4000 Inmarsat High-Gain Antenna
developed by TECOM Industries for aeronautical applicatio

The simultaneous excitation of all elements with diffeneimase shifts constitutes a significant complexity
compared to the switched-beam array. Due to the mutual cayphe phased arrays are subject to scan-
dependent input impedances which ultimately result in softlee input power being reflected at the element
terminals. This leads to the so-called scan loss which iobtiee most challenging problems in phased array
design.

1.2.5 Smart Antennas and Digital Beam Forming

The so-called Digital Beam Formin@gF) represents a further step in complexity compared to theguha
array. Instead of combining the element patterns directlisadone in ordinary phased arrays, the signals
received by the elements are converted to digital form iddizlly. Once the signals are available they can
be combined using digital signal processing. This allowsnfimch more advanced signal processing than
the simple addition in the standard phased array. Thus apiitéring of the received signals is obtained
by weighting these with general complex coefficients. Thepse of this is not necessarily to obtain a main
beam in a certain direction but to maximise the signal gudlitenvironments where multi-path signals occur,
such as cities with high buildings, the direct and multikpsignals can be combined in-phase by adjusting the
element excitations, or weights, dynamically such as doijé2].
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Antennas employin@BF technology are typically referred to aj
adaptive arrays or smart antennas. They do not necessaviesingle
main beam but, depending on the number and directions of-pati
signals, several smaller beams may be formed. An exampheisd- '
called Smart ANTennA termiNAISANTANA), shown in Figure 1.6, in-
tended foKa- band operation in future mobile satellite communications
[36]. For a detailed treatment oBF and smart antennas in general, the
reader is referred to [43].

1.3 Challenges of Phased Array Antenna Design

A number of challenges must be overcome in order to arrivenatla
working phased array design. These concern the actualrpaaface
of the array as well as simulations and numerical modelsssecg for

predicting of the array performance.
Figure 1.6: Prototype of theSANTANAde-

. veloped by EADS/Astrium and others. The
1.3.1 Array Height picture is from [36].

As mentioned earlier, the height of the antenna array is wfesimportance. This is particularly the case for
aeronautical applications where the antenna should noprammise the aerodynamic shape of the aircraft.
However, the height is also important for land-mobile aggtiions. In this case the visual impression of the
antenna is very important from a commercial perspectivecutomers can choose between two different
antennas they are likely to choose a flat, smooth antenner i a high-profile bulky one.

1.3.2 Array Performance

A critical parameter of the antenna performance iSii& which is the ratio between the gain of the antenna
and the system noise temperature. This number is also knewredigure of Merit [15] and it is of interest
because it is directly proportional to the ratio of the regedicarrier power to the noise power spectral density.
The antenna loss plays an important role in €h&l" in that it diminishes the gain as well as increases the
system noise temperature. For further details, see SetRo\nother important antenna property is HirP
which relates to the transmit mode of the antenna and is theugt of the gain and input power. Typically,
the requirements for th&' /T are the most difficult to fulfill since both the antenna gainl dmss must be
considered.

For MSs applications where geostationary satellites are emplogeay, the Inmarsat system, it may be
necessary to scan the beam to low elevation angles, edpéfilaé user terminal is positioned in the northern
or southern regions of the Earth. Therefore, suffic@ni’ must be obtained for a wide range of scan angles.
In order to ensure this, the elements must have wide elenaterps. They must be located close to each
other to avoid the occurrence of grating lobes, and geneitadi antenna loss and system noise temperature
must be kept as small as possible.

One of the most problematic issues of phased array desidpe isititual coupling occurring between the
elements of the array. The mutual coupling results in n@miital active element patterns and non-ideal
element excitations which have detrimental effects on tlargsation purity of the array. Furthermore, the
element excitations become interdependent since theagintitof one element is affected by that of the sur-
rounding elements. This implies that the input impedande®tlements becomes scan-dependent, resulting
in impedance mismatch. Depending on the feed network, flected signals may enter the input terminals
of the surrounding elements which causes further excitaioors. Alternatively, resistors may be inserted
in the feed network in which case the reflected signals agiited and do not contribute to the excitation
errors. However, in this case the antenna loss will incraaserdingly.

Since the mutual coupling is generally larger for small edatrseparations than for large, wide element
separations may seem preferable. However, it is also welvknthat a small element separation has the
effect of reducing the impedance variation with scan ardgg.[From the above it is clear that a number of
challenges exist and that the successful design of a phasgteamtenna for wide-angle scanning applications
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is not a trivial task.

1.3.3 Array Modelling

From a simple investigation of a single isolated elemens itlifficult, if not impossible, to ascertain the
overall array performance. While application of simpleagrtheory, i.e., the "array factor", may provide an
approximate assessment of radiation properties, such iasbh@am directivity, side lobes, and grating lobes,
it basically disregards all the challenging issues [44]s therefore important to be able to model the array
with sufficient accuracy, that is, to predict the mutual dmgy the active element patterns, the resulting array
scan loss, and ultimately the arr&y' T'.

In many cases, a numerical simulation of an entire arrayffidit to conduct and requires large com-
putational resources. In order to avoid this problem it maykeferable to model the elements of the array
individually or in pairs of two to assess the mutual couplifgternatively, the array may be modelled as
an infinite array. In the case of a large or moderate-sizeayaboth approximate models may imply signif-
icant reductions of the computational complexity. Howevkese approximations may yield unacceptably
inaccurate results.

A further aspect of the array performance is how the radia@gaffected by surrounding structures such
as a finite ground plane which vary in shapes, curvatures, etc

1.4 The Present Study

1.4.1 Purpose and Main Topics of the Study

The overall purpose of this study is to acquire knowledge Hrage of topics relevant to phased arrays. In
particular, small phased arrays suited for applicatiorhiwithe Inmarsamss are of interest since this is
an important business area for Thrane & Thrane. The arraysidered in this study must not necessarily
comply with strict requirements of the Inmarsat specifiwagi but provide a general idea of the obtainable
performancé The investigations require the use, and where necessagiapment of a range of mathemat-
ical models as well as the construction of an array protofymkemeasurements hereof. More specifically, the
following investigations should be conducted:

» A prototype of the phased array should be constructed,doasenitial investigations using simula-
tion models. In this respect, the focus is on 7-element ghasays with the elements arranged in a
hexagonal lattice, designed for a frequency of 1.6 GHz.

» The mutual coupling between the antenna elements in tlay @srto be analysed and, if possible,
suggestions on how to minimise it should be given.

» Application of the sequential rotation principle for pkdsarrays and the possible benefits that can be
achieved, must be clarified.

» The impact of finite ground planes on the array performangstioe investigated.
The investigations relate primarily to the radiating paitthe array and not so much the feed network and
receiver which are also important parts of the phased amtgnaa system. The feed network and receiver

are, however, included in a theoretical manner in the inyatbns, which is necessary in order to assess the
array performance.

1.4.2 Outline of the Remaining Chapters

The present thesis is intended to give an overview of the mgsbrtant results of the study. In addition to
the thesis a number of papers and technical reports havepbeeared. Included in the last parts of the thesis

1t may be noted here that Inmarsat specifications for the imaéiminals and services naturally exist. However, these a
confidential and will not be discussed in this thesis. It #ills not be concluded whether these requirements areddl&H not for
the investigated phased arrays.
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are 6 papers [J1 - J6], which have been submitted to sciejttifioals. At the time of writing four of these
have either been published or accepted for publicationfledemaining two await the review. In addition, 2
conference papers [C1, C2], and 4 reports [R1 -‘Réve been prepared but are not included in this thesis.
A list of these works can be found in page ix.

The thesis is organised in 7 chapters. Following this intatidn in Chapter 1, Chapter 2 gives an overview
of the various mathematical models that have been emplaoyéteistudy. The mathematical details of the
methods are generally not discussed here but can be fouhd neferenced literature. In Chapter 3, selected
results from investigations of the mutual coupling andteslaopics are presented. Examples of the impacts
from a range of different configurations are presented antsoeans of reducing the coupling are discussed.
In Chapter 4, the three different phased arrays, which wieosen for detailed investigations, are presented.
The arrays are the Cavity-Backed Annular Slot AntentBaGA) array, Printed Drooping Dipole Antenna
(PDDA) array, and Dielectric Resonator AntenmmA) array. The array performance is presented in term of
directivity, scan loss, and@'/T. In Chapter 5, the impact of finite ground planes is addres$&e CBASA
and PDDA arrays are investigated with ground planes of differenésishapes, and curvatures. Also the
consequences of raising the arrays above the ground plemewastigated. Chapter 6 presents results from
an investigation of the use of sequential rotation of thespldearray elements. Finally, the conclusions are
drawn in Chapter 7 where also recommendations and suggs$tiofurther work are given.

iThe Business Report [R4] is a mandatory report supplemémthke PhD thesis and is an integral part of the Industrial PhD
Programme. From the home page of the Industrial PhD Inigg#5]: "The Business report must present the Industridd Ph
project from the commercial perspective of the enterpriBee business report thereby documents the fellow’s uraledsig of
commercial aspects of the Industrial PhD project in a th@mkand enterprise context". The Business Report is cenfidl and
is not discussed further in this thesis.



CHAPTER2

MATHEMATICAL MODELS FORPHASED ARRAY
ANALYSIS

In this chapter, an overview of the mathematical methodsclwhave been employed for the analyses of
the phased arrays, is given. The topics cover specific doalyderivations and numerical computations,
conceptual phased array models, as well as incorporatiantefina feed network and receiver models. Before
addressing these issues further, it is emphasised thatalieematical formulations in the remainder of this
thesis are based on an assumed harmonic time dependéticevheret is the time andv is the angular
frequency. This time dependence is suppressed throughout.

2.1 Electromagnetic Field Analysis

In this section, the different mathematical techniquesiusethe study are briefly presented. Some of the
methods are developed and implemented during the studythrdsare used via existing software.

2.1.1 Spherical Wave Expansion

For configurations with spherical symmetry the Spherical®\BxpansiongwE) of the electromagnetic field
can be employed. In this study tlssve formulations in [46] are used. Based on tBWwE, the field from
electric or magnetic sources can be expressed using dyaen functions, as described in [47]. The dyadic
Green'’s functions, thus derived, are valid for infinite h@@aoous media and configurations with dielectric and
impedance spheres, and are given in [J3, R1]. With the udeeaitage source principle these configurations
can be extended to those of an infinite half-space with anitefieround PlanelGP), with the spheres being
substituted by hemispheres. Following the principles Bi,[this method has been used in [J3, R1] to model
probe-fed hemispherical Dielectric Resonator AntenD&a§).

2.1.2 Method of Moments

The Method of MomentayoM) [49] is essentially a method for solving integral equasiand it is the under-
lying technique in a number of simulations tools. For electagnetic problems the unknown integrand, to be
solved for, is the electric or magnetic current.

In this study, the commercially available simulation taaAs 2.0 (Analysis of Wire Antennas and Scatter-
ers) [50] has been used in the design of the Printed Droopipgl®Antenna®¥DDA) array which is presented
in Chapter 4 AWAS is based on the so-called "thin wire approximation", in vihitds assumed that the current
is confined to the wire surface and uniformly distributed] &mat it has only axially directed components. In
AWAS the wire currentis expanded in polynomial basis functioh&bv, combined with the thin wire approx-
imation, results in fast calculations. Due to the low coragiohal cost oRWAS it was feasible to optimise the
PDDA array using the Genetic Algorithngf) which is discussed further in Section 2.5.

A more complexvioM programme that has been used to some extent, isdkres(Higher-Order Parallel
Electromagnetic Simulator), developed by Erik Jargensgimd his PhD project at the Technical University
of Denmark pTU) [51]. HOPESemploys higher-order hierarchical Legendre basis funstend this implies
that the convergence rate is significantly faster tharMavi implementations based on more simple basis
functions. ThedoPESprogramme was used in [J2] for validation purposes.

Last, an implementation of the method developed in [52] falgsis of infinite phased arrays has been
employed. It is based on the so-called Floquet-mode forimmavhich is discussed briefly in Section 2.3.2.
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2.1.3 Method of Auxiliary Sources

In contrast to thetoM, the Method of Auxiliary Sources$/As) does not aim at recovering the currents on the
structure. Instead the scattered field, due to the presétioe siructure, is expanded in weighted contributions
from so-called auxiliary sources. These weights are foyndrjorcing the boundary conditions of the total
field which is the sum of the incident field and the scatterdd.fie

Since theviAS is not based on integrations of the current but on simple satimoms of field contributions
from the auxiliary sources, it is much simpler to implemdrdrt themom. This is particularly the case for
the so-called Standandas [53] where infinitesimal current elements such as Hertzigolds are used as
auxiliary sources. This simplicity comes with the cost thegtidly varying fields along the boundaries are
difficult to recover accurately. Such difficulties typigalbccur for thin structures or structures with sharp
edges and for closely positioned illuminating sources hBwbblems can be solved by employing a localised
MoM solution at the corners and near closely positioned soacesggested in [54, 55]. This will, however, be
at the expense of increased computational complexityridtively, the positions and density of the auxiliary
sources can be varied to improve the accuracy for such coafigns. This was done in [56] for scatterers
with corners and in [J2] for closely positioned illuminagisources. An alternative approach is rounding
of the sharp edges as employed in [57, J2] and this is alsoinsie investigations of the Finite Ground
Plane EGP) influence in Chapter 5. The so-called Modifigds [58] is an alternative to the Standavés
and has been shown to be effective for thin structures,migrostrip and dipole antennas. An investigation of
the computational complexity between th1as, Modified MAS, and theMoM is given in [59], and concludes
that themAs and the ModifiedvAS are preferable to theoM in many cases.

In this study, avAs formulation for smooth scatterers, closely resemblingStendardvAs, has been
applied to analysis ofGPs [J2] as well as modelling of probe-f&wRA arrays [J3]. ThevAS has previously
proved useful for such large-scale problems, e.g., as ihiB@re an antenna mounted on a car is analysed.
The MAS has also been employed in the analysis of dielectric anteimib1] where an infinite waveguide
array with protruding dielectric elements is modelled.

Another variety of thevAs, which is particularly useful for wires, is that developad62]. Here auxiliary
sources with finite lengths and sinusoidal currents are,usstlibuted more densely than is typically the case
for the StandaraiAs. This allows the auxiliary sources to be positioned mucls@tdo the surface of the
scatterer, and as a consequence it is well suited for madedlf wires. This type ofMAS model has been
used for the the analysis of mutual coupling in Chapter 3 dsagdor analysis of sequentially rotated phased
arrays in [R3, J6] and Chapter 6. For the details of tiis formulation, reference is made to [62, R1].

2.1.4 Finite Element and Finite Difference Methods

The Finite Element Method-EM) and Finite Difference Method-pM™m) are fundamentally different from the
MoM andMAS since the entire surrounding volume is discretised and niyt the antennas and scatterers.
For radiation problems such as antenna analysis the dsedatolume can be bounded by so-called radiation
boundaries or perfectly matched layers. Two commercialbilable programmes have been used which
are based on theem and FDM, nhamelyHFSS (High-Frequency Structure Simulator) [63], which emplays
frequency-domain formulation, ar@sT-MS (CST Microwave-Studio) [64] which is based oM and uses
both frequency and time-domain formulations. In [8iEsSwas used for the modelling of a Cavity-Backed
Annular Slot AntennadBASA) element, and in [J33ST-MSwas used for validation purposes.

2.1.5 Examples of Application

An example of application of some of the numerical methodsntioned in this section, are given in virtue
of the hemisphericabrRA fed with a single probe. The physical configuration of theeant is depicted in
Figure 2.1a and Figure 2.1b shows the input impedahge TheDRA has been modelled with theas, FDM
(viacsT-M9), and the analyticadwEtechnique. ThetAs andsSwE model are based on a probe current model
in which it is assumed that the current is sinusoidal. Thislehés, however, not used in tlEsT-MSanalysis
and this leads to a deviation of about 2 % in the resonancedmery and about 20 % in the resistance at this
resonance. The good agreement betweersteandMAS results demonstrates that thias can accurately
recover the field inside therRA. Further discussions of theRA array models can be found in [J3] where
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Figure 2.1: (aHemisphericabrRAwith a single probe(b) Impedance calculated withAs SWE andFDM (CST-M$.
similar examples are given.

2.2 Models of the Feed Network and Receiver Chain

In addition to the electromagnetic models of the radiatilegnents, the influences of the feed network and
receiver chain must also be considered before the arragnpesthce can be accurately assessed. The feed
network constitutes an important part of any antenna oyan@del, and it is necessary in order to evaluate the
antenna excitations and reflection coefficients. By ineilgdi model of the receiver chain, some clarification
can be obtained, as to whether the phased a&Ay fulfills the requirements. It is noted here, that the
quantities of actual interest when calculating tHéT" is the main-beam realised gaify,; 5 and the system
noise temperaturé,,; which are defined in this section. The two subscript®& andsys will be omitted in

the following andG /T will be used instead of the more precise, but cumbersémgz /Ty .

2.2.1 Feed Network Models

The feed network is incorporated in the array model by comigiknown or assumed scattering matrices,
that represent the various feed network components, withetlof the array, as described in [65]. It allows
calculation of the forward and reflected voltage waves gi@ils of the components in the network as well as
to represent a certain subset of the feed network by a sicgléesing matrix. An example of this is given in
Figure 2.2 where an array of dual-feed antenna elements igié&Wilkinson Power DividerswpDs), delay

lines OLs), and matching circuits. Here the scattering maﬁ]i\; represents the network consisting of the
antenna array, delay lines, and matching circuits.

The power reflected at the input of this combined networkssiaged to be dissipated in loads in theDs.
For a certain set of forward voltage wave€s'+ (g, ¢ ) from thewPDs output, corresponding to specific scan
angles(fy, ¢o), the reflected voltage waves of the combined network can loeleted

VY= (0o, do) = §NVNjL(@oa b0)- (2.1)
The input reflection coefficient of thé&h input terminal of the combined network is then
VN
I}y (60, ¢0) = VZ,N+ =S¥ N+ ;SNVN+ (2.2)
i Vit &

Due to the mutual coupling ternﬁﬁN which are generally non-zero, tlﬁé\’ depend on the forward voltage
waves fed to the other mputtermlnals These are selectetiordance with the desired scan angles and hence
the F% , are generally functions of the scan angles. The term scandassed here to signify the apparent

loss resultlng from this scan-dependent impedance mismkts defined as

Lacan (60, ¢0) = (1= |Tani (60, 0)[>) (2.3)



12 2 Mathematical Models for Phased Array Analysis

where|T ,,: (6o, ¢o)| is defined as

SV (0. 00)
S VN (60, ¢0) 2

ITant (6o, o) |? is the ratio between the total reflected power, which is asslimbe dissipated in the loads of
thewpDs in Figure 2.2, and the total input power. For a losslesg/dira,;| is similar to the so-called Total
Active Reflection Coefficient defined in [66], which also indes conductor and dielectric losses.

The current excitations of the array elements can

|Fant(003 ¢O)| =

(2.4)

be calculated from the forward and reflected voltagg v+ yv—y===-=-"=~""~ RS S T E

waves at the terminals of the antenna elements N l

1 wpp | Matching——. 1

= (VAT —vAT), (2.5) — | | | |

Zo “pL —90°  Matching—, *" |

where Z, is the characteristic impedance of the s / |

transmission lines. With these current excitations ; o (VAT VA7)

the array directivity can be calculated from the Ac- 1 ° |

tive Element PatternAEPs) of the array. For nota- . . |

tional convenience the main-beam co-polar directiv- e 5" o

ity, Dasg, will be used repeatedly in the following """ """"""""""-"7---mommommooos
chapters. Itis defined by Figure 2.2: Feed network for an array of dual-feed antenna el-

ements. The scattering matrices for the array, matchinguétis,

DMB(QO» %) = DCO(QO) ¢o; to, ¢0)7 (2.6) and delay lines (DL) are combinedEN.

i.e., it equals the co-polar directivity evaluated at olagon angleg6, ¢) coinciding with the scan angles
(0o, ¢0). In this work, the co-polar component is defined as the Ridgntd Circular PolarisatiorRHCP)
component and thus the Left-Hand Circular PolarisatiefTe) is the cross-polar component. It is noted that
some authors, e.g., [44], define the scan loss to includeahation of theD,,z with scan angle. This is,
however, not the case in this text, as is also evident frof).(2.

2.2.2 Assumed Configurations of the Receiver Chain

In order to model the receiver chain, the system shown in lihekldiagram of Figure 2.3 has been assumed.
It consists of a several parts which influeritg,. After the antenna elements are filters, characterised by a
loSSL ¢iiter, and Low-Noise Amplifiersi(NAs), with noise figuré’;, y 4 and gainG ;v 4. Following theLNASs

are phase shifters with logs-5. The 7 circuits are combined in a combiner with ldss,,.;,. Following this,

the signal is converted and demodulated, however, thistimoluded in the model.

The system noise temperatufg, is the noise temperature just after the antenna elementsli@sied in
Figure 2.3. Different expressionsdf,; existin the literature and differ with respect to the leviegenerality.
To the knowledge of the author, the expression given in [§Thé most general and it specifically takes the
scan-dependent impedance variation into account. Theession used here is a special case of the very
general one of [67]. At the antenna input, see Figure 2.3sys&em noise temperature is given by

Tsys = nantTant(l - ’Fant‘Q) + TO(l - nant) + T‘O‘l—‘mnt’2 + TRX- (27)

Heren,..: is the antenna efficiency which includes the losses in théfie¢éwork,L =, and antenna elements,
Lee, andTy,,,; is the antenna noise temperature. The expression in (2vigtds from that in [67] in that
the thermodynamic temperatufg is assumed to apply for all components. Furthermore, alr¢loeiver
characteristics are included in the receiver noise tentpes@dr x . For the configuration in Figure 2.3

Lfilter(LPSLcomb - 1) )
GrNa '

Trx =1To (FLNALfilter -1+ (2.8)

*With this definition, it is assumed that the scan ang#s ¢o) can be chosen arbitrarily. In practice, however, this isthet
case since the phase shifters only allow a discrete set sftpescan angles. Generally, that particular scan angileng the finite
set of possible scan angles, which maximisegi}i&’ at the desired observation angle should be selected. Hoviersimplicity,
the definition in 2.6 will be used in the following.
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i Antenne
Lps Filter  Elemen
X
To down converters, Phase Shifte LNA =
demodulators, etc. I
- ;
Frna filter | Lant Figure 2.3: Block diagram of
— 1 Combiner Grna Tant  the assumed receiver configura-
tion. L, G, T, and F denote
Leomp Tays loss, gain, noise temperature,

and noise figure, respectively.

Here L, GG, and F' with their respective subscripts denote the loss, gainnaige figure, respectively, of the
receiver components. The presencé'gf, in (2.7) implies thaty, is in fact a function of the scan angle.
The design of the receiver is, as mentioned, not within tlepsof this study and the values assumed for the
receiver are based on investigations in [68]. Further teddithe receiver model are given in Chapter 4 where
the three phased arrays of primary interest are presented.

With respect to the array gain, the mismatch due to reflestibthe input terminals as well as the require-
ment of circular polarisation are included. Itis, therefa function of scan anglég,, ¢,) and reads

GCO(Q()? ¢O; 0? ¢) = nant(l - |Fant|2)Dco(007 ¢O; 07 ¢) (29)

By including the mismatch in this way, the gaih, is usually referred to as the realised gain [44]. Similar to
DB, the main-beam realised gaify, s is defined as+.,, evaluated at observation angles coinciding with
the scan angles. Expressed in terms of the logsgs; andT,, can be expressed as

Gu(bo, ¢o) = Dz (00, &) (2.10)

N LFNLeleLscan(QO) ¢0) ’
Tant LFNLele + Lscan(QO) ¢0)
LFNLeleLscan((907 d)O)

Tss(00, o) = Ty (2 —
Y ( 0 ¢0) LFNLeleLscan(QO)gbO) * O(

From (2.10) and (2.11) it follows that the impact of the arsagn losd. ..., is significant since it reduces the
G/T both by reducing the realised gain as well as by increasimgystem noise temperature.

) 4+ Trx. (2.11)

2.3 Models of the Array Environment

Three conceptually different schemes, which can be emglayg@hased array modelling, are presented in
this section. The three schemes are presently denoteddlaéeld Element Schemeg)?, the Infinite Array
Scheme 1as), and the Finite Array Schem&AS) and they differ in regard to how the array environment,
surrounding the individual elements, is modelled. Whidhesoe is preferable depends on the array size, the
available computational resources, and the desired ancurhe three schemes are discussed in the following
from a general perspective. Examples of applications aierieel to Chapter 3 where they are employed in
investigations of the mutual coupling.

2.3.1 Isolated Element Schenmeg)

InthelEs, only the antenna elements of direct interest are includéul analysis. For instance, for calculation
of the impedance properties, an isolated elemgns, modelled to obtain the self-impedangg whereas a
two-element model, with elemenisandj, is analysed for each combination of elements in order tainbt
the entire set of mutual impedancgs;. This procedure can of course be used for the admittakigesr
scattering parameter$;; also. Correspondingly, theEps are taken as the pattern of the isolated element.
Thus the self impedances an@ps are identical for all elements as are the mutual impedabetgeen

TThe antenna noise temperatuig,.., is generally a function of the antenna directivity, i.€ais angles, and the brightness
temperature of the surroundings [15]. However, in this wibik approximated by a constant.
fThelEsis sometimes denoted the "Element-by-Element Approaddi: [6
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elements with the same relative separation. It is thus ¢lesirin thelEs, the antenna elements are analysed
without the surrounding array environment being takenaaoount at all. Nevertheless, the knowledge of the
mutual coupling, although calculated approximately, eesuhat the element current excitations (2.5), and
thereby the array radiation patterns, as well as the indléatéon coefficients (2.2) can be calculated with
some accuracy. Thus the influence from the surrounding eleneincluded to some extent, even-though the
neighbouring elements are excluded for the initial caltoeof the mutual coupling andeps.

Thelesis the computationally least demanding of the three schéundhe lack of information on the array
environment may lead to inaccurate results, in particuliaigrge arrays. For array analysis, applications of the
simplelEs does not seem to be widespread, however, in [70]eBés used to derive the mutual impedances
between crossed dipoles in an array. A discussion of theracgwof the method is, however, not given. The
IES has been used in this study for investigating the mutual loogifior a range of different configurations
and some of these results are discussed in Chapter 3.

2.3.2 Infinite Array Schemexs)

In the IAS the array is modelled as an infinite periodic array with a peegive phase shift, corresponding
to the desired scan angle. The Floquet modal formulatiohd&8 be used to calculate the input impedance
of the elements for a specific scan angle. The input impedagstdting from this analysis is known as the
Floguet impedanc&™ (g, ¢o). Itis a function of the scan angléy, ¢o) and is identical for all elements.

Different approaches exist with which to derive the impexaproperties andeps of a finite array from
this analysis of the infinite array. These methods are ckeniaed by varying levels of accuracy and com-
plexity. An overview and discussion of the methods can badon [71]. A simple approach for extracting
the impedance characteristics is to perform a two-dimerasiBourier transform, as described in [69]. In this
way the self and mutual impedances of the elements can baat@d, however, the resultirig; are identical
for elements with the same relative separation. Thus thedanfle of the element positions in the array, e.qg.,
being near or far from the array edge, is not taken into adcoun

The advantages of thes are that the computation is done for a single element, ot 'aeil" instead of
many elements and that the array environment, i.e., theaictien between the elements, is taken into account
at the same time. The disadvantages are that this intenadt@ng calculated for an infinite array, is not
necessarily accurate for a finite array. Also, the companatiust be performed for each scan angle, which
implies that the method is much more computationally expertban theles. This is especially the case if
the self and mutual impedances are desired, since the Rlomapedances must be sampled with a reasonable
density in the scan angléé, ¢, ) in order for the Fourier transformation to be accurate. Boémique is very
useful for large arrays where each element is surrounde@\mral others, however, for small arrays or for
elements near the array edge, the results are inaccurdteTfg®IAs has found wide-spread use for analysis
of microstrip patch arrays with one or more layers of digiectubstrate as well as printed dipole antennas
[72]. Itis particularly useful for the prediction of scanriness which may be caused either by grating lobes
or surface waves in dielectric substrates [73, 74]. In Céraptan example of this is given.

2.3.3 Finite Array Scheme&4s

By modelling the entire finite array, all elements are ineldth the model. The advantages of Has are that
the interactions between the elements are taken fully intoant and thus the individual element positions in
the array are correctly modelled. Hence the self- and murtiaédances are not simple periodic repetitions
as is the case for thes andIAs, and also theEPs are generally different. The disadvantages offkeare
that for large arrays it is seldom possible to model the emtiray without extensive computational resources
and even for small arrays it may be difficult.

TheFAs has been used for most of the array investigations in thdystm particular, the three 7-element
arrays investigated in Chapter 4 are sufficiently small dsetonodelled with th&As. However, for certain
simple element types larger arrays have also been invéstigath theFAs. In Chapter 3, the method is thus
applied to arrays of up to 91 elements.
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2.4 Three-Stage Model of Arrays on Finite Ground Planes

The mathematical models discussed above will be employ€tapter 4 for investigations of the three differ-
ent phased arrays. This is done in three stages, descriltleel following. The purpose is to assess the array
performance including the impact of @eP, the receiver, and feed network. In [J2, J4], two-stage nsode
were employed for analysis of antennas and arrays positionéarge or moderate-size€dprs. These models
do not include the receiver and feed networks, and thergtoeethird stage is added in the present analysis.

The first-stage analysis focuses on modelling the
radiating elements of the array. Since the ground plg
is not of particular importance at this stage, it can
chosen as either a smatP or aniGp, and hence it| 1 Analysis of array on smalGPor IGP
does not represent an excessive.computational cpst.z Influence of large or moderate-sizedp
The antenna can, therefore, readily be analysed with
the methods discussed in the Section 2.1. From this 3
analysis the antenna characteristics, such as currents  Table 2.1:The three stage of array analysis.
on wires, fields in apertures, as well as impedance
characteristics, can be obtained [J2]. Similarly in [J&E tuxiliary sources from a first-stages model
is used to characterigRAs. These characteristics can be used to represent the armethie second stage of
the analysis which focuses on ther.

In the second-stage analysis, the antenna charactefisticshe first-stage analysis are employed to form
a scattering problem in which the calculated currents,tapefields, or auxiliary sources, illuminate ther.
The second-stage model takes outset in the assumptiorhthaintenna characteristics are not affected by
replacing thaGpP with the FGP, which is a reasonable assumption for large and modera¢elstrs. Indeed,
for low-profile antennas, such as microstrip and slot ardeninvestigations [75, 76] have shown that the input
impedance is largely unaffected by thepsize, even for smakkGprs. However, other investigations [77, 78]
conclude that for high-profile antennas such as monopotekalix antennas, some variation with thePsize
may be expected for smatPs. Further details of the implementations of the first andsdstages are given
in [J2, J4, R2]. An example of a second-stage analysis imgivEigure 2.4. The investigated configuration
is that of a pair of crossed magnetic Hertzian dipoles, erdit phase quadrature, centf@d3 )\, above a
2 Ao radius circulaFGP, where ) is the free-space wavelength. The configuration has beerlieddn
[J2] with theMAs and theHOPESprogramme, mentioned in Section 2.1.2. The results aresiemjar, except
for a slight deviation in the cross-polar component. Thigial#on is a consequence of tikrsPedges being
rounded in thevuAs model. For a further discussion of this, see [J2].

In the third-stage analysis, the feed network and receieeingluded, as discussed in Section 2.2, leading
to the assessment of the arr&yT. The three stages of the analysis have been employed forrtéagsa
discussed in Chapter 4, as summarised in Table 2.1. Howteeeorder in which the three stages are applied
is not rigidly followed in all cases. TheBASA andDRA arrays are analysed in the order 1-2-3 whereas the
PDDA array analysis is done in the order 1-3-2. The reason is tGat@ptimisation, described in Section 2.5,
is employed and this requires a fast evaluation of the areafppmance. In this case tli¢/T is calculated for
thelGP case, which can be done relatively fast withas, and therGPanalysis is then deferred to later.

”§tage Task
ne

Inclusion of feed network and receiver

2.5 Genetic Algorithm Optimisation

The GA optimisation technique belongs to the class of global ojgaition techniques. The object to be op-
timised is represented by an object function which must teeeimaximised or minimised and which has a
number of parameters that can be adjusted. Global optilmisiEchniques are in many ways preferable to lo-
cal optimisation techniques, in particular when large paater spaces are analysed, since the local techniques
are likely to find a local optimum instead of the global optim[79].

During the last decade, thea has become increasingly popular in the electromagneticraamty due
to its suitability to complex problems, and [79] gives an mwew of electromagnetic applications of the
technique. Besides its suitability to problems with largegmeters spaces, other favourable features are the
abilities to deal with discontinuous solution domains and-differentiable object functions. This last feature
separates theA from gradient methods which do not handle these challengdls &vweakness o6A is the
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Figure 2.4: (a)Crossed magnetic Hertzian dipoles in phase -40 : ‘ : : : ‘ :
quadrature above a circularGP modelled withmAs (b) Di- ~180 -135 =90 _43 dggreeiS 90 135 180
rectivity of this configuration. The figure is taken from [J2] ' (b)

convergence rate which is not as fast as for many local ogéitian techniques. The object function must
be evaluated many times before an optimum is obtained asdrtiglies that, even though tlea may in
principle provide the true global maximum it is not alwayseadible approach. Clearly, the suitability and
practicability of usingzA is highly dependent on the time it takes to perform a singéuation.

TheGA has been used in combination with ttieM programmeawAs 2.0 to analyse theDDA array. The
computationally inexpensive nature afvAs makes the problem well suited faa optimisation. The pro-
gramme developed for this purpose was based on thedGa+gackage "GAlib" [80] which is freely available
from the Internet. The object function of tiea algorithm consists of the output froawAs with additional
post processing which comprises calculation of array tirigg, gain, G/T" as function of scan angles and
frequency as described in Section 2.2. Additional detdite@se calculations can be found in [R2].

2.6 Summary

In this chapter, different mathematical models have beesemted. The models were divided into specific
techniques for solving electromagnetic problems, inccapon of the array feed network and receiver chain,
and overall conceptual array models. Last, a discussioh@®A used for optimisation was given.

The different analytical and numerical methods employedte electromagnetic simulations were ini-
tially discussed. The numerical techniques are used bathxisting software and programmes developed in
the course of this study and comprise theM, MAS, FEM, andrFDM. Particular attention was devoted to the
MAS since this is the method used most frequently.

The calculation of thé& /T requires incorporation of the antenna feed network andvercehain. Based
on assumed characteristics, these are incorporated inréneanalysis. This allows calculation of the array
scan loss and realised gain which, together with other factietermine the array /T

Three conceptually different array modelling schemes|gBgAS, andFAS were subsequently discussed,
and the advantages and disadvantages were pointed out pesaoiithe methods are given in Chapter 3.

By combining the electromagnetic analysis tools and theivec and feed network models, a three-stage
model for analysis of phased arraysrrs has been established. The method is based on a first-stdgsian
in which the radiating elements are positioned on a sr@i#lor on thelGp. The results from this analysis
is used in the second-stage analysis which incorporatgs tarmoderate-sizessps. Last, the feed network
and receiver is taken into account in the third stage. Exampf results, using the first- and second-stage
models, were given in virtue of a probe-fe8A and a pair of crossed Hertzian dipoles abovean In both
cases, the results agreed well with reference solutionshemRA, different probe models resulted in minor
deviations for the antenna input impedance.

Last, theGA used for the optimisation of theDDA array was discussed and both the electromagnetic
simulations, feed network and receiver models were inaaed to evaluate the performance of each array
design. ThesA is computationally expensive since the convergence rajaite slow. However, if used in
combination with computationally inexpensive simulattonls, such aswAs, theGA optimisation can be a
very useful tool.



CHAPTER 3

MUTUAL COUPLING

As discussed in Section 2.2.1, the mutual coupling betwkerahtenna elements is responsible for a scan-
dependent impedance mismatch leading to scan loss. Fmaher the coupling introduces errors in the
current excitations of the element input terminals whictyread to an increase in the cross-polarisation as
well as inaccuracy in the beam scanning. Investigatione@htutual coupling have been reported for many
types of antennas, representative examples being migr@sttennas [81], Dielectric Resonator Antennas
(DRAS) [82], dipole antennas [83], and slot antennas [84].

In this chapter, the impact on the mutual coupling, due ttedéht array environments, is discussed and
some means of reducing the mutual coupling are pointed chg.ifivestigations focus on the impact of the
antenna elements, the array size, different ground planelgparasitic structures in the array. The implications
on the array scan loss are also addressed for some of the watiigns. The topic is related to Wide Angle
Impedance MatchingiaiM) which denotes techniques that aim at decreasing the ssarin@eneral [85].
Such techniques are, however, very general and span beywaduetion of the mutual coupling. A brief
overview of differentAIM techniques is given in the last section of the chapter.

3.1 Crossed Dipole Antenna Element and Array

For demonstration purposes, many of the points discusgbdiohapter are illustrated with examples. To this
end, a hexagonal array consisting of circularly polarisezs€ed Dipole AntennapA) elements is employed
and investigated for a range of different configurationsirigyke CDA element is depicted in Figure 3.1a. The
two crossed dipoles are parallel to thendy-axes, respectively, which is indicated with subscriptandy
in the following. The dipoles have lengtlis widthsw, and are each fed at an input terminal between the
dipole arms. They are positioned above an Infinite Groundd>{&P) at a heighth. In some cases, parasitic
monopoles with height,,,, and widthw are introduced near the ends of the dipole arms. ditreelements
are separated by the distantas shown in Figure 3.1b. The particutzvA designs vary somewhat depending
on the investigation, albeif, andw are fixed atL = 0.4\q andw = 0.01)\y. The circular polarisation is
achieved by exciting the two dipoles in th®A element with forward voltage waveg," andVy+, in phase
quadrature such tha{," = —;V,*.

An example of a hexagonal array 6bA elements is shown in Figure 3.1b with elements arranged in
concentric hexagonal "rings" around the centre elemeris &ample shows a 19-element array with 2 rings.
The number of element¥ and the number of ringR are related by

N =1+3R(R+1). (3.1)

ThecDA array is modelled using the three array models, discuss®eldtion 2.3, the Isolated Element Scheme
(IES), Finite Array SchemeRaSs), and the Infinite Array Schemeag), which are implemented using two
different numerical models. For thies andFAs, the Method of Auxiliary Sources/As) technique derived in
[86] is used, while for theas case, the Floquet-modesM derived in [73, 74] is used.

3.2 Influence of the Element Radiation Pattern

The amount of coupling between two elements is stronglyedléo the element radiation patterns. This is
intuitively reasonable since antennas with wide beamsnadiate more toward the neighbouring elements
than antennas with narrow beams. Examples of elements Wiaich a relatively large coupling are thus
dipoles in free space, monopol&RAs and slot antennas which all have wide elements patterrereab
microstrip antennas and dipoles above ground planes tiyp@dibit less coupling due to their more narrow

17
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patterns, as demonstrated in [82].

A simple way to illustrate the influence of the radiation pats is to consider a configuration of tW@DAs
without parasitic monopole&(,, = 0). The relative positions of the tw@DAs are similar to those of elements
1 and 2 in Figure 3.1b. Four different heightabove the ground plane as well as a free-space case, irdtlicate
by h = oo, are investigated. Itis well known that a changé iwill affect the radiation pattern, and thus when
the antenna is close to the ground plane the radiation pa#tilirbe relatively narrow but will become more
broad ash is increased. The co-polar directivify., of an isolatedcDA element and the mutual coupling
between the twg-directed dipolesS?y, are shown in Figure 3.2a,b, respectively. From this exaritpb
clearly seen that the coupling is larger for the configuratioaving the broad beams, particularly for the wide
separations. For separationsdof= 0.5 )\ the difference is, however, not very large, a8y varies between
—15 dB and—20 dB.

3.3 Influence of the Array Size

The self- and mutual impedances will to some extent be infledy the surrounding elements due to scat-
tering within the array. The extent to which this happenstels on the number of surrounding elements, i.e.,
the array size. Even more so, the input reflection coeffisiEpt; are influenced since they depend directly
on the excitations of the surrounding elements, as seen(dh In this section, the impact off the array size
on the mutual coupling and input reflection coefficient ieistigated.

The CDA arrays are now modelled using tles, FAS, andIAS. For theFAs, an array with 91 elements,
arranged in 5 hexagonal rings constitute the practicatdition due to the available computational resources.
For thelgs, very large arrays can be investigated since the only maldimitation comes from the size of the
scattering matrices. Arrays consisting of upRo= 25 rings (N = 1951 elements) have thus been modelled
with thelEs.
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Figure 3.2: Radiation patterns and mutual coupling fobA elements at different heights without monopoles, = 0. (a) Co-
polar directivity D., of CDA element for different heights. (b) Mutual coupling between the twpdirected dipoles as function of
h and separationi.
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Figure 3.3: Self- and mutual impedances fgrdirected dipoles of thebA elements fol. = 0.25 Ao, d = 0.5 Ao, andh,p = 0.
(a) Selfimpedance (conjugate value is shown for graphical eni@nce) as function of array size (number of ring%, (b) Mutual
impedance between the centre element and neighbouringetsitowards increasing.

A few examples of the self- and mutual impedances, caladiaith the three methods, are shown in Figure
3.3a,b. Thisis done fdr = 0.25 X\, d = 0.5 Ao, andh,,,,, = 0. The self impedances of thedirected dipoles
z?Y are shown in Figure 3.3a, for the corner and centre elememitesponding to element 1 and 10 of the
19-elementarray in Figure 3.1b. For graphical conveni¢#meeomplex conjugate value & is shown. For
theras, ZY is shown as function of the number of element ridysThe corresponding values for th&s and
IAS are shown as horizontal broken lines. It is seen thakAsaesults are almost constant and generally they
are within the bounds set by thes andIAS results. However, theas results do not necessarily converge to
thelAs results ask increases. This is particularly the case for the reactafjte

In Figure 3.3b, the mutual impedanZé/]?’ between the-directed dipoles of the centre element and the
neighbouring elements along the positiv@xis is shown. This corresponds to elements 10, 11, and 12 in
Figure 3.1b. For th&As this is calculated for a 5-ring array (91 elements). Theltssre generally quite
similar. It is seen, however, that thws results deviate somewhat from thas results, particularly for the
large element separations, corresponding to the case wherelement is near the edge of the array. Thus the
mutual impedances calculated with tias are generally higher than that calculated with the more rateu
FAS. In conclusion, the impacts of the array size, and whichutation scheme is used do not influence the
selfimpedance results very much. However, some differerists for the mutual impedance, particularly for
large element separations.

Although the self- and mutual impedances are almost cohgtiéim array size, the input impedance and
input reflection coefficient are not. From (2.2) it is cleaattthe number of neighbouring elements and their
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Figure 3.4: Input reflection coefficient afDA elements shown in Smith charts for a characteristic impedanf 50 Q2. The
configuration is the same as in Figure 3.@&) 1951-element array calculated with thes (usingMAS), only 'Y . is shown. (b)
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91-element array calculated with tifasscheme (usingiAg), only T}, ; is shown.(c) Infinite array calculated with theas (using
MoM), bothT'}, , andT'}, ; are shown.
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excitations have direct influence on this. This implies thatelement position in the array, the size of the
array, and also which calculation scheme is used have sopectmon the final result. In Figure 3.4a-c, the
input reflection coefficients;,, ;(0o, ¢o) of the dipoles are shown as function of scan anghgs¢,). Each
dipole is represented by two lines, a solid line indicafiig; (o, 0°) for scanning in the) = 0° plane and a
dashed line indicating;,, ; (6o, 90°) for scanning in the> = 90° plane. The big dots indicatly = 0° and the
ends of the lines indicat® = 90°. The purpose of the plots is to show the variation of the efemeflection
coefficients due to the different positions in the array aoto distinguish between particular curves.

Figure 3.4a shows the case of a 25-ring array (1951 el-
ements) calculated with thes. Only the results for the
y-directed dipolesl'? . are shown. The elements are in-
dicated by different colours corresponding to the proxim-
ity to the array edge. The significance of the element po-
sition in the array is clearly seen from this figure. There
is a significant spread among the curves even for the el-.
ements close to the centre, shown in blue. This spre
increases for the elements closer to the edges, and the twg
outer rings, shown with grey, behave very differently from-
the rest, as well as from each other. Figure 3.4b shows the
corresponding results for a 5-ring array (91 elements) cal-
culated by the&eAs. Again the elements behave differently ‘ ‘
according to their positions. In Figure 3.4c the results for 0 15 30
theAs are shown and’y, ; for the z-directed dipoles is
also shown. In this case the elements behave the sameifye 3.5: Scan loscpaarray with N = 7, 19, 91 €9,
definition, and thus only a single curve results for eaahdco (1A9). The configuration is the same as in Figure 3.3
dipole orientation and scan plane. From a comparison of
the 3 plots in Figure 3.4a-c, it is clear that tifs does not yield similar high values of the reflection coeffi-
cients as the&As, nor does it resemble thas results very much. For thias the reflection coefficients are
very large forf, = 90° and they generally deviate significantly from thes results. In Figure 3.5, the cor-
responding scan loss, calculated using (2.3), is shownifierent array sizes when the dipoles are matched
to their self impedance8?” andZ}”. The calculations are based on ##ss for the finite arrays and thes
for the infinite array. It is obvious that the scan loss of timétdi arrays generally grows with the array size
and comes closer to that of the infinite array as the arrayis@eases. It is furthermore clear, that for small
arrays the approximatas is not accurate and it does not recover the scan loss re$titts FAS.

5

s
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3.4 Influence of the Ground Plane

The ground plane beneath the antenna elements may influeagautual coupling in a number of ways.
The presence of a dielectric coating or surface corrugatirectly affect the electrical properties of the
ground plane and thus its ability to support surface waveél [Buch surface waves are generally undesired, in
particular for phased array applications, since they teriddrease the mutual coupling between the elements.
Surface waves are bound to the ground plane and, as opposadds travelling in free space, they propagate
in a 2-dimensional domain. Thus the coupling between twerards due to surface waves will only decrease
slowly with the distance. Surface waves can be separatedTliansverse ElectricTE) waves, where the
electric field is parallel to the ground plane, and Transyv&tagnetic tM) waves, where the magnetic field is
parallel to the ground plane.

3.4.1 Impedance Ground Planes

In many cases it is convenient to represent surface cor-
rugations and thin dielectric coatings by assigning an ef-
fective surface impedancg, to the ground plane [88].

For moderate values of;, the ability of the ground 0
plane to support or suppress surface waves depends on, | / i
whether the surface impedance is capacitive or inductive.
Ground planes with inductive surface impedances support-20f - _ .-
TM waves whereas capacitive ground planes suppert S,

Mo
-

waves [88]. e ~30

Two simple antenna configurations are used for illus- -40;|——HWD, ind.
trating the coupling via surface waves. They are modelled 5ol :H\\/,VWE\)A, ?ag- |
under the assumption of an impedance ground plane of in- o 78WM: 'cnap'_

finite extent. For such a configuration the fields radiated -go' - = — .
by the antennas can be evaluated using the mathematical 10 10 lelo[Q] 10 10
results derived in [89]. Due to the complexity of these s

calculations it has not been practical to employ tres  Figure 3.7: Mutual coupling between thewb and QWM
model to these problems and for this reasondba el- on aninfinite impedance ground plane. The configurations
ements are not used here. Instead the antenna confighffe« = 0-5 Ao, w = 0.02 Ao, h = 0.05 Ao for the HWD
tions consist of two Quarter-Wave Monopoleaims) of ML =025 20, w =0.02 Ao, i =0 Ao for theQwm
lengthL = 0.25 A\g and two Half-Wave DipolesHwDs)

of lengthL = 0.5 \g, locatedh = 0.05 Ay above the ground plane. The wire widthus= 0.02 )\, in both
cases. The configurations are shown in Figure 3.6a,b. Tigesifahe currents on thewMs andHwDs are
assumed to be sinusoidal and given by

Inwp(y') = losin(ko[L/2 — [¢]]), v € [-L/2,L/2], (3.2a)
IQWM(Z,) =1y Sin(ko[L — Z/]), 2 e [O, L], (32b)

respectively.l; is a constant and is the free-space wave number. From these currents andebeiel
field, calculated from the expressions in [89], the self andual impedances have been calculated using the
reaction theorem [90]. Since the antennas extend aboverthmd plane, the mutual coupling can not be
attributed exclusively to the surface waves. This is paltidy the case for thewms which extend).25 Ag
above ground plane, however, a significant impact of theaserimpedance is still evident.
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In Figure 3.7 the coupling coefficiest» for the HwD andQwwm configurations is shown as function of a
purely reactive surface impedange = j X;. For negativeX the ground plane is capacitive and for positive
X, itis inductive.

For theHWD case, the coupling is relatively small wheXi,| is small. This is expected since the ground
plane is almost a Perfect Electric Conductee®) which suppresses thee surface waves. For medium-
range values ofX| the coupling is larger in the capacitive case illustratimaf theTE surface waves are not
suppressed as much, whereas the coupling is smaller indbetise case illustrating that they are suppressed
even more.

In theQwM case, the opposite behaviour is, to some extent, visible rélatively large coupling from the
PECcase remains, even for larg¥,|, but for | X,| ~ 500 Q2 the difference between the capacitive and induc-
tive impedances becomes evident. ThusTtiesurface waves are suppressed slightly more by the capacitiv
ground plane leading to a decrease of the coupling, whilghinductive one the coupling increases.

For large value of aboytX| ~ 10 € the coupling diminishes for thewm and increases for thewb
configurations, for both the inductive and capacitive gbptanes. An explanation for this can be gained
from the so-called Standard Impedance Boundary Condig@c) [91] which is an approximate model of
impedance surfaces. TlséBC reads

nx E=Z7Zmnx(nxH), (3.3)

wheren is the normal vector to the ground plane, daaéndH are the electric and magnetic fields, respec-
tively. In thePECcase ¢ = 0), itis clear that the tangential component of the electaldfwill vanish since
(3.3) reduces tm x E = 0. Thus theTE surface waves vanish and do not contribute to the couplimghe
case of a large value ¢f| this is not the case, and &s approaches infinity (3.3) reducesiioc H = 0, i.e.,

the TM surface waves vanish and do not contribute to the couplingh & surface is equivalent to a Perfect
Magnetic ConductorAMcC) [90].

3.4.2 Grounded Dielectric Substrates

In the case where the dielectric substrate, which cov-
ers the ground plane, is thin it can be represented by an
impedance surface [88], thus justifying the analysis of the

previous section. In cases where the substrate is thick, thi — y—dip, ¢.=0°
simple representation is not accurate and b@lndTm o
surface waves of different modes can propagate depend- |~ - Y %P %%
ing on the thickness and dielectric constant of the sub- | —*dip, ¢,=0°
strate. In these cases, the dielectric coating can instead b - - -x~dip, ¢,=90°

modelled as a waveguide and the analysis becomes con-
siderably more complicated. It should be noted that for
these cases, the term "surface wave" is still used by many
authors, for instance [88]. Here the term "guided wave" is
adopted.

With regard to phased arrays the excitation of these
guided waves can have severe consequences and cause
significant scan loss. In practical cases where the salgure 3.8: Input reflection coefficient for infiniteba
strate is reasonably thin, it is typically only the zero-@rdarray with dielectric material beneath the dipoles. The
™™ mode, TM), that can propagate. Higher-ordem configuration is the same as in_Figure 3.3 excep'_[ fqr the
and TE modes may also propagate, however, only if tfe — %.5 substraFe below theodlpoles. The dots indicate

. . . . = 0° and the circleg)y = 67°.
substrate thickness and dielectric constant are sufflgient
large [88].

The antenna elements, such as slots or microstrip patchiethws excite the TN mode regardless of the
substrate thickness and in special cases higher-ordersmoay also be excited. A significant amount of the
power fed to the phased array may thus become trapped asedguabe inside the substrate and couple to
the neighbouring elements, leading to a high scan loss. Xtieagon of guided waves and the criteria for
scan blindness have been widely investigated in the liteeaDepending on the substrate, element locations,
and scan angle, the guided waves may couple strongly to etberents [69]. In particular it can be shown
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[72], that for infinite arrays total scan blindness may ocdnrgeneral an increase in the element separation
and widening of the scan angle will increase the possihilityuided waves to cause scan loss.

As an example, the infiniteDA array discussed in Section 3.3 is revisited, this time withwolume below
the dipoles filled with a dielectric material with = 2.5 but with all other parameters retained. It can be
theoretically predicted [72], that for this combinationsafbstrate thickness and permittivity, scan blindness
occurs for they-directed dipole for a scan angle of approximatély = 67°, ¢, = 90°). In Figure 3.8
the input reflection coefficient for this configuration is simo Since the configuration is identical to the one
investigated in Section 3.3, except for the dielectric tanisof the region below the dipoles, the results can
be compared with those in Figure 3.4c. This example cleatgahstrates the scan blindness that may occur
due to guided waves in the substrate. It is noted that thermmoce of scan blindness, such as shown in this
example, does not happen for finite arrays [92] where onliyadacan blindness, or scan loss, occurs. Another
aspect, which is not obvious from the present example, isithel practical cases the dielectric substrate is
of finite extent. This implies that at the substrate edgesesofihe guided wave power will radiate out of
the substrate and some will be reflected back into the substfde latter will cause standing waves in the
substrate which will affect the mutual coupling.

3.4.3 Atrtificial High-Impedance Surfaces

In Figure 3.7 it was seen that neither the capacitive norétidelimpedance ground planes suppress both the
TE andTM surface waves. For very high surface impedance3thsurface waves are attenuated, however, at
the same time thee waves are allowed to propagate. A useful surface for redubi@ mutual coupling must
therefore suppress botte andTm surface waves. Such surfaces are denoted soft surfacds suhfaces that
support bothre andT™M waves are denoted hard surfaces [93].

Just as a high-impedancermc surfaces do not exist naturally, neither do hard and sofiaees. However,
various designs have been proposed which simulate sofic®sfin some frequency bands. Surfaces which
behave in this way are generally referred to as ElectrontagBand Gap EBG) surfaces [94] since they
prevent the propagation of surface wave in certain frequbaads.

One of the simplest examples of a soft surface is the cor-
rugated ground plane which is essentiallpec ground plane
with parallel grooves. For grooves with a depth &§/4 such
a corrugated ground plane can be considered as a grid of aké+ T T T T T T T
natingPEC andPMcC strips and, depending on whether the sur=
face wave propagates parallel or perpendicular to the @xo
it exhibits hard or soft properties [93]. Thus, an arrangetnoé
concentric grooves surrounding an antenna will suppretis o
the TM and TE surface waves propagating away from the ah-\
tenna. This idea has been pursued in [95] where surface-cg
gations are applied parallel to radiating slots to supm®efse
T™ surface wave propagation across the grooves. Clearlyf an
EBG ground plane which is soft regardless of the direction [of
propagation would be useful, and surfaces which come ctos
this behaviour have been constructed in various forms. 6 ’[_13

—

(b)

11

an EBG ground plane consisting of vertical metallic pins e
bedded in a substrate is investigated theoretically wighatim
of suppressing them surface wave coupling between magnetic o
dipoles. More recently, another such surface, shown inrgig[9u"¢ 39 Examples of an artificial high-

. . . Impedance ground plane, sometimes denoted a
3.9 and sometlm_es denoted the Sievenpiper surface [97], 5 npiper surfacda) Side view(b) Top view. The
been developed in [87]. It should be noted, however, that-CGffures are taken from [87].
pared to a convention2Ecground plane theE surface waves
are suppressed to a lesser extent [98]. The ability to rethecenutual coupling by suppressing bathand
T™ surface waves has been experimentally verified in [87, $7]99] a similarEBG ground plane is applied
between the elements of a microstrip patch array. From aélieal investigation of an infinite array it is
found that a significant decrease of scan loss can be achieved

Another consequence of employing such artificial surfas#isdt the E- and H-plane of the antenna radia-
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Figure 3.10: (aMutual coupling between 2DA elements as function @f.,,. (b) Co- and cross-polar directivity of an isolated
CDA element with parasitic monopoles for different value&.of,. The configuration i, = 0.4 Ao, w = 0.01 Ao, h = 0.25 Ao,
d = 0.5 Ao, and for(b), hmp = 0.2 Xo.

tion pattern become similar in shape, whereas foptiecase either the E- or H-plane vanishes at the horizon,
depending on the type of antenna. This can be exploited toowepthe uniformity of the axial ratio of the
antennas as shown in [100, 101].

3.5 Influence of Parasitic Structures

The introduction of parasitic structures above or betwéeraintenna elements is another way of improving
the performance of phased arrays. Depending on the purpmbaraay configuration, different types of
structures have been used. The parasitic monopole is watddgowledged for reducing mutual coupling
between certain types of antenna elements and simultalyemaging the element radiation pattern more
uniform. Such improvements have been obtained for slona@igin [102, 103] and for dipole antennas in
[104-107].

Investigations in [107, 108] confirm, that for phased arrafyisorizontal or drooping dipole antennas, the
insertion of parasitic monopoles results in an overall otidm of scan loss. In addition, the axial ratio can be
improved at low elevation angles. The parasitic monopoée®talso been shown to improve the array scan
performance for the theoretical case of an infinite arra@]10

Similar to placing parasitic monopoles around the elemeamsductive walls have also been employed.
This is proposed in [110] for a cavity-backed slot antenmayarin [111] parasitic microstrip patches, po-
sitioned between driven patch antennas, have been shoviminate scan blindness. However, for phased
array applicationsitis clear that the necessity of smalient separation puts some limitations on which types
of parasitic elements that can be used. Among the technitjsegssed above only the parasitic monopoles
and conducting walls are realistic choices, whereas thasfiar patches take up too much room.

As an example, theDA array in Figure 3.1 is now equipped with parasitic monopaléh heighth,,,,,.
The monopoles are positioned at the end of the dipole armglstanced/2 from the centre of eacbbA
element. A two-elementDA configuration is considered with the elements positionetthénsame way as
elements 1 and 2 in Figure 3.1b. For this configuration, thepling between the-directed dipolesSTs,
and they-directed dipolesS?yy, constitute E- and H-plane coupling, respectively, anchtibaopoles are thus
located in both the E- and H-plane of the respective dipold® resulting mutual coupling is calculated as
function of the height of the monopolés,,, and is shown in Figure 3.10a. As can be seen, both the E-
and H-plane coupling are reduced for a monopole height obialbg, = 0.2 \g. Such reductions in the
E-plane coupling are well known and expected [106, 107] eagionly marginal reductions in the H-plane
coupling are reported [106]. However, in [106] the monopaelere located in the E-plane of the dipoles only.
The reported optimal monopole height varies somewhat aipgron the configuration and values of about
himp = 0.14 Mg 10 0.3 A\ have been reported [107, 108]. The optirhgl, = 0.2, resulting from the present
analysis, is thus within the range of these values.
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The element radiation patterns for different values
of h,,, are shown in Figure 3.10b. It is seen that the
pattern becomes slightly uniform fdr,,, = 0.2 Ao
which is in agreement with the expectations. In Figure
3.11, the scan loss for arrays of 7 andc$h elements 15
with A, = 0.2 Ag is shown. From a comparison with_
Figure 3.5, it is clear that the reduction in mutual co@
pling obtained with the parasitic monopoles leads to g 1|
significant decrease in the scan loss (note the differet
ordinate axes in Figure 3.5 and Figure 3.11).

0.5¢

3.6 Wide-Angle Impedance Matching

0 20 40 60 80
Many different techniques have been proposed for re- 8 [degrees]

ducing the scan loss of phased arrays. Since the Sggl}e 3.11: Scan loss for 7- and 19-elemerwa array with
loss is often most severe for wide scan angles, cl@sgasitic monopoles. The elements are matched to the self
to the horizon, these techniques are typically referrietbedance. The configuration is the same as in Figure 3.10.

to as Wide Angle Impedance Matching/AIM) tech-

niques.WAIM techniques have been the topic of much research througtetrs wnd a general overview can
be found in [85].WAIM techniques can be divided into two classes depending oméh@h™ in which they are
employed. The term "free-spasaIM" denotes specific designs involving the radiating elementke array,
whereas the "transmission-linealM " relates to feed network designs which attempt to canceintipact of

the scan-dependent impedance.

Many of the topics discussed in this chapter can be consideee-spacevaiM techniques. The high-
impedance ground planes, used in [99], and the conductitlg ivatween elements proposed in [110] are
examples ofwAIM techniques [85]. The employment of dielectric layers alibeearray is yet another tech-
nique which has been employed for waveguide arrays [112].ed gimilar approach has been used in a
microstrip patch array [113] where a reduction of the mutmalpling was reported. In principle, the choice
of smaller element separation is also a free-spa@® technique since it is instrumental in eliminating the
scan blindness for infinite arrays [44, 85]. However, in ttase it is clearly not a reduction of the mutual
coupling that causes the decrease in scan loss.

Generally, the transmission-livealM techniques do not attempt to reduce the mutual couplingheRat
the impact of the input impedance variations are soughtianaétd by designing special feed networks. For
large arrays, the matching circuits are typically desigioefdvour scanning towards= 0° [85]. In contrast,

a matching circuit designed for wide scan angles can be deresi a transmission-lingailM approach, e.g.,
by matching the average valuelof, ; (0o, ¢o) among the azimuthal scan angtgsbut for a fixed polar scan
angled,. In practice, however, this approach is not very usefulesithe variation withp is typically quite
large. Another approach is to disregard the element cogiplintogether and match the average value of the
element input impedance. This approach was found to berat@éefor theDRA array investigated in [J3].

A number of more complicatedAiIM schemes, employing scan-dependent matching circuitahvays
match the input impedance, have been proposed. In [85] theiple of electronically tunable matching cir-
cuits is proposed but not elaborated further. In [114] agtesiith interconnecting circuits inserted between
the transmission lines, feeding the elements of an infinit@yeof dipoles, is treated theoretically. This pro-
vides a scan-dependent matching which to some degree sdahedéimpedance variation with the scan angle.
It is noted, however, that a practical implementation of tiesign has not been found.

3.7 Summary

In this chapter, the mutual coupling and its dependence fiereint parameters of the element and array
configurations have been investigated. In order to illistsome of the main points, thebA array was
introduced and employed for different configurations. Tba array was modelled using thes, FAS, and
IAS in combination with thenAs andmoM. In addition, two-element configurations of dipoles and opwies
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on an impedance ground plane were also investigated.

By varying the height of the dipoles of tleDA elements the element pattern can be changed. Thereby it
was seen, that the element radiation pattern has a sigrifiogact on the mutual coupling and thus it was
found that the wide-beam elements generally couple more riaarow-beam elements. However, for close
distances, relevant for phased-array applications, tifereinces were not large.

The CDA array was modelled for different sizes and by employing tive¢ modelling schemes. The
impacts on the calculated self impedances from both they @izee and choice of modelling scheme were
quite small. For the mutual impedances, however, it wasddbhat thelAs deviated increasingly from the
FAS as the element distance was increased. For the input refietiefficient it was seen that the array size
and element location in the array have significant impaah éoeelements close to the centre of large arrays.
Generally, the scan loss increases with array size andsaal blindness occurred for the infinite array.

An investigation of the influence of the ground planes on thepting via surface waves was then un-
dertaken. For thin dielectric coatings, the ground plamelmmodelled by an effective surface impedance.
It was verified, by example, that moderate values of capacitnd inductive surface impedances will either
suppress or increase the coupling via or TE surface waves, respectively, but not both. For large vales
general suppression of1 surface waves occur. For thicker dielectric coatings tmigédance surface model
is not sufficient. Instead the dielectric can be considersed avaveguide in which different guided wave
modes can propagate. Fromias analysis these guided waves and their ability to cause doainkss can
be investigated. The occurrence of scan blindness was difieahpvith the CDA array on a thick dielectric
substrate.

Different artificial high-impedance surfaces exist whichymmprove the array performance. These sur-
faces are denotezBG surfaces and can suppress bothth@andTm surface waves in certain frequency bands,
and thus reduce the mutual coupling due to the surface wadmesddition, these surfaces may also ensure
more uniform E- and H-plane radiation patterns which, imtwesult in an improved axial ratio.

Last, an overview of the so-callegiaiM techniques was given. Many of the aforementioned means to
influence and reduce the mutual coupling belong to the speaxt#ss of "free-spac&AIM ™ techniques. Ad-
ditionally, specific designs of feed networks and matchiinguits, denoted "transmission-livgalM ", can in
principle be employed to achieve a reduction of the scan IBsactical implementation of these techniques
have, however, not been found.



CHAPTER4

THREE ARRAY TYPES

In this chapter, the three different phased array desighshwwere chosen for further investigations, are pre-
sented. The three arrays consist of Cavity-Backed Annutar/htenna €BASA), Printed Drooping Dipole
Antenna PDDA), and Dielectric Resonator AntennarRA) elements. These element types were chosen be-
cause of the requirement of wide-angle coverage of the afitagy all have nearly omnidirectional radiation
patterns within the hemisphere and can be designed fordairpalarisation. In this chapter, brief discussions
and key results for the three arrays will be presented whiclwacomparison of the performance. For more
detailed descriptions of the work, reference is made tohteetpublications [J1, R2, J3].

4.1 General Remarks on the Investigations

The array designs are based on numerical simulations,
using combinations of the mathematical methods dis-
cussed in Chapter 2. They are all simulated usin

the Finite Array SchemerAs) scheme, either using | Quantity Symbol | Assumption
commerciall_y available software or programmes der Element loss Lo 0dB
veloped during the study. The simulations are done

in the three stages listed in Table 2.1. In the first; Feed networkloss | Lry 0.3dB

stage model, the arrays are positioned on either th
Infinite Ground PlanelGP) or a small Finite Ground

Plane €GP), depending on the simulation tool and ar-| Filter loss Lyiter 1.0dB
ray type. From these simulations the antenna scatter- L
ing matrices are obtained together with an array repre--A NOise figure Fina 0.5dB

eAntenna noise temp} 1. 80 K

sentation, as described in the following sections. The | Na Gain GinA 15 dB
second-stage model takes the influence ofttrinto )

account. This is done using the Method of Auxiliary| Phase shifterloss | Lps 2.5dB
SourcesNIAS) models described in [J2, J4]. A circu- | combiner loss Loomb 05dB

lar FGPwith a diameter of 1.0 m was chosen for this
purpose, and thus the three arrays are equipped with _ ) _
. : Table 4.1: Assumptions on loss and noise temperatures in the
similar ground planes. In the third-stage model trpg ; )
. . ceiver chain, from [68].
assumed feed network and receiver characteristics are

incorporated in the simulation as discussed in Sectioni22laus the array: /T can be calculated.

The element feed networks assumed during the simulatiergegoicted in Figure 4.1, for the cases of dual-
feed elements and quadruple-feed elements. They conglfiskinson Power Dividers\{PDs), delay lines
(pLs), and matching networks as discussed in Section 2.2.1ddlag lines are frequency dependent and only
provide the desired phase shift at the design frequégncey 1.6 GHz. The matching networks are designed

|
oo | [

|
l ]

T ' | Antennal — % Antenna
l

DL —180° DFN

(@) (b)

Figure 4.1: The antenna element feed networks assumed in simulaii@@nBual-feed element (fotBASA. (b) Quadruple-feed
element (folPDDA, DRA).
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Superstrate  ground

i\ 2 plane
W

Feed Irigure 4.2: Geometry of thesasa

2p¢ element. For simplicity the dielec-
tric superstrate is not shown in the
top view. The figures are taken from

[91].

to match the average of the isolated element input reflecoefficients atf,. Mathematically, this reflection
coefficient is calculated from (2.2) using the scatteringap@eters of the un-matched array. Furthermore,
the mutual coupling coefficientS;; are set to zero for input terminalsand j, of different elements. This
omission of the element-to-element coupling ensures beatrtatching network does not favour certain scan
angles, which would be the case if this coupling were inaLidehe design of the matching network.

The antenna elements (excluding feed networks) are assiorbedossless with no dielectric or conductor
losses. The power reflected at the element terminals, he.s¢an losd. ..., IS furthermore assumed to
be dissipated in loads in thePDs and thus the signals do not re-enter the array via multgfleations in
the feed network. In addition to the scan loss, the elemesd feetworks are assumed to introduce a loss
Lry = 0.3 dB. This assumption is based on measurements of a feed hepnaintype developed for the
PDDA array, see [R2].

In order to calculate the array/7T", the receiver chain is assumed to be that of Figure 2.3. Thyepties
of the constituent components are based on investigatiof&8] and are given in Table 4.1. The antenna
noise temperaturd,,.,.;, is generally a function of the antenna directivity, i.€as angle, and the brightness
temperature of the surroundings [15]. However, in this wibik approximated by a constant.

4.2 Cavity-Backed Annular Slot Array

A variety of circularly polarised cavity-backed slot ames have been reported in the literature and, depend-
ing on the desired polarisation purity, single-feed [1123]1 dual-feed [121, 122, J1], and quadruple-feed
[37, 123, 124] excitation schemes have been employed. ticpkar, the crossed-slots [37, 120, 123, 124]
and annular slots [115-117, 121, 122, J1] have been widelg.uShe inherent low profile and wide-beam
element pattern qualify the cavity-backed slot antennapliased array applications.

ThecCBASA is based on the design in [122, J1] and is shown in Figure 4 &risists of a circular cavity
in which an annular slot is cut. On top of this slot a dielectuiperstrate is placed. A prototype of a single
CBASA element was constructed during the study in [122] and is shiawigure 4.3 where also the design
parameters and performance of the isolated element are.dilere the resonance frequengy,,, defined at
zero input reactance, the impedance bandwigltii, defined for|I';,,| < —10 dB, the co-polar directivity at
0 = 0°, D.,(0 = 0°), and the 3 dB beam widtlBelV are given. In [J1] it was found that the bandwidth of
theCBASA can be increased by using larger cavities, wider slots,ionér superstrate and lower permittivity.
The resonance frequency increases for smaller cavity diloes, slot radius, and superstrate thickness and
permittivity. Among the three arrays, ti@BASA array has the least wide-beam elements itil = 90°.

In the array configuration, the @BASA elements are positioned in a hexagonal configuration as@ikem
fied by the 7 central elements in Figure 3.1b. The elementragpa isd = 90.0 mm. During the initial
simulations, which were conducted with the prograniAss[63], the array was positioned on a small circu-
lar ground plane with a diameter of 0.4 m. From this model tih@ysscattering matrix was determined and by
including the assumed feed network, the scan loss and etexeitations were calculated. In order to model
the 1.0 m circular ground plane, tiBASA elements were represented by the electric field in the anslais
which, in turn, were modelled as magnetic ring currentspiinating the ground plane. For further details of
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Design Performance
pe | 40.00 mm| fres 1.59 GHz
ps | 32.00mm| BW 6 %
he | 20.00 mm| D, (0 = 0°) 7 dBi
ws | 2.00mm| BeW 90°
ts 0.79 mm
€r 3.38

(b)

Figure 4.3: (a)Prototype of thecBASAprototype, developed in
[122], mounted on a small square ground plar{e) Design pa-
rameters and measured performance of tBasaAelement. D,
and BeW are for the square ground plane (a).

the ground plane model, see [J1, J2].

The simulated array performance is shown in Figure 4.4a-8igure 4.4a, thé,, 5 is shown as function
of the polar scan anglé, for 5 frequencies where the average values among the azihsthn angleg,
are shown. It is seen that the,, g varies between 12.5 dBi and 14 dBi fé5 = 0°. However, at lower
elevation angles it decreases significantly andyat= 60° andf, = 75° approximately 11 dBi and 7 dBi
are achieved, respectively. In Figure 4.4b, the scan loskag/n as function of frequency fép = 0° and
0o = 60°. Itis clear that the array is quite narrow-band with respedhe scan loss, especially when the
array is scanned away from tifle= 0° direction. In Figure 4.4c, th&'/T' is shown, calculated using (2.8)
and (2.11) under the assumptions stated in Table 4.1. Thélgw combined with the large scan loss result
in very poorG/T, and only for frequencies close to the centre frequencfyof 1.6 GHz does thecBASA
array perform well. Last, in Figure 4.4d, tlie,; 5 and scan loss are shown fgy = 60° as function ofpy.

It is seen that the azimuthal variation is quite dramatic doels not follow a periodically repeating pattern
for every60° as should be expected from the hexagonal array topology. ilAbevclear from the following
sections, this behaviour is not typical. It is believed tinat cause is two-fold. First, the locations of the two
feeds of thecBASA elements are far from being rotationally symmetric, anesd¢csurface waves, or guided
waves, are excited in the dielectric superstrate aboveltheAs discussed in Chapter 3, the impact of these
guided waves depend on the scan angles and type of superSirate the superstrate is finite, standing waves
will form inside the superstrate which, in combination witle asymmetrical feed points, affect the mutual
coupling in a complicated way.

With regard to the practical implementations, differergigas of theCBASA arrays can be imagined. The
crossed-slot array in [37] was composed of different lajemsing the ground plane with slots, the cavity
material, the cavity bottom, and feed networks, etc. Thétgavalls were implemented with rows of plated
through-holes. For the present design where the caviteeaigafilled this approach is probably not practical.
Nor is it practical to fasten individual circular cavitiesd ground plane such as done with the single element
prototype in [J1]. Instead, the cavities can be cut out ofiektlluminium plate and the top or bottom
conducting layers can be fastened with screws. This mayebherybe too expensive a procedure for a large-
scale commercial production. Another approach is to caosthe array of a lighter material, e.g., plastic,
with a conducting metallic material added to the inner gasitrface. Whether this is a feasible approach will
depend on the conductivity of the metallic coating and iteability and performance under possibly harsh
environmental conditions with large variations in humydihd temperature.



30 4 Three Array Types

3,
13 _°
2.5}
12}
— 11 —2r
S 10t 3
2 of §1.5—
o gl —f=150GHz 8
- - -f=1.55GHz 1r
Tr —a—f=1.60GHz 0 :00
6| —o—f=1.65GHz 0.5} 0
c —e—f=1.70GHz ---90:60°
I ‘ ‘ : : : o | | | | | |
5 30 0 45’ 60 75 14 145 15 155 16 165 1.7
, [deg] f [GHz]
(a) (b)
-10
1 ——f=1.50 GHz 7
- - -f=1.55 GHz =
-12 ] —&—1=1.60 GHz S 9
_ -13eeg = —e—1=1.65 GHz c 8
<14 c--._ 'Bgg —®-f=170GHz 28T D, 5 6,=60°
=15 J = --L__,8=60°
£ %J St scan’ 0
(O] = 4t
-17 %: 3l
-18 s
-19 | S PR PP, Lot
-20 ‘ ‘ ‘ : ‘ : 0 ‘ ‘ : R S
0 15 30 45 60 75 90 0 45 90 135 180 225 270 315 360
8, [deg] @, [deg.]

© (d)

Figure 4.4: Simulated performance afBAsAarray. (a) Dasg as function offy, averaged ingo. (b) Scan loss as function of
frequency forly = 0° andfy = 60°, averaged inpo. (¢) G/T as function oy, averaged inpo. (d) Azimuth variation oDy, 5
and scan loss fof = 1.6 GHz andf, = 60°.

4.3 Printed Drooping Dipole Array

The dipole antennas have, in various shapes, been usedsed@raay elements in a number of works [105—
108, 125-128]. For the horizontal dipole, the element itawhagpattern falls off at low elevation angles since
the electric field is parallel to the ground plane. This iraplthat the beam width is much more narrow than
for the crossed slot antenna. In order to alleviate this,racat current component must be introduced. The
simplest way to do this is by slanting or bending the dipolmsaadownwards creating a drooping dipole.
The beam width can be further widened by increasing the heifthe dipole above the ground plane, as
exemplified in Figure 3.2 for the Crossed Dipole AntenoeX) elements.

Several types of drooping dipoles exist with simple stradjpole arms [125, 128-130], bent dipole arms
[126], or curved arms [131]. More complicated shapes with apd twisted dipole arms are reported to have
increased bandwidth [132]. Instead of designing the dgpatewires positioned in air, printed dipoles are also
widely used [106, 125, 127, 130, 133, 134].

Introduction of parasitic monopoles near the end of theldipoms have been found to widen the element
radiation pattern as well as to have the positive featureaficing the mutual coupling [104, 107]. A simple
example of this was shown in Section 3.5 with ¢ elements and arrays. These features have rendered the
drooping dipole element, with or without parasitic mon@sla popular choice for phased array applications,
especially for configurations in which the constraints oa gtlement height are not too severe. Examples
of parasitic monopoles, being used with dipole arrays, Hsen reported in [107] for horizontal and in
[105, 106, 108] for drooping dipoles.

This PDDA design is the result of an extensive optimisation procegh@fentirePDDA array based on
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the Genetic Algorithm @A) using the GAlib package [80] and the simulation progranawas 2.0 [50]

in combination. This allowed a range of different dipole pésand configurations of the monopoles to be
investigated, and due to the very low computation timeve£s the necessary time for the optimisation process
was within practical limits. The goal of the optimisationssta maximise the arra§/ /7" within the solid angle

Ao < 75°, and this requires knowledge of the array directivity anansloss. With respect to the three-stage
model of Table 2.1, theA optimisation only considered the first and third stages. Sé¢wmond stage, where
theFGPis taken into account, was performed subsequently for thienggedPDDA design. This was done by
representing the array by the wire currents obtained mwiths as discussed in [J2].

The PDDA design resulting from the simulations is shown in Figureah8 the constructed prototypis
shown in Figure 4.6, where also the design parameters ag@.glzachPDDA element consists of a pair of
crossed drooping dipoles whose arms are bent further dowdsved approximately the middle of the arms.
The 7 elements are positioned in the hexagonal lattice am@éach surrounded by 12 parasitic monopoles,
totalling 72 monopoles. The elements are matched usingayuaave transformers embedded in the central
stems. The element height thus influences both the matchithgeaaliation pattern, and therefore capacitors
were added between the dipole arms and the stems to proviedrardegree of freedom in the design. Since
the entirePDDA array was simulated at once, the isolated element has natdmesidered in detail and its
performance is not given in Figure 4.6. It should be notedyéwer, that a single element of the shape in
Figure 4.5 has a very wide radiation pattern characterigdd h(0 = 0°) = 4.1 dBi andBeW = 174° when
mounted on amnGp.

The constructed prototype deviates somewhat from the ationlmodel. One of the most significant dif-
ferences is that the simulation model employs circular svirefree space for the dipoles and monopoles,
whereas the prototype consists of printed wires and braswscr The dipoles were printed on a Rogers
RO 5870 substrate with, = 2.33 and thickness 0.787 mm [135]. Further details of the sinwtaand
prototype designs as well as the optimisation procedurgiaea in [R2].

The performance of theDDA array is shown in Figure 4.7a-d with the same quantities athEBCBASA
array in Figure 4.4a-d. In this case, the simulation restdtsulated withAwAS and theMAS ground plane
model, as well as measurements of the prototype mounted mnilarsground plane, are shown. Thws
ground plane model and the ground plane used for the measnternave a small hole beneath t@DA
array. This is necessary for connecting cables to the fewdonle The radiation pattern measurements were
conducted at the ESA/DTU Spherical Near-Field Test FgdiliB6] in two steps. First, the Active Element
PatternsAEPs) were measured and from these, the scanned-beam ragiattems were calculated. Second,
the elements were fed with coaxial cables of specific lengihsbtain the phase fronts corresponding to
certain scan angles. For these configurations the realsedagd the antenna loss were measured. In order

*The work done by the author, in relation to the prototypangrily concerns the design and optimisation process. Thehc
construction was done primarily by Ulrich V. Gothelf fromrBime and Thrane.
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Figure 4.6: (a)Prototype of thePDDA array.
(b) Optimum design parameters for tReDA
(@) array in Figure 4.5 found with theA.

to calculate the array scan loss, the estimated loss in thlecand feed network was subtracted from the
measured loss. However, since the printed dipole matdri@l $870) is not lossless, as is assumed in the
simulation model, some difference remains.

The fact that theeDDA array has been optimised for maximu#y7" has implied that both the radiation
and impedance results are significantly better than foct#rsA array. With respect to th®,, 5, the PDDA
array has a significantly better coverage at the low elenaitgles than theBASA array, and theD,, g is
nearly constant withid, < 65°. At §, = 75° about 10 dBi is obtained. It should be noted that the ripples
present in theD ;5 depend on the ground plane size and different ripples wilbiodf other ground plane
sizes are employed. This is discussed further in Chaptehg. uhiformity of theD,,p is primarily due to
the element height which diminishes thhe, 5 for scanning nea# = 0° and increases it for low elevation
scan angles. The wider beam widths of the isol&®pa element is also indicative of this. With regard to the
scan loss, the simulation and measurement results agssnadaly well within the simulated frequency range
of 1.5 GHz to 1.8 GHz (note that the depicted spectrum is wiffethan for thecBASA case in Figure 4.4b).
The deviations are thus below 0.4 dB in most of this spectrlins. seen that the scan loss is lower for the
low elevation angles than for the high which is not the casé¢hfe other arrays investigated in this study. The
improvement of theD,, 5 and scan loss, as compared to BASA array, leads to much bettét/T. Last,
the azimuthal variations are seen to follow the expe6t&deriodicity, and there is generally a larger degree
of uniformity than for theCBASA array.

ThePDDA array prototype has been constructed without regard fquith@uction costs. The capacitors and
the monopole screws were fixed by hand, and in its presenttfoePDDA array is thus very time-consuming
to assemble. For a large-scale production such time-conguwork is too expensive. Alternatively, the
capacitors can be implemented as interdigital capacitanggal directly onto the circuit board [137]. The 72
parasitic monopoles might conceivably be replaced withritloating rings or walls around the elements in a
way similar to that proposed in [110]. However, at presemgstigations into this have not been conducted.
In its present form th@DDA elements are not very robust and the substrate used for ithtegdipoles is
somewhat fragile. This may be improved by using thicker sabss or by placing blocks of foam between
the dipoles.

4.4 Dielectric Resonator Array

TheDRA has beenin the focus of much researchin recent years, dsertamny favourable features such as low
loss, compact size, structural simplicity, and simple fiegdchemes [138]. Thus from the early work of Long
et al. [139] applications abRAs has been reported for a wide range of specialised shapesafigurations.
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Figure 4.7: Measured and simulated performancePoiDA array. (a) Dasp as function ofdy, averaged inpo. (b) Scan loss as
function of frequency fof, = 0° and6, = 60°, averaged inyy. (c) G/T as function oby, averaged inpo, from measureder.
(d) Azimuth variation oD,z and scan loss fof = 1.6 GHz and6f, = 60°, from measuredepP and S-parameters.

Overviews of differenbRA configurations can be found in [138, 140].

The resonance frequency and bandwidth oftiRa are basically determined by the permittivity and size
of theDRA [138]. The shape of therA is of less importance since the fundamental broadside mgjeof
the DRA can be excited almost regardless of the shape. Inclusioas-gaps and combinations of different
dielectrics may, however, be employed to increase the baltiohar obtain multi-band operation [138].

The compact size of therA is important when considering candidate elements for ghasays since it
allows for a smaller element separation than is the casedoymther types of elements. Thus threa may be
advantageous for wide-angle scanning array applicatimstein a small element separation is beneficial for
reducing scan loss [44]. Planar, linearly polarised phaseays have previously been examined in [141, 142]
where the elements are fed using probes and microstrip iieesl ICircularly polarised arrays have also been
constructed using sequentially rotated single-ferds [143, 144].

The investigations conducted in this study are focused obgfedDRA elements. To this end, cylindrical
and rectangulabRAs have been simulated withFss[63] and CST-Ms [64], and hemisphericadRAs have
been analysed with an analytical Spherical Wave Expansisg)(model. The analytical model is based on
the dyadic Green’s functions for a dielectric sphere simitathe work in [48], and it allows modelling of a
single hemispherica@RA.

For array investigations, thewE model is not applicable since the spherical symmetry is mesgnt.
Furthermore, the numerical investigations withss and CST-MS may become impractical due to the high
computational cost and limited available computer resesirmstead, the 7-element array was modelled using
aMAS model developed for this purpose [J3, RRRA arrays have previously been investigated withnias
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in [61] where an infinite periodic waveguide array with prmting dielectric elements was investigated. As
is discussed in Chapter 2, tivas is not well suited for structures with sharp corners. Thepstaf theDRA
elements was therefore chosen as hemispheroidal. Thigsallee of the so-called Standands which is
particularly simple and computationally cheap [53]. TS model will not be discussed in detail here, and
it is merely noted that theRA probes are modelled under an assumptions aGarand a sinusoidal shape
of the probe currents. This probe model leads to slightlfedint results for the impedance as compared to
more accurate simulation tools, e.gST-MS Thus the resonance frequency typically varies with 2 % and
the resistance at the resonance is about 20 % lower, as @kethpl Figure 2.1. The details of ttewvE and

the MAS models can be found in [J3, R1]. The second-stage model afdhés based on the obtainedas
solution from the first-stagesP model. The details of this are given in [J4] and will not bebelmated here.

A single hemispheroidabRA element is depicted in Figure 4.8 where also the detailsefl#sign and
performance are given. The investigations of tra array were based on an initial analysis of isolated
DRA elements. The elements were designed to obtain a resonagerehcy somewhat below 1.6 GHz. By
lowering the relative permittivity,. and increasing the widthy, the impedance bandwidth can be increased
while the heighth and resonance frequengy., can be kept constant. Several examples of this are given in
[J3]. An advantage of thBRA element is that its relatively small size allows the eleragatbe positioned
closer to each other than, for instance, is the case farshsA elements due to the space-consuming cavities.
In the examples given here, two different element separatibd = 70.0 mm andd = 90.0 mm are used.

In Figure 4.9a-d, the performance of thRA array is shown foel = 70.0 mm (shown with thick lines)
andd = 90.0 mm (shown with thin lines). The different element separaiare seen to have a significant
influence on the array ;5. For the small separation, the,,z is quite uniform but not very high. For
the larger element separation it is significantly higherdlso falls off more rapidly with scan angle and for
0o > 70°, the Dj;p curves converge. In terms of thiey, 5, the large element separationdf 90.0 mm is
clearly preferable.
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Figure 4.9: Simulated performance @fRA array. Thick lines are ford = 70.0 mm and thin lines forl = 90.0 mm. (&) DB
as function ofy, averaged inpo. (b) Scan loss as function of frequency for= 0° andf, = 60°, averaged inpo. (c) G/T as
function offy, averaged inyo. (d) Azimuth variation ofD ;5 and scan loss fof = 1.6 GHz andf, = 60°.

For both element separations, the scan loss is better thaaofttheCBASA array, see Figure 4.4, in spite of
the fact that the element bandwidth is slightly more narrblais improvement is believed to be due to a lesser
degree of mutual coupling in the absence of the dielectperatrate, in which guided waves are excited for
theCBASA array. For the small element separation/ef 70.0 mm, the scan loss is low in a wider frequency
band than forl = 90.0 mm. However, the scan loss is still inferior to that of #®DA array. This illustrates
the benefits of using a small element separation which isigedsr small elements, such as timBA design.

It is noted that the inherent element bandwidth is also ingudrin this respect. Wide-band elements will
cause an increase in the bandwidth with respect to the ssanvithereas, the larger element separation, which
simultaneously becomes necessary, will have the oppditet e~rom theZ /T results, it is seen that tiERA
array performance is better than that of t®BASA array but worse than that of theDDA array as expected
from the D), p and scan loss results. The azimuthal variation offthes and scan loss exhibit the expected
rotational symmetry as was also the case fortheA array.

Typical materials used fabRA elements can be found in [140] with relative permittivitr@asging from
aboute, = 3 to more than 100. However, inquiries into the price of prieriizatedDRA elements showed
that this was too high to warrant fabrication of a prototypefurther aspect of practical importance is that
the high-permittivity materials typically require spddaols for processing [145]. On the other hamikA
elements are quite durable and can be excited in many diff@rays, such as coupling via slots, microstrip

lines, or probes positioned inside, outside, or on the DRefase [138] and it is therefore not necessary to
drill holes for internal probe feeding and this may ease ttoelpction somewhat. Nevertheless, the price of
theDRA elements is probably too high for commercial productionddédasible.
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4.5 Summary

In this chapter, the three different phased arrays, whicle tieeen of primary interest in the study, were
presented. The arrays consist of 7 elements positionedaragonal lattice, however, with different elements,
namely theCBASA, thePDDA, and theDRA.

Prior to the discussions of the individual array designsyialmer of common features were pointed out.
The process of simulating the arrays, based on the three disgussed in Section 2.4, was outlined. Also the
details of the assumed feed networks and receiver chairishwvahne important for assessing the artayT’,
were given.

The CBASA element generally has the poorest performance of the thteég.quite narrow-band, which
implies that the scan loss is high, both for the extreme pdirtise frequency band and for low elevation scan
angles. Even though the isolated element has a beam widthoot 20°, this is insufficient for the array to
provide good coverage at the low elevation angles. Thisritién worsened by the wide element separation
of d = 90.0 mm, which implies a relatively large amount of scan loss anadiigg lobes. The scan loss may be
improved by designing more wide-band elements. This willyéver, require larger cavities and hence either
an increase in the element height or width. The latter wijuiee an increased element separation which is
not desirable as it will exacerbate the scan loss. Compar#tetother arrays, theBASA array has a large
azimuthal variation of bottD,;5 and scan loss. This is believed to be the consequence ofdjuidees
which are excited in the superstrate and lead to significartiah coupling. The attractive features of the
CBASA array are its low profile and robust mechanical features.

ThePDDA array is the best of the 3 arrays in terms of performance. abgtlat thesA optimisation was
possible for this array has resulted in a particularly goedgrmance for low elevation angles. This is a result
of the high element profile which yields a very wide elemertgra and thus an increased ari@y; g at low
elevation angles. Another advantage is that the scan léewés for low elevation angles than for high. Thus
the Dy,p andG/T are close to being uniform within most of the hemisphere. dlMous disadvantage of
the PDDA array is its height of about 8 cm. Also, further work must baelto ensure a more rugged design
which should also be less time-consuming to assemble.

The DRA array exhibit some of the favourable as well as the unfavdararoperties of theBasa and
PDDA arrays. The bandwidth of theRA element can easily be tuned by selectingiiRa size and permittivity
appropriately, and thus larger bandwidth than that ofdbasA element can be achieved. This increase in
bandwidth is, however, achieved at the expense of largeneziesize and hence larger element separation.
The large element separation implies a high; g at high elevation scan angles which, in turn, falls off for
low elevations. At the same time, the scan loss is increaisthe @xtreme parts of the investigated frequency
band. The large element separation does, however, allowifl@r elements which, due to their inherent wide
bandwidth, will have a positive impact on the scan loss. @VéreDRA performs better than theBASA array
but generally poorer than ttRDDA array. Positive features of thRA are its relatively low height and high
degree of robustness. Its negative features are that thextlie material is expensive and generally difficult
to process mechanically.
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INFLUENCE OFFINITE GROUND PLANES

The influence of Finite Ground Plane=sGfs) is of importance in any practical application of antenias
cluding phased arrays. For mobile satellite communicatisnchFGrs may often take the form of a vehicle,
such as a car or an airplane, and it has significant impacteratfiation pattern and hence the overall array
performance [146]. Typically, the location of the antennalte vehicle is a compromise between competing
design requirements of the vehicle, and many other engimgeissues, than those related to the communica-
tions, may often be prioritised higher [147]. Therefore #mtenna must perform sufficiently well regardless
of the particular shape of theGP employed and it is, therefore, of importance to be able t@main this
performance for differertGrs.

The influence oFGPs on the radiation from antennas and phased arrays has besedisome attention
in this study, and as a consequence the Method of Auxiliaty&s (1AS) model given in [J2] has been
developed. As discussed in Section 2.4 and Chapter 4rdirgs taken into account as an inherent part
of the array analyses via the 3-stage model in Table 2.1. ifnctintext, the present investigations can be
considered as the second stage, this time with a range efreliffFGPs being investigated. For the three
phased arrays discussed in Chapter 4, the directivity wawrsifior a flat circularrGp with a diameter of
1.0 m. This served the purpose of enabling direct compaastre main-beam co-polar directiviti); 5 and
the G/T. The impact on the radiation from tisPis now addressed in a broader sense. The investigations
in this chapter cover theGP size, shape, and curvature, as well as the impact of raibm@iray slightly
above therGP. Specifically, theD,, g, and the main-beam Axial RatiaR), ARz, are considered. The
investigations presented here, have been conducted f@avig/-Backed Annular Slot AntennagAsa) and
Printed Drooping Dipole Antenn®pDA) arrays.

5.1 Methods for Analysing the Influence of Finite Ground BEn

Many different techniques have been employed for analysieagm-

pact of FGPs on the antenna radiation. In recent years, the advances
of computer technology has enabled very large and comptag-st vy
tures to be accurately modelled. A typical example of pcattiele-
vance is that of an antenna mounted on a car. In [148] a Method o
Moments {loM) model is used to model a car with an antenna af a

frequency of 90 MHz and in [149] a similar problem is conseter

for 1.52 GHz, using the Finite Difference Methaebfv). A phased
array on flat, squareGprs is modelled in [150] witlFGPsizes exceed- O < \ f\

ing 12 \2, using both Finite Element MethodEM) andMoM models. \ /
Common to these investigations are that the associatedutatignal L

cost is high and several hours of computation time on powedfn-
puters were required [148-150].

In situations where the available computational resouares
modest, these approaches are often unfeasible. For tlssref-
ferent hybrid methods have been derived and are still véduabls. Figure 5.1: Simulation model ofBASAarray
They rely on representing the antenna accurately, usingpnét@ance mounted on a squareGp. The black rings
the MoM combined with approximate methods, such as the Physiggalesent the annular slots.

Optics P0) [151] or the Geometrical Theory of DiffractiorG{D)

[152-154]. Also curved&GPs have been analysed in [155] with a hykridMoM technique. Further examples
can be found in the reference lists in [151, 154].

The computationally inexpensive natureofs qualifies it for modelling of large structures suchrass,

Y
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andMAs has indeed previously been employed to this end. Thus a wisznaa mounted on a car is analysed
in [60] where results are reported for up to 2 GHz. s model developed in this study is discussed in
more detail in [J2], and it has been applied for investigatiof circularrGrs of sizes up ta9 A3.

5.2 Impact of Ground Plane Size and Shape

Itis well known that ripples occur in the radiation patterns

of antenna, when they are mounted on large or moderate=
sizedFGPs, for instance as shown in [J2] for tleBASA
element and theDDA array. In the following, some re-| Small circularFGP | 0.196 m? (5.6 \3)
sults for theCBASA array mounted on 4 different flaGrs | Large circularep | 0.785 m?  (22.3 A2)
are presented. ThesPs used for these examples comprige 5 5
small and large, square and circutars as summarised SMall squarécp | 0.250m” (7.1 Aj)
in Table 5.1. In Figure 5.1, a top view of a configuratign Large squareéGpP | 1.000 m? (28.4 \3)
with theCBAsA and a small, squaresPIs shown. Table 5.1: The flatFGps used in the examples. The sizes in

The results for the #GPand the Infinite Ground Plane\? are given for 1.6 GHz.
(IGP) are given in Figure 5.2a-c. In Figure 5.2a, thg; 5,
averaged in the azimuthal scan anglgsis shown. For the small square and small circelars (SsGPand
scGpshown in red) theD,, g decreases monotonically with the polar scan afigl@ithout notable ripples.
For the large square and large circitars (LsGPandLCGP shown in blue) the rippling effect is clearly seen
and the decrease with scan angle is not monotonous. Fmrlighown in black) the ripples are not occurring.
For the large=GPthe coverage at low elevation angles is almost as good akdaer case. However, for the
smallFGks it is clearly reduced.

In Figure 5.2b, theD,, 5 is shown as function of polar scan anglefor 3 azimuthal scan angles = 0°,
45°, and90°, for the large circular and squarspPs. In both cases, an azimuthal variation occurs, caused
by the rotationally asymmetric hexagonal array topology: the large circularGPthis constitutes the only
asymmetry. It is seen that for the circular and squaees, the Dy, is similar for oo = 0° (black) and
do = 90° (red). In these azimuth planes the ta®rs both have widths of 1 m. However, fog = 45° (blue),
along the diagonal of the squaeP, this is not the case and differences are clearly notabledset the square
and circulaFGps. It is thus clear that an additional azimuthal asymmetmti®duced by the squarsP.

In Figure 5.2c, theA Ry, 5 is shown for theGP (black), small square (red) and large square (bha=s,
for the azimuth scan angles = 0°, 45°. The AR);p is seen to be very different for the two azimuthal
directions, even in thesp case. This latter result demonstrates the impact of theg &ieragonal topology.
However, additional differences occur for thePresults. Fof, > 60° it is thus seen that ther is lower for
the smallFGPs. However, a general increase or decrease ofitRg, 5, specifically caused by thesPsize or
shape, can not be identified.

In conclusion, the impact from thespPsize and shape is clearly visible and causes ripples in thatran
pattern. This is especially the case for the low and mediange elevation scan angles whereas for high
elevations the&GPs have a minor impact only. In addition, the rotational asyatignof the hexagonal array
has some impact on thB,,z and in particular on thedR);5. The results shown here only include the
CBASA array. Corresponding investigations of theDA array, mounted on circul@aGprs of different sizes,
can be found in [R2] where also measurement results arerjesse

FGPShape Size

5.3 Influence of a Vertical Gap between the Array and Groursch®!|

In special cases, such as for satellite applications, ttenaa position is typically carefully considered during
the satellite design phase. For instance, the Danish "Raatlilite was intendedo be equipped with flush-
mounted, crossed-slot antennas embedded into the saseliface at optimal positions [156, 157]. In contrast,
if an antennais to be mounted on a car, it is likely to be plametbp of the existing car roof thus introducing
a vertical gap between the antenna ground plane and theusdling ground plane formed by the car roof. If
the electronic components, such as receiver and transnaiteelocated below the antenna, this will further

*Regrettably, the mission for which this satellite was inleah, was aborted.
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Figure 5.2: Dyrs and AR 5 for cBASAMounted on different
ground planes. For brevity: LS=large square, LC=large circ
lar, SS=small square, and SC=small circuléa) D, for IGP
and the 4Gps in Table 5.1, averaged ify. (b) D5 for large
circular FGP and large square=GP for ¢, = 0°,45°,90°. (c)
AR for small squarerGP, large squareFGpP, and IGP for
¢o = 0° and45°.
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increase the gap height. As an example, the aperture plahe ofossed-slot phased array described in [37],
see Figure 1.5a, was raised about 1.4 cm above the surrgureih The CBASA and Dielectric Resonator
Antenna DPRA) arrays, discussed in Chapter 4, were simulated when mauwlitectly on therGP, whereas
thePDDA was raised 2 cm above as can be seen in Figure 4.6.

In this section, the impact of a vertical gap or
step between the array and the surroundicg is

investigated. As was seen in Section 3.2, the height /I\ ﬁl\ ﬁl\ PDDA array
above the ground plane significantly changes the ra- | | | |
diation pattern, and itis thus of interestto investigate :: h

to which extend such a gap will influence the direc-
9ap FGP N

tivity. . .
In order to ascertain the impact of such verti- Circular hole in FGP

cal gaps, theeDDA array has been simulated wheRigure 5.3: Simulation model oPDDA array mounted on a flat
mounted on a large circul@cp with different gap FGPwith a vertical gap with height.

heights fromh = 0 to h = 3 cm. ThePDDA array,

including its small circularGPis positioned above the large circuk®P with a hole cut directly below, as
discussed in Section 4.3. A cross-section of this configumas shown in Figure 5.3. The diameter of the
smallFGPof thePDDA is 30 cm diameter, whereas the hole in the laxgehas a diameter 28 cm, except for
theh = 0 case where it is 33 cm, to allow for the presence of the shG#!

In Figure 5.4a,b the radiation patterns for the casds of 0 andh = 3 cm for scan angleg, = 0° and
0o = 60°, oo = 0° are shown, respectively. It is seen that the main beam clsastigéatly and that the cross-
polarisation is higher for the large gap. In Figure 5.4c, 0,5 and AR5, averaged inyg, are shown,
respectively, as function of the polar scan artlgléor different values oh. It is clear that theD,, 5 increases
with h for high elevation angleg, < 20°, with a maximum increase of almost 1 dB. For medium-range
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Figure 5.4: Directivity and AR of the PDDA array on the large circularrGP with a gap. The frequency i = 1.6 GHz. (a-b)
Radiation patterns for gap heights= 0 — 3 cm. (a) 8 = 0°, (b) 8o = 60°, po = 0°. (c-d) Darp and AR, as function oby,
averaged inpo, for different gap heights.

elevation angle85° < 0y < 60° it decreases with a maximum decrease of about 0.5 dB. At lelexation
angles the dependence bris negligible. TheAR), 5 increases witth for medium-range elevation angles,
whereas it decreases for low values. The large differeratedttcur between the = 0 and theh = 0.5 cm
cases for thed R, 5 are not believed to be caused exclusively by the gap sizedifteeences in the size of
the hole, which is slightly larger for thie = 0 case, is also believed to cause some of the difference.

The results illustrate the impact of introducing a small bapveen the antenna and thePbelow. Since
the PDDA was optimised under the assumptiomof 0, the performance achieved under these conditions is
compromised by the increase of the gap height. It must tberdfe anticipated that the array performance
will deviate somewhat from this optimum when a small gap tsoiduced and, depending on the elevation
angle, this change may be for the worse.

5.4 Influence of Ground Plane Curvature

In this section, the influence of ground plane curvaturevestigated. Such curved ground planes may be
encountered, for instance, in aeronautical applicatiwhgre an antenna is mounted on an airplane.

The shape of the curvertsPis defined by bending the large, square and circeds from Table 5.1 as
shown in Figure 5.5. The central square part of 30 cm by 30 cmaisitained flat. The exterior parts are
curving downwards such that tirsp follows downward arcs, with certain curvature radfj andC,,, for
increasingr andy values. Figure 5.5 shows the cross section in(the)-plane of anFGPwhich curves in
the z-direction with the curvature radius,. TheC, andC, used in these investigations are chosen as 2 m,
5 m, andco, where the latter signifies that tRePis not curved along the particular direction.
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In the first investigation th@DDA is positioned b flat part
on a large squareGP which curves in ther direc- _____° entpat . 03m._ bent part
tion but not in they direction, that isC, = oo. In o flat FGP

| array |
spectively, as function of polar scan anglgsfor w Y,
scanning in thep = 0° (solid curve) and) = 90°
(broken curve) planes. The curvature is seen to sig- N
nificantly reduce the ripple occurring fép = 60° curvature radiug’,
in the¢ = 0° plane, and thus cause a decrease in the o )
Figure 5.5: Cross section in théz, z)-plane of anFGP curved in
Dj;p of 0.5 dB compared to the flat, large, squates  iecii ) .
. . ez-direction. The middle part below the array remains flat.
FGPcase (., = oo, black). TheAR),p is slightly
affected in the case of the sharp curvatur€pf= 2 m but not forC,, = 5 m. For scanning in thé = 90°

plane, where the large squa®@Pis not curving, there are no notable changes.

A similar investigation is done for theBASA array and is shown in Figure 5.6c¢. In this case, the large,
circularFGPcurves along both the andy directions with equal curvature radil, = C,, = C'. Itis seen that
for polar scan angle&, = 30° and50° < 0, < 65°, the D),p decreases approximately 0.5 dB to 1.0 dB
relative to the flat cas@C' = oo), while for 35° < 6y < 45° it increases slightly. The changes occur in both
scan planes in this case since HePcurves in both the: andy directions.

Itis thus clear that the curvature also influences the coesraspecially at low elevation angles, where it
is reduced.

Figure 5.6a,b theD ;5 and AR, are shown, re- \

5.5 Summary

In this chapter, the impact of tiesPon the radiation from phased arrays has been investigateifirbt part

of the investigations focused on the influence of the sizestiagbe of flarGrs. Two circular and two square
FGPs with theCBASA andPDDA arrays were simulated. It was seen thatthg s is influenced significantly by
both the size and shape of thepr. For the large=GPs, the coverage at the low elevation angles was improved
relative to the smakGPcases, where thB, 5 decreases more rapidly with the polar scan afiglédowever,

the performance for the largesPs was not as good as for the theoretiGa case. Significant ripples were
introduced by the largeGprs and this led to considerable variation in theg; 5. In total, a variation of about
0.7 dB was seen to occur in they, g for the differentFGrs.

The next investigation focused on the introduction of sraaltical gaps between the array and the sur-
rounding ground plane. For ttRDDA array, gaps from 0 to 3 cm were investigated. It was found dnat
increase of the gap height will cause an increase inkhgs for high elevation scan angles whereas a de-
crease occurs for low elevation angles. Within the inves&d span of 3 cm it was found that the, 5 may
vary with up to 1.0 dB fo) = 0° and up to 0.5 dB foé = 45°. The AR, was also found to be affected for
medium and low elevation angles.

The final investigation dealt with the influencergP curvature FGPs with curvature radii of 2 m and 5 m
were investigated. It was found that the curvature sigmtigaaffects theD,, 5 in the planes where thespP
is curved. The impact of the curvature is particularly naightwy for low elevation angles. In cases where the
FGPis flat in one plane, the impact on th&,, 5 in that plane is negligible.

In conclusion, the differerfGPs have been found to affect tiey, g to a significant extent. It is advisable
to take these effects into account during the design phaseingtance, by insisting on a minimum size or
curvature radius of the antenna ground plane before gueseimgf the performance. Also, the design should
aim at introducing only a minimum gap between the array amesading ground plane when the antenna is
mounted. Alternatively, this gap should be taken into aot@hen designing and optimising the array. If the
final mounting procedure and ground plane are unknown duhi@gntenna design phase, the degradation of
the performance, due to the various ground plane effectg fimdaken into consideration by designing for a
sufficient performance margin. For instance by designingfb,; p about 1 dB above the requirements.

The results presented in this section are not validated gsorements. It is noted, however, that the
accuracy of the employedAs model has been validated in [J2] for flatPs.
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CHAPTER®G

SEQUENTIALLY ROTATED PHASED ARRAYS

The Sequential Rotatiorsg) is a well-known technique for improving the circular pagation purity of an
antenna array. In a Conventional Phased Aresa| the lack of polarisation purity of the antenna elements
and mutual coupling will impair the circular polarisatiohtbe array, leading to high Axial Rati®AR) or
narrow AR bandwidth. Early applications of th&r include [158, 159] and theoretical descriptions of the
technique have been presented in [160-162]. It is well knthan the polarisation purity of a sequentially
rotated array, in the absence of mutual coupling effectsydependent of the polarisation of the antenna
elements [160, 161]. Ther has primarily been used with fixed-beam arrays where sigmificnprovement

of the AR can be obtained. Fixed-beam applications include arragg@bstrip antenna elements [158, 160—
164] and Dielectric Resonator Antennarp) elements [165, 166]. Ther has also been employed for
phased arrays, however, to a lesser extent. In [167, 168kseially rotated linear phased arrays of circularly
polarised elements are investigated theoretically andmxgntally, and in [159, 169-171] planar microstrip
phased arrays are investigated. In these works, it is ésliall that thesRindeed yields improvements, also
for the case of phased arrays. However, general theorefipat¢ssions are not provided.

In this study, an investigation of the performance of Setja#ynRotated Phased ArraySRpPAs) have been
undertaken. The results from this work are described inildaetf)6, R3], and in this chapter, examples of
the possible improvements that can be obtained, compartu ttPA case, will be given. This is done by
employing two different mathematical models, a theoréticadel based on the analytical Spherical Wave
Expansion $WE) of the element far field and a full-wave Method of Auxiliarp@ces KIAS) numerical
simulation.

6.1 Sequential Rotation Principle

The general principles of theRare

well known from the abundant liter- o

ature on the subject, see the afore- 3 2.
mentioned references. The prin% + 1

ciple is illustrated conceptually in| o .

Figure 6.1a wherd{ antenna ele- 4 e 1

ments are located in an array in the (b)
(z,y)-plane. The element positions
are indicated by the cylindrical co-
ordinates(d, ¢r). The elements
are furthermore rotated by angles e

opr, and simultaneously, a phase,

1
° @
shift ¢, is introduced as shown in
the figure. The beam scanningis ac- .
complished in the usual manner by / | j

applying a progressive phase shift
symbolically byy,. @) (c)

across the array aperture, indicated
The term "sequential" refers toFigure 6.1: (a)llustration of thesrprinciple for phased arrayg(b) 4-elementrPA
the rotation of the elements only(c) 7-elementrPA
and the element positions are not re-
stricted. Therefore, a given set of rotation angbgs does not uniquely characterise tbe, as employed in

43
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the array. Furthermore, the physical rotatiens and electric phase shift.;, can be chosen in many ways
and thus different implementations of ts& are possible. A general discussion of these issues is given i
[J6, R3] where the different choices ®kPAconfiguration and their consequences are discussed il.detai

The results presented here focus on configurations wherddheents are rotated such that they cover the
full 360° in equiangular steps. Two examples of s@etPAs are shown in Figure 6.1b,c fégf = 4 and 7.
Moreover, for the configurations considered in the follagyiit is chosen that the physical rotation and the
electric phase shift are related as, = —¢,.. In the case where the Active Element Pattewir§) are
identical and in the absence mutual coupling, this configomavill ensure Right-Hand Circular Polarisation
(RHCP) with anAR of 0 dB in thed = 0° direction, regardless of the element positions. In practiowever,
the element positions affect the performance ofsReAand may introduce errors via the mutual coupling
and non-identicadeps. Also, theg., may be difficult to realise exactly since some frequencyatamn may
occur, and this will introduce additional errors and degrtite performance of th&RPA

6.2 SWE Model and Application to a CDA Array

Based on the generalvE[46], analytical expressions for the far field s®PAs have been derived [J6]. These
expressions are in some respects similar to those derijéé1q for fixed-beam arrays in that they are based
on the assumption of identicakPs and in that the mutual coupling is not taken into accountvéier, those
derived in this study are general in the sense that arbitratgnna elements can readily be employed in the
model by directly inserting the far-fielwE. Furthermore, the model allows for general choices of eléme
positions(dy, ¢1), element rotationsg,.), SR phase shifts¢.;), and array scan angl¢8,, ¢.). It is noted
that general scan angles have also been considered tisadyati other works [167, 171].

|-
CDA Design Performance
- L - L | 75.0mm| fan 1.6 GHz
w 2.0mm| AR BW 3.1%
! h 47.0mm| min. AR | 0.87 dB
d 112.5mm
R 0mm
« 16
+ i I6; 0.1
") ®

Figure 6.2: (acDAelement used for the 7-element arrays.
(b) Design parameters and simulated performancemi
element. The performance is calculated fonan.

Infinite Ground Plane
(@

In the following, an example of application of tis® is given. The purpose of this example is two-fold.
First, the improvements obtainable with tee will be illustrated, and second, the validity and limitatgoof
the swe model will be demonstrated. To this end, the Crossed DipaoieAna €DA) element introduced in
Section 3.1 is revisited. It is now employed in the 7-elens®rAof Figure 6.1c as well as the corresponding
CPA. The element and itsR characteristics are shown in Figure 6.2. For a frequency®@GHz, the lengths
of the dipoles equdl.4 \q thus resembling theDA of Figure 3.1a. For the purpose of illustrating the benefits
of the SR, theCDA element has been defined to have a narrow-@ndrhis is accomplished by exciting the

two crossed dipoles with an imperfect phase quadraturedssthe forward voltage wave\s‘;fo, Vyfo, such
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Figure 6.3: AR\ 5 for 7-elementDA array for 6, = 0° andfy, = 45° as function of frequency. The worst casesinis shown.
(a)cPA (b) SRPA
that

- (at5zanl+0)

Vie=e 7 , (6.1a)
V5o =—J, (6.1b)

wherea and 3 are positive constants. These excitations imply a frequelependentR of the CDA array
with a minimumaAR at the frequency 4 z. For increasingy and, more narrow-bandr and larger minimum
AR result, respectively. Presently,= 16, 3 = 0.1, andfar = 1.6 GHz are chosen and imply a 3 di&R
bandwidth a¥ = 0° of about 3.1 % and a minimumR of 0.87 dB atf 4.

The sRis typically designed for a particular design frequency #relelectric phase shifts.;, will not
be exactly obtained at other frequencies. In order to inm@ie this practical aspect, a linear frequency
dependence is introduced in the electric phase shifts

bk = —dpi L, 6.2)
Jo

where f; is the frequency for which the SR is designed. This modelsvgieémentation of the., using
fixed-length transmission lines. In this examplg,=1.6 GHz is chosen which coincides with the frequency
of minimumAR, f4r, of theCDA element.

Two different simulation models are employed to modeldba arrays, theswemodel described in detall
in [J6] and avAS model in which the entire array is included. In tB&E model, a singlecDA element, with
a known far field given by asWE, is employed. That is, theAEPs are assumed to be identical, and equal to
the isolated element pattérnFurthermore, the mutual coupling is not included in thisdeio In the second
model, the entirsRPAis modelled withvAs and the differenAEPs as well as the mutual coupling is included.

In Figure 6.3, thed R, 5 is shown for thecPA andSRPAusing both thesweandMAS models. This is done
for the cases of; = 0° andfy = 45° and it is noted that the worst casedp is shown. In Figure 6.3a, the
CPA case is shown and it is obvious that the polarisation pusifyoior at the extreme parts of the investigated
frequency band, as expected from (6.1a,b). $twe andMAS models are in good agreement for the case of
6o = 0°. However, forfy = 45° the more realistit’AS model reveals that the lowl R, 5, predicted by
the SWE, is too optimistic. In Figure 6.3b, theRPAcase is shown. The improvement in the, due to the
SR, is quite dramatic. For thewe model, anArR of O dB is obtained fo¥, = 0° at the design frequency
fo = 1.6 GHz. For the other frequencies the frequency variation.gf given by (6.2), results in larger at
0 = 0°. Still, the AR has become much better than for ttea array, both ford, = 0° andéd, = 45°. For the

*This singleCDA element is, in fact, modelled usingvas model from which theswe of the isolated element far field has
been calculated. The details of calculating $ivee from aMAS solution are given in [R1].

fNote that, in principle, only the assumptionidéntical AEPs is necessary in th&WE model. TheaEPs need not generally be
assumed to equal the isolated element pattern. Howevemiiry practical cases this further assumption is an obvioogelsince
the actuakheps are typically unknown.
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MAS model, the improvements are less impressive andfet 0° theAR is 0.1 dB atf,. This increase is a
consequence of the mutual coupling and non-identieat, which are included in thkAS model but not in
theswemodel. The occurrence of these undesired phenomena camplaénexi from Figure 6.1.

The 4-elemensRPAin Figure 6.1b is rotationally symmetric in the sense thiatlaiments have exactly the
same surroundings. Therefore, thers are identical, although they are different from the issdaglement
pattern. The rotational symmetry also affects the mutuapting which becomes similarly symmetric. Math-

ematically, this means that scattering matrix of the arays a symmetric Toeplitz matrix [J6]. In this case
it can be shown that, if the forward voltage wave excitatjdfs, are in ideal phase quadrature, the resulting
current excitationd,, will also be in ideal phase quadrature figr= 0° and this happens in spite of the mutual
coupling. Itis noted that the identicaEpPs and ideal phase quadrature of the current excitation gitasned,

in fact renders the assumptions of $wE model unimportant. Theweis, therefore, in principle exact if the
actual identicaheps are employed instead of the isolated element patterns.

For the 7-elemensRPAINn Figure 6.1c, this rotational symmetry is not present. StheAePs are not
identical andS is not a symmetric Toeplitz matrix. In this case, the mutwalgling will introduce errors
resulting in amR larger than O dB for thé, = 0° case, and thewE can not accurately recover the true far
field of thesrRPA In the following section, these aspects are illustrateth&r from an investigation of 4- and
7-elemensRPAs consisting of circularly polarisemRA elements.

A
- p _ Y DRA Design Performance
! e | 21.0 far 1.59 GHz
\ Pz
® w, | 35.4mm| AR BW 1.7%
| Pz 3 w, | 45.2mm| min. AR| 0.4dB
h l [ Py @ | 20.0mm
LWy + |1 [102mm
w, Pa 8.1 mm
py | 10.4 mm
d 90.0 mm
J (b)
! w ‘ Figure 6.4: (a)Geometry of the hemi-ellipsoidal
X

@ DRA (b) Design parameters and simulated perfor-
mance of isolated element. The performance is cal-
culated for aniGP.

6.3 Application to a DRA Array

The sris now applied to a more realistic antenna model in virtuerA elements. This has been done for
single-feed and dual-feemRkA element in 4- and 7-elemeBRPas. In this section, the results for the single-
feedDRA element are presented. Brief discussions on the dualefeaclement will also be given, however,
for the details of this investigation, reference is madeR8][ The emphasis is on the impact of the rotational
symmetry of thesrRPA as exemplified by the 4- and 7-elemerirAs in Figure 6.1b,c.

The single-fee®RA element has been investigated theoretically in [J5], ahdsta more realistic narrow-
bandAR than theCDA element of the previous section. It has a hemi-ellipsoidapg as shown in Figure 6.4,
and it is similar to the hemispheroidal elements of iR array in Section 4.4 except that the two lateral
axes may be of different lengths. It is fed by a single probky,and due to the hemi-ellipsoidal shape, it
is possible to obtain circular polarisation in a narrow freqcy band. The single element and grPAare
modelled with thevAs model employed for theRA array. The design parameters and AlRecharacteristics
are also included in Figure 6.4. TD®A element is now used in the 4- and 7-elem&Rriss of Figure 6.1b,c
as well as in the correspondiagAs. ThesSRPAs are designed fofy = 1.6 GHz, i.e., thep.;, are exact for this
frequency only.
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Figure 6.5: Results for single-feed hemi-ellipsoidzA elements irtPAs andsRP. (&) ARy g for 4-element arrays(b) AR s

for 7-element arrays(c) D s for 4-element arrays(d) D, for 7-element arrays. Ther for the isolated element (IE) is also
shown in theA Ry s plots. For brevity: SR=SRPA, C=CPA, |E=isolated element.

Figure 6.5a,b show th&/ B, r of the CPAs andsSRPAs with 4 and 7 elements, respectively. The worst
case among the azimuthal scan anglgss shown for the polar scan anglés = 0° andf, = 45°. Also
the AR of the isolated element is shown fér= 0°. The minimumAR of the isolated element is 0.4 dB at
far = 1.59 GHz and it has a 3 dBR bandwidth of about 1.7 %. It is seen that for ttra cases thel Ry, g is
similarly narrow-band. Furthermore, the minimwr does not not occur fof 4z but varies withd,y. For the
7-element array, the results are particularly poor witthiigR 5, 5 at f 4 g for both polar scan angles. For both
the 4- and 7-elemeIsRP2s, significantimprovements are evident. In particulartfierrotationally symmetric
4-elemensRPA the AR, g of only 0.01 dB forf = 0° and f; is very low. For the 7-elemesiRPA which is
not rotationally symmetric, a similar improvement is notaibed, and thed R, 5 is generally around 1 dB.
This further illustrates, that the mutual coupling and ndenticalAEPs may compromise the performance of
thesRfor SRPAs that are not rotationally symmetric.

In Figure 6.5c,d, the correspondifigy, 5 is shown. Generally th®,,5 peaks neay, and decreases for
other frequencies. For th&PA case, this can be explained by the fact that the element$raostdinearly po-
larised for the extreme parts of the frequency band, whieltsig evident from the higd R, 5. In such cases
of nearly linearly polarised elements, the horizontal faldfiwill, for some azimuthal angles, be tangential to
the ground plane, and consequently the worst ¢age; will be low. Interestingly, a similar decrease is seen
for theSRPss, but in this case thd R, 5 is relatively low due to the improvements obtained with$ire That
is, the decrease in thB,;p can not be explained as a consequence of poor polarisatriy puthe main
beam. Instead, the decrease can be explained by the fommtawoss-polarised side lobes. The formation
of these cross-polarised side lobes are not shown hereahuie found in [R3]. Similar observations have
previously been reported in [169] where linearly polaristements are used in a 4-elemeRPA It is thus
clear, that thesr does not necessarily improve tik,; g even though it does improve theR ;5. It should
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be noted that the decrease of thg; 5 is not as severe in cases where largRPAs are used, e.g., with 7, 16,
or more elements [169]. In these cases, the cross-polaidids are less prominent, and consequently the
improvement of theD,,; 5 from thesRis not compromised this severely. This is also evident froen?,, 5

of the 7-elemensRPA Some reduction of th®,, z still occurs for the frequencies where the elements are
linearly polarised, but it is not as prominent as for the dratntSRPA For further details on this, the reader
is referred to [R3].

In the case of the dual-feed circularly polarig#i elements, where the feeds are excited in phase quadra-
ture, much more wide-bansRr is obtained for the elements. In [R3] the applicatiorsafto arrays of such
elements has been investigated. It is found thastheill indeed improve the\R for the case of rotationally
symmetricSRPA However, for the asymmetrigRPA the errors introduced by the mutual coupling and non-
identicalAEPs render the improvements of the quite small. Thus the advantages of usé®for dual-feed
circularly polarised elements are minor, compared to tlse o the narrow-band single-feed elements. The
SRwas in fact found to degrade the,, g for 4-element arrays, however, for the 7-element case nabiet
impact occurred. For further details, the reader is retetodR3].

6.4 Summary

The SR has been investigated for application to phased arrayg tsio mathematical models, a theoretical
model based on an analyticalve of the element far field and a full-waweas numerical model.

The analyticalsSwe model allows for arbitrary antenna elements with arbitaogitions, rotations, and
array scan angles. It is assumed thatAbes are identical and the mutual coupling between the elenients
not included. In order to model limitations in a practicapil@mentation, a linear frequency variation of the
SRphase shifts is introduced, which implies that they are exbct for a certain design frequency. In thas
model, the entirsRPAis modelled and thus both the mutual coupling and the possin-identicalrEPs are
included.

The two models were employed to model a 7-element arrapafelements with known element far field
and with poor polarisation purity. From both models it wasdaded that thed R, 5 can be significantly
improved compared to thePA case. In particular, for scanning in the= 0° direction, theSwe shows a
resultingAR ;5 of 0 dB whereas th®lAS model yields a slightly largeA R, 5. These deviations are due to
the omission of the mutual coupling and non-identikess in theswe model, which as a consequence yields
too optimistic results. For certain array topologies, vehiire elements are arranged rotationally symmetric,
the mutual coupling will also be symmetric and &eps will be identical. In this case, tt&Ris not subject to
these unwanted effects and it works well in spite of the mwtaapling. Moreover, thewEis in fact accurate
in these cases since the assumption of identEas is justified, and also the phase quadrature of the current
excitations is accurate in spite of the mutual coupling.

This point was further demonstrated byas model of twoSRPAs with 4 and 7DRA elements. It was
confirmed that the improvement of tA® due to theSRis very good when theRPAis symmetric. For the
opposite case, a minimuAR of 1 dB was obtained which is still an improvement. T¢mA andDRA models
employed for these results were positioned on an Infinitai@dd?lanelGP). For a Finite Ground PlaneGP)
additional asymmetries may be introduced, in particultitefSRPAIs not centred on theGP. This will result
in non-identicakhEPs even when theRPAIs rotationally symmetric.

The frequency dependence of thrphase shifts was found to increase Mreslightly. However, in cases
where narrow-band, single-feed, circularly polarisedralpts are used, ther bandwidth is still much better
than without thesr

The resultingD,; 5 of the SRPAs was also investigated. It was found that even thoughthean be
optimised, the resultind ;5 may be poor. Thus for linearly polarised elements the reguliross-polar
radiation in directions away from the main beam caused aedserof theD ;g which is in agreement with
the observations in [169]. The effect of this phenomenonabses as the array becomes larger and for the
7-element array the degradation was already found to be@tessinent.

The case of dual-feed, circularly polarised elements, ehiee AR bandwidth is wider, was also briefly
mentioned. In this case the improvements due tostkare minor, compared to the single-feed case, where
significantimprovements can be obtained. FurthermoreDthe; may be worse than for thePA cases.



CHAPTER 7

CONCLUSION

In this study, the electronically steerable antennas, knaw phased arrays, as well as a range of related
topics have been investigated. The emphasis is primarilgnoall 7-element phased arrays for application
in mobile satellite communications. The other topics casgimvestigations of various aspects relating to
mutual coupling, influence of Finite Ground Planesks), as well as application of Sequential RotatisR)(
Inthe course of the study, a phased array prototype has les@ned and constructed, and several publications
[J1-J6,C1, C2,R1 - R4] have resulted from the work. In thisatading chapter, the investigations and main
results of the study are briefly summarised. Following tlispmmendations and suggestions for further work
are given.

7.1 Summary of the Study

In Chapter 2, the different mathematical methods and phageg models, employed in the investigations,
were presented. The mathematical methods comprise aral$pherical Wave ExpansioBWE) solutions
and numerical computations. The latter include commedycahilable software as well as methods derived in
the literature and during the study. The phased array modetprise three different array modelling schemes,
the Isolated Element Schemeg), the Infinite Array SchemeAs), and the Finite Array SchemeAs), as
well as models of the array feed network and receiver. Marth@methods were employed in combination,
forming a three-stage model with which the investigatiohthe phased arrays were conducted. The three
stages focus on the array, the surroundiag, and the array feed network and receiver chain and ultimatel
lead to an assessment of the main-beam co-polar directivity;, scan loss, and the Receiver Figure of Merit,
G/T, of the phased arrays.

In Chapter 3, the impacts of different types of element amdyaconfigurations on the mutual coupling
and array scan loss were investigated. The investigationsred the influence of the array size, element
radiation patterns, ground planes, as well as the use o$iparstructures. Two means of reducing the mutual
coupling, and thereby also the scan loss, were identifiede application of artificial high-impedance or
Electromagnetic Band Gag#G) ground planes is one such means, and it has been employeesstudly
in several designs [87, 97, 99]. THEBG ground planes suppress both the Transverse Magreitic gnd
Transverse Electrict€) surface waves which, compared to a regular Perfect Eés€Ctrnductor PEC) ground
plane implies a significant reduction of the mutual couplioglinarily occurring due tam surface waves.
Another consequence of applyiEgG ground planes is that the E- and H-plane radiation patteeasrne
alike. This can be used to improve the Axial Ra#®] for low elevation angles, however, at the same time
it is apparent that the radiation at these low elevationes@ reduced. Another means of reducing the
scan loss is by applying parasitic monopoles between tmeezles such as demonstrated in [104—-107, 109].
For an array of crossed dipoles, a reductior5gf of almost 10 dB was thus obtained. Coincidentally, the
parasitic monopoles also serve to give a slightly more wmifelement pattern. Such parasitic monopoles
were employed in the constructed array prototype.

In Chapter 4, the three different phased arrays, which haea lof primary interest in the study, were
presented. The arrays all consist of 7 elements positianachiexagonal lattice with different element types,
namely the Cavity-Backed Annular Slot Antenr@BAsA), the Printed Drooping Dipole Antenn&DA),
and the Dielectric Resonator Antenrzr@). The investigations of theBASA andDRA were based on ini-
tial optimisation of the isolated elements, whereas th@éeRDDA array was optimised using the Genetic
Algorithm (GA).

The CBASA array has the poorest performance of the three. GB#sA element is relatively narrow-band
and it also has the most narrow beam width of the three eletppes. This implies that the array coverage
at low elevation angles is poor, both due to @, 5, as well as high scan loss, resulting in p@@fT".
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Additionally, significant azimuthal variation occurs fasth D ;5 and scan loss and this is believed to be the
consequence of guided waves, or surface waves, which aiteéktthe superstrate and increase the mutual
coupling. The attractive features of tbBASA array are its low profile and robust mechanical featuresgkwhi
are desirable from a commercial perspective.

The PDDA array is the best of the three arrays in terms of performandeeahibits a particularly good
performance for low elevation scan angles. It is a resules@f optimisation aimed at maximising th@/T".
This has resulted in a high element profile which yields a véde element pattern. Thus tti&,,; 5 does not
decrease as rapidly as for thBASA array at low elevation angles. A further advantage is thastian loss is
lower for low elevations than for high. Therefore, g7 is almost uniform within most of the hemisphere.
The obvious disadvantage of tReDA array is the high element profile of about 8 cm which is unddsa
from a commercial perspective.

The DRA array performs better than th&BASA array but generally poorer than ti®DA array. The
possibility of a small element size enables a smaller el¢éseparation which is instrumental in reducing the
scan loss. At the same time it yields a more unifddyy, . Since, the element pattern is almost as narrow
as that of thecBASA element, sufficient coverage is still difficult to obtain aivl elevation angles. Positive
features of th®RA array are its relatively low height and high degree of robess. Its negative features are
that the dielectric material is expensive and generallfjodilt to process mechanically.

In Chapter 5, the impact of the size, shape, and curvatubtesfiPon the array radiation was investigated.
Furthermore, the impact of raising the array above the sudmgrGPwas addressed. The,, 5 is influenced
significantly by both the size and shape of #@P and generally the coverage is poorer for srralbs than
for large. For the largeGps, ripples are introduced in the radiation pattern, leatiingpnsiderable variation
inthe D, 5. For a fixed polar scan angle, tli&,; 5 may thus change with up to 0.7 dB due to &P size.
For thePDDA array, the impact of small vertical gaps from 0 to 3 cm betwienarray and ground plane
was investigated. It was found that an increase of the gaghhwiill cause an increase in the,, 5 for high
elevation scan angles, whereas a decrease will occur foellevation angles. Within the investigated span of
gap heights it was found that ttiey; 5 may vary with up to 1.0 dB depending on the scan angle. It wdkdu
found, that the curvature of thrspPsignificantly affects theD,,  in the planes where thesPis curved, but
not in the plane where it is flat. Curvature radii of 2 m and 5 mmenievestigated with the most significant
impact occurring for 2 m. The impact was particularly notetg at low elevation angles.

In Chapter 6, the application of th&r principle for phased arrays was investigated. To this end, a
analyticalswe model and a full-wave Method of Auxiliary SourcegAS) numerical model were developed.
The two models differ in that thewE model assumes that the Active Element Patteqg®s) are identical
and the mutual coupling is not included. This is not the casetfe MAS model. The two models were
employed in 4- and 7-element arrays of Crossed Dipole Argt¢tibA) and hemi-ellipsoidabRA elements. It
was concluded that for arrays with poor polarisation pusityow AR bandwidth, thexR can be significantly
improved by applying theRrR. Due to the approximations in tlssvEmodel, it yields slightly optimistic results,
particularly in the case where the elements are not positigm a rotationally symmetric way. In this case,
the effects of the mutual coupling imply a slight degradaiid the SR performance, which is clearly seen
from the full-waveMAS model. However, in the case of rotationally symmetric asrdlyis degradation does
not occur and thewe model is essentially accurate if the true identisabs are used. An investigation into
the D), p revealed that this may be poor in spite of a general improvémiethe AR, particularly for small
arrays of elements with poor polarisation purity. This alsagon is in agreement with the observations in
[169]. For elements that do not have a poor polarisatiortyuhie improvements obtainable with tee are
less significant. In the case of dual fee”A elements, it was found that tte®R improved theaAR somewhat,
but coincidentally théD,, 5 was typically degraded.

7.2 Recommendations and Suggestions for Further Work

7.2.1 The Three Arrays

Among the three phased arrays investigated in the studheuimvestigations will be particularly useful for
the CBASA and PDDA arrays. They both exhibit very positive but also negatiadees and improvements
may be obtainable. Furthermore, they are not impaired bly higterial costs and difficulty of mechanical
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processing, which is the case for thrA array.

The CBASA array is attractive due to its low profile and rugged mechar&atures. However, the inves-
tigations concluded that the performance is poor. It maydssible to improve the performance by using an
element with larger bandwidth. Some means to achieve thih&CBASA element are given in [J1] but also
other types of cavity-backed slot antennas may be used véth.crossed slots [37, 123, 124]. It is appar-
ent, however, that the element separation should not bedsed as a consequence hereof. Another problem
evident for theCBASA array is the large azimuthal variations in the,z and scan loss which are believed
to be caused by excitation of surface waves in the supegstoatering the slot. A slot antenna without this
superstrate will not exhibit this problem, however, a real@f the superstrate will simultaneously increase
the resonance frequency considerably [J1]. The applicatigparasitic structures has not been employed for
theCBASA array. This has, however, been suggested in [110] and thehpldges of improving the coverage
of slot arrays in this way should be investigated.

Although thePDDA array is the best among the three in terms of performancggclear that its height is
problematic from a commercial perspective. The height isressequence of theA optimisation in which the
array performance was the only goal. By limiting the alloveégiment height in theA optimisation, a useful
compromise between the element height and performanceeatgnts might be found. A practical aspect of
the PDDA array is that it is too time-consuming to assemble in its gméform. Further work with this array
should, therefore, focus on obtaining a less complicatesigde e.g., by replacing the soldered capacitors
with printed interdigital capacitors [137]. Also the usecotular walls instead of the 72 parasitic monopoles
should be investigated as this may offer similar perforneand less complexity of the design.

7.2.2 Other Investigations

In addition to the investigation directly concerned witk fthased arrays, a number of different mathematical
and computational topics have been considered. In thiogsiheMAS models have been widely used, both
for smooth structures, such as thrA arrays and-Gprs with the StandartAs [53], and also for the&DA ar-
rays using thesAs formulation for wires [62]. With regard to the former, it ikear that the inability to model
structures with sharp edges limits the possible investigatconsiderably. It would indeed be of interest to
improve theMAS models, either by augmenting the Standers with localised Method of MomentsioM)
patches [54, 55], or by using the so-called Modifiesls [58], which can handle sharp edges. Alternatively,
a full Mmom formulation could be implemented. These improvements alidw for FGP investigations with-
out using rounded corners. Also tb®A investigations may then encompass more general shapessuch
cylindrical and box-shapeoRAs. These can easily be analysed with commercially avaikibialation tools,
e.g.,HFsSsor CST-MS however, for a 7-element array the computational cost éadared this impractical.
In its present form, th&1As model can model such arrays. It is possible, however, tlttémputational
inexpensive nature afiAs will be compromised by the above improvements, and in thée ¢he purpose of
such improvements will be defeated.

The feed network and receiver has not been of primary inténethis work. Therefore, the receiver
was incorporated via a simple model based on assumed rechamacteristics. As already emphasised, the
employed receiver model is meant to give a rough idea of thi@peance, however, a detailed analysis will
require more accurate receiver models. Furthermore, a awangrate model of the antenna noise temperature
could be included, such that its dependence on the arragtiditg is taken into account.
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AN L-BAND, CIRCULARLY POLARISED,
DUAL-FEED, CAVITY-BACKED ANNULAR
SLOT ANTENNA FOR PHASED ARRAY
APPLICATIONS

Niels Vesterdal Larsen and Olav Breinbjerg

Abstract: The results of a parametric study for the de-
velopment of an L-band, circularly polarised, dual-feed,
cavity-backed annular slot antenna is presented. The
study included detailed numerical simulations and mea-
surements on a prototype with different ground planes,
to assess the antenna’s applicability as an element in ¢
small phased array antenna.

1 Introduction Superstrate

This work documents the investigation of an anteeha = Ground phm('
ement for application in a small phased array antenna. - )
antenna array is intended for mobile terminals in a sagtel ¢
communication system and must be suitable for mount t $h.c W T
on vehicles such as cars and airplanes. In order to en Feed 1
minimal protrusion from the vehicle structure, the arrag a 3P — 2/) .
hence the elements must be low-profile. The antenna is c ar
tended for operation in the L-band around a centre frequericy
of 1.6GHz with circular polarisation. The requirement of
wide-angle scanning calls for antenna elements with good
hemispherical coverage.

Microstrip patch antennas have previously been used ad’
elements in phased array applications [1-3]; however, due toftin = 4508, fres = 1.59GHz,  BW =6 %
the poor radiation near the horizon these are not well suited .
for wide-angle scanning applications. Other antennas sfjgye 1 Geometry of the CBAS antenna and the chosen design p

; . . T “rameters. For simplicity the dielectric superstrate is sbown on the
as drooping dipoles [4], helix antennas [5, 6] and dielggp yiew,
tric resonator antennas [7] may yield better coverage but
their height often conflicts with the low-profile requiremen2  Antenna Element
Cavity-backed slot antennas are inherently low-profile and
exhibit good hemispherical coverage. In particular, dss  The CBAS antenna with a small circular ground plane
slot elements have been widely used, both for phasedi@@depicted in Figure 1. An annular slot with mean radius
rays [8] as well as a single element [9]. In the present woskand widthw, is etched in the lower copper layer of a
the cavity-backed annular slot antenna (CBAS) has beencggpper-clad substrate with relative permittivityand thick-
lected. It is possible to obtain circular polarisation witilyo nesst. The top copper layer is removed leaving a dielectric
a single feed by employing various perturbations to the sd@berstrate on top of the slot. The annular slot is mounted
[10] or by shorting the slot [11]. Such solutions, howevejpncentrically on the ground plane which has the shape of
are usually associated with low axial ratio bandwidths. Bybroad annular ring, the inner and outer radii of which are
utilising two feeds in phase quadrature, as is done in [1P, 13 andp,,. This structure is backed by a circular metallic
for other types of antennas, this problem is avoided - albgitity with interior radiusy. = pg: and depthh, which in-
at the expense of increased complexity of the feed netwagldes the ground plane (with thickness 2mm) as shown in

In this work, a dual feed CBAS antenna is investigatdeigure 1. The annular slot is excited by two coaxial cables,
Starting with extensive numerical computer simulations wenoted feed 1 and feed 2, which are led through holes cut
ing the commercially available solver HFSS 9.2 from Ansaifft the ground plane and cavity wall, respectively, and whose
[14], an element prototype has afterwards been construdteer conductors are soldered to the copper-clad side of the
and measured at the DTU-ESA Spherical Near-Field Asuperstrate inside the annular slot. Feed 2 is phased with a
tenna Test Facility. Different ground planes were useda@ lag with respect to feed 1 resulting in right-hand circular
determine the influence of these on the wide-angle perfootarisation in the boresight direction, i.e., along thsipze
mance of the antenna. z-axis of Figure 1. Throughout this text the harmonic time

pe = 40.0mm, he = 20.0mm, t=0.79mm
=32.0mm, w,=2.0mm, e = 3.38
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dependence’®t, with ¢ andw being the time and angular he Self and mutualimpedances are calculated directly from
frequency, respectively, is assumed and suppressed. ~ the measured antenna scattering matrix and are given by

— — A= —A
3 Impedance Characteristics Z=7%(U-8S ) (U+8), )

The values of the aforementioned design parameters wenere U is the identity matrix. Lastly it is noted that the
chosen on basis of extensive numerical simulations usieigl terminal voltages are
HFSS. The impedance properties are naturally greaftly
fected by variations in the design parameters and the com- V=V4+V~. (6)
puter simulations have led to the following observations
the qualitative behaviour of the resonance frequency ¢
impedance bandwidth:

» The resonance frequency decreases for increasing
ues of the cavity radiug. and height,. as well as slot
radiusp,, relative permittivitye, and thickness of the
superstrate. Itincreases for increasing values of the :
width.

e The impedance bandwidth increases for increasing \
ues ofp,, h., andw, but has been found to be indepet
dent onp;. It decreases for increasing valuespfand
t.

Bl

Reference plane

The ground plane size and shape were found to have ¢
minor impact on the impedance properties. The selec Superstrate Slot
values of the design parameters of the constructed pratot /‘ u l —m
are summarised in Figure 1. In addition itis noted thatt . 5. ﬂ Gter mndmm)
substrate used is of the type RO-4003 from Rogers. The | |
put reflection coefficientd);,, ; andT';, », at the two feeds Inner conductor | Coqy. dielectric

are determined from the antenna scattering matrix and

be expressed as

Metallic connection

Figure 2: Feed point of the antenna. Top: physical feed,dmttsimu-

7 7 lation model. The chosen reference plane is shown.
i — Zo . _ ) ) -
Ding = ——r i=1,2, (1) Thus the input impedances and reflection coefficients of

Zini Z '
it o the two ports can be found from the known antenna scat-

. L . tering matrix and incident voltage waves by straightforvar
where 7, is the characteristic impedance of the feed Ilng. lication of equations (1)-(5), and the input impedances
The inputimpedances;,, ; = Riyi+jXini, With Ry, i, Xin i P q ' P P

. . T ¥ X M can be expressed as
being the input resistance and reactance, respectively, ar

given by 7
2 A A A CA AV, a=si)-v;tsd
Z .:Zz..ﬁ i=1,2 @ 4 (L4 S) (L = 555) + 555 + 255 5,755
wmn,i 1] ) ) &y - s
Pl 0 (1-8H(1 -84 —sasa

(7)
where theZ;; are the self- or mutual impedances of the ) _
antenna./; is the terminal current at théth antenna feed Wherej = 3 —i,i = 1,2. This expression can be somewhat

point. This terminal current can be found from the matrigduced by using the fact théit, = Ss;, however, itis noted
equation that.S;; # Sae, since the two ports do not face the same en-

vironment. The expressions in (7) can be further simplified
I=(VT—-V7)/Z, (3) by assuming perfect phase quadrature between the incident
voltages waves, i.e.,

where VT and V~ are the incident and reflected voltage
waves at the feed points, respectively, the latter of which
follows from

Vit =iV ®)

and this assumption will be employed in the following.

_=AL With the present type of feed the choice of the reference
Vo=8 V. (4) plane is not obvious. Indeed, some difference in the feed
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point geometry exists between the simulation model and th89GHz with a bandwidth of roughly 6% with respect to
physical antenna since an accurate modelling of the feadinput reflection coefficient;, < —10dB. The results
points is difficult. Aclose-up view of the feed point for bottirom the simulation and measurement are generally in good
the simulation model and the physical antenna is showragreement although slight deviations are seen for port 2.
Figure 2. Here the reference plane is defined on the coaXiaik deviation of about 1% of the resonance frequency may
feed line where this intersects the annular slot as showédue to manufacturing inaccuracies in the feed point im-
the figure. In the simulation model the feed points are g@tementation as shown in Figure 2 or imperfections in the
cited by applying the incident voltage wav&s" at wave feed line due to bending of the coaxial cables. Additionally
ports defined at the end of the feed lines some distanités noted that for the measurement data even small uncer-
dy, d» from the respective reference planes. So for both theties with respect to the dielectric constant and length
simulation model and the physical antenna the initially obfthe feed lines may be a cause for inaccuracy when trans-

tained scattering matri, must be transformed through th&rming the reference planes.

operation
W [ g Afoibd 4 Radiation Characteristics for Different
= e = eI
S :{ 0 e—]ﬂzdz] 0{ 0 e—jg32d2:|7 ©) Ground Planes

lines, in order that thé-parameters refer to the selected refnt ground planes attached behind the fixed ground plane
erence plane. shown in Figure 1. These changeable ground planes com-

prise a square ground plane with side lengths of 250mm, de-
noted GP 1, and two circular ground planes with diameters

500
of 360mm and 1500mm, denoted GP 2 and GP 3, respec-
400 tively. To facilitate measurements of the radiation patser
300 the CBAS element was fed using a quadrature hybrid.
gc 200 10 ................. g e g
><‘A i 5
< 100
e
0
= —a T : e ]
-100 : B Pt S SO
-, | : " ’g' : \:>4"': - : \
9% 1.5 1.6 1.7 Q=20 ey Deor Meas. :
Frequency [GHz] ; : — 'Dx’ Meas.
=30 s | ——Dsg» Sim.
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0 [degrees]
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-30H N2 | PP
=== Sim. L P e Gk Sumes s s aa e i
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H 4
3 ___rin.Z’ Sim ::: :
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Frequency [GHz]
Figure 3: Input impedanceg;, = R;, + jXi, and reflection co- ——AR, Meas
efficientsl’y,, of the two input ports, assuming characteristic feed lir —AR, Sim.

impedances of00S2. _%o —4I5 cl) 45 9I0
0 [degrees]

In Figure 3 the input impedances and reflection coe...
cients of the two ports are plotted under the ideal assurfigure 4: Directivity (left) and axial ratio (right) of the BAS antenna
tions of (8) and a feed line characteristic impedancgpf as function of) for GP 1,6 = 0°. The frequency is 1.58GHz.

40092. The input impedances are seen to be approximatelyror the simulations of the radiation the CBAS element
45012 at the resonance frequency (definedXat = 0) for is fed by introducing two terminal voltagdg, V5, across

the simulation result, whereas they are slightly largetfier the slot at its intersections with the coaxial feed linese Th
measurements. The resonance frequency is approximatyementioned assumption of ideal phase quadrature be-
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Figure 5: Directivity (top) and axial ratio (bottom) of theBAS antenna Figure 6: Directivity (top) and axial ratio (bottom) of theBAS antenna
as function of) for GP 2,¢ = 0°. The frequency is 1.58GHz. as function of) for GP 3,9 = 0°. The frequency is 1.58GHz.

tween the incident waves, given by (8), is still used and thiiits is good for both the co- and cross-polar components as
an ideal quadrature hybrid is assumed. By applicationy@|| as the axial ratio. This holds both for the GP 1-2 cases
(4) and (6) the appropriate values of the terminal voltaggulated with HESS and for the GP 3 case simulated using
are calculated. Thus the mutual coupling betweenatie pAS.
tenna feed points as well as the reflections at the terminalg o expected the amount of ripples present in the radiation
are taken into account and generally there is not ideal phaisgern increases with the ground plane size. Thus the half
quadrature between the terminal voltages, 187 —jVi.  power beam width varies for the 3 ground planes but gener-
For the ground plane cases GP 1-2 the simulations Wgi@ attains values arount0°. Similar variations occur for
carried out with HFSS but due to the large problem sizetj{e axial ratio but for the large GP 3 ground plane case it is
the case of ground plane GP 3 this was not possible with §g@erally below 4 dB within:60° from boresight.
available computer resources. To circumvent this problem arne maximum co-polar directivity as well as the bore-
Method of Auxiliary Sources (MAS) [15, 16] code was d&sght axial ratio are plotted as function of frequency in-Fig
veloped. Presently, it suffices to mention that the probemyte 7. The maximum directivity varies around 7dBi, most
modelled as a scattering problem where the circular grOLé'iEhificantly for GP 3. The axial ratio is below 3dB in al-
plane is illuminated by an infinitely thin magnetic ring Cuky ot the entire frequency range, however, itis not lowart tha
rent (_:oinciding with the annular slot except for a small 'r.\/eridB anywhere. This level implies that coupling between the
cal displacement from the ground plane. The magnetic rigdys deteriorates the phase quadrature of the feed irrent
current is expressed as It is further seen that the boresight axial ratio is sligtatif

M(6) — —535(2 —)S(p— p)(Vicosé+ Vasing), (10) ferent for the for the 3 ground planes.

whereh = 5mm is selected andlis the Dirac delta function.5  Conclusion

The azimuthal coordinate is defined with respect to the

right-hand coordinate system of which theandy-axes are  An L-band circularly polarised dual-feed cavity-backed

imposed on the antenna in Figure 1, i 0° is along the annular slot antenna has been developed. The antenna was

r-axis. equipped with different ground planes and simulated us-
In Figure 4-6 radiation patterns and the axial ratio in tiveg the commercially available programme HFSS. In or-

f-cut,p = 0°, are shown for the 3 ground planes. Generaltler to simulate the influence of large ground planes a
the agreement between the measurement and simulatioMethod of Auxiliary Sources code was developed. The
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Figure 7: Maximum co-polar directivity (top) and axial ratiat bore-
sight (bottom) measured for the three ground planes.
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calculated results are in good agreement withrtfeasure-
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MODELLING THE IMPACT OF GROUND and its efficiency has been shown to be superior to that of

PLANES ON ANTENNA RADIATION USING THE MoM inmany cases [5, 6]. In the present work the so-called
METHOD OFAUXILIARY SOURCES standard MAS [7] is suggested as a means to analyse the
impact of large finite ground planes on the radiation from

antennas. The outset is taken in known antenna character-
istics such as impedance, scattering parameters, cuoents

N ) wires, or fields in apertures. These characteristics can be
Abstract: The Method of Auxiliary Sources is employed gptained from an analysis of an infinite ground plane case
to model the impact of finite ground planes on the ra- ;sing a commercially available simulation tool. From these
diation from antennas. In many cases the computa-characteristics the antenna can be modelled by an impressed
tional cost of available commercial tools restricts the jncident field whose interaction with the finite ground plane
simulations to include only a small ground plane or, by forms a scattering problem. Due to the low computational
use of the image principle, the infinitely large ground cost of MAS it becomes possible to investigate very large
plane. The method proposed here makes use of resultgound planes. In principle, the approach requires that the
from such simulations to model large and moderate- \nown antenna currents or apertures fields can be assumed
sized finite ground planes. The method is applied t0, pe ynaffected by the introduction of the finite ground

3 different antenna test cases and a total of 5 differ- yjane which, however, is a reasonable assumption for large
ent ground planes. Firstly it is validated through com- an4 moderate-sized ground planes. In particular for low-
parison with reference simulation results for the case of ysfile antennas such as microstrip and slot antennas in-
Cros_sed Hertzian dipoles antennas. Later the method iSyestigations [8, 9] have shown that the input impedance is
applied to the cases of real antennas, a slot antenna andinaffected by the ground plane size, even for small ground
a printed dipole phased array, for which correspond- pianes. For high-profile antennas such as monopole and he-
ing measurements have been conducted. The results obiy sntennas investigations in [10] and [11], however, con-

tained with the method agree well with the simulated ¢|,de that some variation with the ground plane size may be
and measured reference solutions and the method is thusexpected for small ground planes.

found to be a useful tool in determining the impact of fi-
nite ground planes.

Niels Vesterdal Larsen and Olav Breinbjerg

In this work three very different antenna configurations
are modelled. One with idealised Hertzian dipole (HD)
antennas, where the incident field is known exactly, and
1 Introduction two practical antenna cases where the incident field is in-

ferred from known antenna characteristics. The three an-

When employing commercially available simulatioienna cases are investigated with ground planes of different
tools in antenna design the computational cost ofitem shapes and sizes and the obtained far-field results are com-
hibits the inclusion of the antenna’s surroundings, e.g.pared with reference simulations and measurements.
large finite ground plane or a support structure. The com-
mercial toolg are often basgd on computat.lonally eXpensye 1o MAS Model
methods which are well suited for modelling of small de-
tailed structures, e.g., the Method of Moments (MoM) i ' .

IE3D [1] or the Finite Element Method (FEM) in HFg&'l Mathematical Formulation

[2]. They may, however, become unattractive for large fi- The mathematical formulation of the MAS solution takes
nite ground planes due to large computation time. In mafittset in a scattering problem where an impedance scatterer
cases antenna designs are thus based on the assumptigittothe surface impedanc, is surrounded by free space
either an infinite or a small ground plane, and hence the ifith intrinsic impedanceZ,. The scatterer is illuminated
pact on the antenna radiation of a large or moderate-sigg time-harmonic incident field’, H’), with angular fre-
ground plane is not known with good accuracy prior to agunencyw and free-space wave numblgr = 2zt where\ is

tual fabrication and testing of the antenna. the wavelength. The outward pointing unit normal vector of

Several methods have been applied to deal with the time scatterer surface is denoted bya and the time depen-
pact of finite ground planes and these are reported extencee’* is assumed and suppressed throughout the text.
sively in the literature. In particular, the physical opticThe standard impedance boundary condition (SIBC) [12] is
or geometrical theory of diffraction techniques have fouadsumed to hold o and thus the total field
wide-spread employment, either based on approximate rep- R i R i
resentgtions of tEe Z\ntenna itself or combine[()jpwith MoM orp E=FE+F, H=H+H, (1)
FEM in hybrid techniques. A detailed list of references caering the sum of the incident field and the scattered field
be found in [3]. (E’°, H’) satisfies the relation
~ Dueto its low computational cost the Methoo! of Auxil- A x E = Za x (i x H). )
iary Sources (MAS) represents another alternative to MoM
and FEM. Indeed, for many large-scale problems the potenTo recover the scattered field] auxiliary sources (AS)
tial of MAS has been well documented, e.g., as shown in f¢k placed inside the scatterer at positiapson the so-
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called auxiliary surfacel. This auxiliary surface is chosenwhere £V = B,yn - E*(b,,), and similarly for the other
conformal to the physical scatterer surfagg,nto which it field quantities. In matrix notation equations (4a-b) take t
is receded by a distance On B, M = N test points (TP) form

are located at positiorts,, at which the boundary condition —x =y
(2) is to be enforced. The auxiliary and scatterer surfaces i}; z; {C _ [Vy} ’ (5)
with the AS and TP are shown in Figure 1. Local coordinate Z. 7., 1934 Vx
systems, with unit vector&?, a a?) and (b,,,b.,,b.,), _ _ _
are associated with theth AS and them’th TP réspec- from which theC?, C¥ can readily be determined. The ele-
tively. ' ments of the matrix and vectors of (5) are
Zynm = —Enpl + ZHo (6b)
Zi,nm = Eifnm + ZSHZ?)’ZL’,7 (6C)
Zg,nm = Erizrlnx + ZSHZ%’ZZ’7 (6d)
Vu,m = E:rl{ - ZstTgfv (6e)
Vi = =B — Z.HY. (6f)

Detailed expressions for these quantities are given in ap-
pendix A. The boundary condition error (BCE) is calculated
in P pointsd, distributed evenly o3 between the TR is
selected proportional t&/, and the mean BCE is defined as

Figure 1: Sketch of a part of the ground plane surfa¢@and auxiliary

surface A. The auxiliary sources and test points are shown as black 1 P

and white dots, respectively, together with examples of #ssociated MeanBCE = — Z [n(d,) x E(d,)

coordinate systems. P »

. . —Zmn(dy) x (n(d,) xH(dy))|. (7
The AS are chosen as pairs of crossed HD of either elec- (dy)x (0(dy) < H(dy))[ - (7)

tric (EHD) or magnetic (MHD) type with independent ext is noted that the absolute value of this error is not of par-

citations. The two crosseg HD ofythéth AS are parallel ticular importance but its variation with the number of AS is

to a; anda’, respectivelyb,, andb,, are tangential td3; of interest when assessing the convergence of the solution.

and IastInyn coincides with the outward unit normal vector

n(b,,) at them'th TP, b,,,. Thus the positions of the AS an@.2 Practical Aspects of Ground Plane Modelling
TP are related through, = b,,, — di(b,,), for m = n. The o )
total field at then’th TP is the sum of the incident field from  1he MAS formulation is now applied to the problem of
the antenna and the radiated fields from the AS determining the impact of finite ground planes on the ra-
diation from antennas. That is, the ground plane takes the

. N e . role of the scatterer and the antenna is represented by the
E(b,) =E (b )+ [CLE} (b,)+CYE (by)],  (32) incident field. The MAS solution derived in section 2.1 al-
"j:Vl lows for general impedance ground planes and thus the case

i R s of non-perfectly conducting ground planes or ground planes
H(b,,)=H (bm)+z (OB (by) + CRHLY (b)] - (3) covered with thin layers of dielectric can be modelled. For
=t the cases discussed in this text, however, the ground planes
where (E3, H?) is the field radiated by the’'th AS and are assumed to be perfect electric conductors (PEC), i.e.,
superscripts: andy refer to thea’- anda?-directed dipoles Zs = 0.
of then’th AS. The MAS excitation coefficients’> andC? It is well known that the standard MAS formulation [7]
are to be determined through fulfilment of (2) in the TP. is well suited for the modelling of smooth and closed struc-
This yields2M equations witl2 N unknowns for the two tures. Thus curved surfaces of vehicles and air craft fuse-
components of the boundary condition al(ﬁsfg andf)fn to lages are examples of ground planes that can readily be mod-

be satisfied. For thei'th TP the two equations read elled with this approach. However, the standard MAS does
N not lend itself well to modelling of thin structures or struc-
v s - st - tures with sharp edges. Furthermore, in cases where the il-
[Ch(=E + ZH+Ch (=Bl + Z,H o) luminating sources are very close to the ground plane the
=t B _ 7 g spatial variation of the incident field along the surfaceds p
Fm T AsHimo (4a) ticularly high and may thus be a cause for inaccuracy. Both
N of these potential problems can be solved by employing a
Z [Cﬁ(Ef% + ZHy! )+ OBy + ZstLﬁ?j)} localised MoM solution at the corners and near closely po-
=t sitioned sources as reported in [13, 14]. This will, however,

=—E, - ZH,, (4D) pe at the expense of increased complexity.
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The case of a thin planar ground plane, which caodse ground planes.
sidered an open structure, is not easily modelled with theThe MAS simulation results shown in this work have
standard MAS. The so-called Modified MAS [15] is an abeen carried out using MATLAB and the equations systems
ternative to the standard MAS and has been shown to besefved using its standard matrix inversion routine. Pritpar
fective for thin structures, e.g., microstrip and dipoléemn a 2.8 GHz PC with 1 GB RAM, however in one case this
nas. It has also been applied to a thin square plate, howegan was not sufficient and a 750 MHz "Sun Fire 6800"
the nature of the problem restricts the solution’s validity computer with sufficient RAM was used. The CPU time
a single half space [15]. used for the calculations is given in Table 1 where the inves-
For the standard MAS, the problem can be avoided by figrated ground planes are described.
creasing the thickness and rounding the edges of the ground
plane, such as suggested in [5], and the ground plane model
thus essentially becomes a closed structure. In this work
the emphasis is put on such thin planar ground planes with
the purpose of showing that accurate results can be obtain&P® | Circ. |4 ,D | 0375 | 2501 | 906+71.2
with the standard MAS - even for this type of challengingGP 2 | Square| 1.32,SL | 0.25 743 | 66.0+2.53
structure. GP3 | Circ. | 1.90,D 0.375 | 756 | 67.4+2.59
In the model used here the thickness of the ground plangp 4 | circ. | 7.90, D 0.5 4821 | 25080 + 1835
model_, denoted; s, is_therefore larger than for the ground GP5 | R.circ.| 5.27.D " 3026 | 18597 + 121
plane itself. The rounding of the ground planes edges makes
these semicircular with a Curvatu.re ranUSthA.S/Q' The e 1: Description of the 5 different ground planes usedhia 3
size of the ground plane model is defined with respect,fgenna configurations. The CPU time is divided into matfilt'"+
the flat part and thus the rounded edges constitute smalle" time. For the dimensions, D and SL indicate diamatet side
additions to the overall ground plane size. In the caselanith, respectively. Theindicates that the "Sun Fire 6800" computer
closely positioned illuminating sources a patch of dens#f§s used.
positioned AS is introduced in the vicinity below the illumi-
nating sources and furthermore the distance betw#and
Alis settod/2 in this area. A sketch of a MAS ground plang Antenna Cases
model with rounded edges and with a dense patch of AS'is

Shape | Dim. [A] | taras [\ N CPU time [s]

shown in Figure 2. 3.1 The Case of Ideal Antennas
llluminating sources Before applying the proposed method to practical anten-
AN tMAs / 2 nas, two well-defined idealised test configurations are inves
- - — tigated, both with the ground plane GP 1 described in Table
d I SRR ESS o 1. In the first case, GP 1 is illuminated by crossed MHD ex-
Dense patch. ® 0o,° cited in phase quadrature and positiorie@B\ above the

tMAS centre of the ground plane. In the second configuration
crossed EHD positioned at a distance0df5\ above the
] ground plane are used. The co- and cross-polar directvitie
A B O Test point ® AS for these configurations are shown in Figure 3 and compared
Figure 2: Cross-sectional view of a MAS ground plane withrged with reference solutions [16]. For the reference solutions
edges and a dense patch of AS. thin ground planes with sharp edges have been used. As can
be seen in Figure 3 the agreement between the two results is
Due to the aforementioned limitation in the standavery good within a wide dynamic range and both the main-
MAS, it is clear that there is a lower limit on the value gfside-, and back lobes are accurately recovered, however,
tuas that can be used in the model. Both the choice sime minor deviations are seen in the cross polarisatian nea
taras, and whether or not a dense patch is used, influencettieebore sight direction. It is noted that this is not a conse-
BCE. This is discussed further in connection with a practiecplence of lack of convergence but is caused by the rounded
antenna case in section 3.2. corners used in the MAS model. Since the rounded edges
Since the model relies on known antenna characteris@itg and inherent part of the model this can not be avoided.
some inaccuracy will occur if this characterisation is not This investigation shows that in the case where the an-
accurate. This will for instance be the case if very smtdhna is accurately represented by an incident field the pro-
ground planes are modelled using antenna characterigi@sed method can accurately simulate the presence of the
valid for an infinite ground plane. Also the rounding of thground plane. It is further seen that even though the shape
edges may, depending o5} 4, result in an almost sphericabf the ground plane has been slightly changed, by round-
shape for very small ground planes and constitutes a sigmifi- the edges and increasing the thickness, the resulting fa
cant difference between the true and the modelled grotiett does not deviate significantly from that of the original
plane. Thus the model is not well suited for very smatound plane.
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Figure 3: Directivity of a configuration with crossed HD in gfed
quadrature centred above GP 1. (a) MHD0O3\ above, (b) EHD(.25\
above.

3.2 The Case of a Cavity-Backed Annular Slot Antenna (b)

Figure 4: (a) The CBAS antenna mounted with GP 2. The whitedlie
In this case a aaty-backed annular slot (CBAS) antenngic superstrate covers the slot. (b) The 7-element phasey aaised

is modelled, see the left-hand sides of Figure 4 and Figabeve GP 5.

5. Itis a circularly polarised dual-feed antenna fed at two

points spaced(° apart along the slot. The slot is etched Figure 6. Generally there is good agreement between the
in a copper-clad dielectric superstrate. The antenna is measured and simulated result both with respect to the co-
scribed in more detail in [17]. Based on the measureda®d cross-polar components. Some deviations are seen be-
port scattering matrix of this antenna the terminal volsaggveen the levels of ripples in the patterns of GP 3-4 and
can be determined. The slot is modelled as a thin slot ate more pronounced than what can be attributed to the dif-
in a PEC ground plane and the dielectric superstrate is feoences introduced by the rounding of the edges. The re-
included in the model. The slot field is represented by araining deviations reflect the differences between the phys-
infinitely thin magnetic ring current which is rais€d)5\ ical slot in the dielectric superstrate and the magnetig rin
above the ground plane surface and subsequently discretiserent approximation used to form the incident field in the
using K = 64 MHD. MAS model.

The antenna model is now applied to the three differentFor GP 3 the BCE (7) has been investigated for configu-
ground planes denoted GP 2-4 and described in Table 1.r&atons with and without the dense patch for different values
reference, measurements have been conducted at the @FWy 45. The BCE as function oV is shown in Figure 7. It
ESA Spherical Near-Field Antenna Test Facility at the Tedh-seen that both with and without the dense patch it is no-
nical University of Denmark. The ground planes used in ttably larger for the thin ground planes (small4s) than for
measurements have a thickness)dfl\, whereas the se-the thicker ones. Also it is seen that with the dense patch the
lected values fo¥,, 45 in the MAS models are larger, seBCE continues its descent for large valueg\oivhich is not
Table 1. The measurement and simulation results are shtivacase without the patch. Although the dense patch implies
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an increase iV it is seen to yield a lower mean BCE for th 3 “' ’ N/ N L
. . —_— = - \ :
sameN - especially in the cases wherg 45 = 0.375) and % SIS N7,/ '\‘;
taras = 0.5 L —20) . \
The increase in the BCE for thin ground planes can 0 -25 ']
explained by the fact that the auxiliary and physical swe$ac  —30j] i
are forced to be closer to each other which has deleteri 35} |
effects on the accuracy. The impact of the distathoa the —40 \ !

-180-135 -90 -45 0 45 90 135 180

BCE has previously been reported for 2-dimensional pre 0, degrees

lems [18] and is has been shown that the condition numuoer
of the linear equation system grows with batland N and (b)
for a certain threshold renders the numerically solution t
stable. In [19] investigations have shown that barring t
advent of numerical instability an optimum valuedfi.e.,
minimising the BCE, can be found and it depends on 1
distance between the scatterer surface and the illumina a
source. In the present work~ t,,45/4 has been found to _-10
be a good value fat, however, it is noted that it depends 0 £ 15y .
the amount of AS used. 3 oo

values oft,;4s and N are shown, all calculated using
dense patch. In Figure 8a, whéerg s = 0.375), it is seen
that no significant difference occurs between the solutic
for N = 756 and N = 1114, however, forN = 484 some _i"]c_)go 135 90 -45 0 45 90 135 180

deviations occur in the cross-polar pattern and in the eipf B, degrees

of the main beam. In Figure 8b the three values ofis ©

are use.d andv = 1232.’ 1.152’ 1305, cprrgspondmg to theF'gure 6: Directivity of the CBAS antenna mounted on the gebu
respective cases of minimum BCE in figure 7b. The difanes, Gp 2-4. The frequency is 1.58 GHz, and 0° in all cases.

ference betweeny 45 = 0.375)\, 0.5\ is seen to have little

impact, however, they s = 0.25\ case deviates slightly.3 3 The Case of a Dipole Phased Array

Both the deviating cases$;;as = 0.375\, N = 484, and

taas = 0.250, N = 1232, have approximately the same In this case the configuration is a small phased array an-
BCE, see figure 7b, whereas all the other have smaller B&HBna mounted.11\ above a conducting ground plane, see
This indicates that the relatively large BCE in these casbs right-hand sides of Figure 4 and Figure 5. The ground
lead to deviations in the radiation patterns and that thesemlane, which is denoted GP 5 and described in Table 1, has
viation are not directly a consequence of the differences@unded edges and this enables a more accurate represen-
the rounding of the ground plane edges. tation in the MAS model. The phased array antenna com-
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Figure 7: Mean BCE for GP 3 using 3 different values f@ras. (&) Figure 8: Far field for the MAS model of GP 3. (&);as = 0.375\
Without extra dense mesh. (b) With extra dense mesh. and 3 different values faN. (b) 3 different values foty; 4 s with corre-
spondingV = 1232, 1152, 1305, respectively.

prises 7 circularly polarised crossed printed dipole el@sie mining the scattered field, and the incident field itself, 2Be
parasitic pins positioned between the elements, and a s@éilve element patterns can be formed. As described so far,
ground plane with a diameter af58\. The elements arethe model does not take the non-ideal array and element feed
fed at four ports each, resulting in a total of 28 ports in thetworks into account and these may cause an increase of
array. The case of interest in this investigation is when @ cross polarisation as well as introduce small errorsan th
array is mounted without electrical connection between fifgam scanning. However, from measurements of the scat-
own small ground plane and GP 5. tering parameters of the array and element feed networks
The antenna array including its small ground planetiese non-ideal, and more realistic, excitation coeffisien
simulated using AWAS 2.0 [20] and all wires are assumedhtave been calculated and these are used in the model.
be circular PEC wires in free space thus differing from the Measurements of the printed dipole array mounted on GP
true printed dipoles. The small ground plane of the arraysihiave been carried out and examples of the array far field
modelled as a wire grid structure and the whotafigura- patterns are shown in Figure 9 for two different scan an-
tion is positioned above an infinite ground plane. From thjr: settings. Both MAS simulations and measurements are
AWAS simulation all wire currents of the array are calcghown. The agreement is reasonably good and it is noted
lated. From samples of these wire currents the entire ta&t the impact of the finite ground plane on the shape of the
ray, including the small ground plane, is modelled usifgain lobe is well recovered. With regard to the cross polar
K ~ 5000 EHD. component some deviations are present. The cause for these
In order to calculate the active element patterns [21]ddviations is most likely the differences between the actual
the array mounted on GP 5, a modified version of (5) is usaday and the AWAS wire model from which the incident
The right-hand side of (5) is for this problen2& x 28 ma- field is derived. Particularly the differences between the ac
trix with columns for each of the 28 ports. The solution fawal printed dipoles and the simulated PEC wires may cause
this system is also 2NV x 28 matrix holding the 28 sets ofthis, however, also the AWAS wire-grid model of the small
MAS excitation coefficients. From these coefficients, detarray ground plane may be a cause for inaccuracy.
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‘ ‘ accurate minor deviations occur. The method can thus be
—— Meas. used favourably in combination with commercially available
5. MAS antenna simulation tools whose computational cost does not

107 allow inclusion of large finite ground planes.
g > In this work the model has only been validated for PEC
- or ground planes, although it allows for general impedance
S -5 : : - structures. Future work may demonstrate the validity for
‘g -10t general impedance ground planes also.
8 -15
-20 A Evaluation of the Auxiliary Source Fields at
=25 . the Test Points
_30 i i i i i i i
~180 7135 =90 _4(;" dggreeiS %0 135 180 In order to express the field from théth AS in terms
@ of the coordinate system of the'th TP, a rotated version
of the n’'th AS coordinate system is introduced. It is ro-
20: _ _ _ tated through t_he Euler anglégo, 6o, o) [22], such that its
15| —Meas. rectangular unit vectors are parallel to those ofiifith TP
10l ---MAS ‘ , coordinate system. The spherical unit vectors of this ectat
_ coordinate system are denoted(sy,,, w’  w? )andthe
] 5 position of them'th TP, described in this coordinate system,

is denoted byw.,,,,, with the rectangular- or spherical coordi-
nategz¥  yL  zw e 0w ev ). Expressed in terms of

this coordinate system the electric field from #jedirected
n'th AS evaluated at the:'th TP is

Directivity,
iR
o

-15

20 Ey _ Wé “Ej (Wam)

ol | Bt | = T 00) [ W) Er(wan) | (@)

-30 | | i i i i i i i sTrz O Y

-180-135 -90 -45 0 45 90 135 180 B Wi B (W)
0, degrees . .
9 and similarly for the magnetic field. Here
(b)

Figure 9: Directivity of the measured and simulated arrayunted on _ sinffcos¢ cosfcosdp —sing
GP 5 for afrequency of 1.6 GHz. The beam is scanned towaresigbit T(0,¢0) = |sinfsing cosfsing cos¢ |, (9)
(a), and60° from boresight (b). cos 0 —sinf 0

4 Conclusion converts from spherical to rectangular coordinates. In the

. .. case where the AS are chosen as EHD the electric and mag-
The Method of Auxiliary Sources has been applied for .~ . . ) .
. . - n8t|c fields from thex®-directed dipol€ are given by
the modelling and analysis of the impact of large an
moderate-sized finite ground planes on the radiation from
antennas. An ideal antenna test case and two real antenna e—Tkortin,

cases, a cavity-backed annular slot antenna, and a 7-elemei, (Wnm) = EOT —
. . . - B ’Orn'm,
printed dipole phased array, have been included in themves[

tigation. Both square and circular ground planes with widths 2 {1 __J } W [fising” + fycos0” ] —
of up t07.90\ have been included. The results were com- | ko7, korw, ] ™" o o
pared to measurements and good agreement was found. The 1 j

consequences of different modelling schemes for the groun:r? to 7} :

k. w k w 2
planes were discussed and the implication on the bound- or (kor5)

nm nm

ary condition error and the radiation patterns were demon{we (cosO fi — fasind” ) — fow? u i (10a)
strated. It was found that for thin ground plane models thel ™" n I e

error is generally larger. Also it was seen that the insertion Ey e Tkortim j

of a patch of densely positioned auxiliary sources and tesH, (Wnm) = jZ g [ - ko;-w }

points serves to minimise the error. The impact on the radi-
ation patterns was found to be small. - Ny ) < ow
P - mezfQ + ng [_fl cos HZm + f3 S Q;Lm] ) (1Ob)
The proposed method has been shown to be capable qf
recovering reference solutions with very high accuracy in
cases where the antenna can be represented accurately Byne fields from thea’-directed dipole can be calculated in the
an incident field. In cases where the antenna model is le@sse way by replacing, with ¢, — Z in (10c-e).
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whereE, = 1Y and

[10]
f1 =cos by cos ¢pg cos(xo + )

— sin ¢ sin(xo + P ), (10c)
Jo =sin ¢g cos(xo + Prm) [11]
+ cos by cos ¢ sin(xo + P ), (10d)
f3 =sin by cos ¢y. (10e)
The coordinates of,,,,, are given by [12]
"L.'rlfm - lA)m ' (bm - an)7 (lla)
Uit = By (b — a,), (11b)
Zﬁ;n = Bfn ' (bm - an)~ (llC) [13]

In the case where MHD are used as AS the corresponding
fields can be found by application of the duality principle.

(14]
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ANALYSIS OF CIRCULARLY POLARISED Method of Moments (MoM) to solve for currents on probes

HEMISPHEROIDAL DIELECTRIC RESONATOR Or fields in apertures that excite the DRA, e.g., [1, 2]. For
ANTENNA PHASED ARRAYS USING THE more general shapes of DRAs or for DRA arrays, accurate
modelling usually relies on numerical techniques, e.@, th

METHOD OFAUXILIARY SOURCES Finite Element Method (FEM) or MoM. For arrays in par-
] o ticular, the computational cost of numerical analysis may b
Niels Vesterdal Larsen and Olav Breinbjerg prohibitive with these methods.

Abstract: The Method of Auxiliary Sources is employed  The Method of Auxiliary Sources (MAS) is well known

to model and analyse probe-fed hemispheroidal dielec-ff)r its low computational cost and may thus b(_e an alterna-
tric resonator antennas and arrays. Circularly polarised V€ to MoM and FEM. Indeed, MAS has previously been
antenna elements of different designs are analysed an@Mployed in the analysis of dielectric antennas [17] where
impedance bandwidths of up to 14.7% are achieved. Se&" infinite per|od|c_wave_gwde array W|t_h protrudmg dielec-
lected element designs are subsequently employed in §IC elemgnts was investigated. In particular the simplé an
7-element phased array. The array performance is anal- Computationally cheap standard MAS [18] can be employed
ysed with respect to scan loss and main beam directivity'When the field varies smoothly along the boundaries and in
as function of scan angle and frequency, and the influ-this case simple Hertzian dipoles can be used as auxiliary

ence of element separation is investigated. sources. For configurations where the fields vary rapidly
near the boundary, e.g., near edges or closely positioned il

) luminating sources, the MAS model can be augmented with
1 Introduction localised Method of Moments patches [19, 20]. MAS has
also been proven effective for thin-wire antennas where, by

The Dielectric Resonator Antenna (DRA) has attractgéing sinusoidal dipoles as auxiliary sources, the impeelan

much attention in recent years due to its many favouraBigperties of dipole antennas have been evaluated acyurate
features such as low loss, compact size, structural sittypliq21).

and simple feeding schemes. Various different shapes havey, purpose of this work is two-fold. Firstly, it is

been investigated, the most common being hemispherigaly, snstrated that the simple standard MAS model can be
cylindrical, and rectangular shapes, e.g., [1-4]. employed for detailed and accurate analysis of small fi-
In order to obtain a large bandwidth, a wide range gfte arrays of smooth hemispheroidal probe-fed DRAs po-
complex shapes have been used, common to which isdii@ned on an infinite, perfectly electrically conducting
inclusion of an air gap inside the DRA [5-7]. Alsoulti- (pEC), ground plane. Secondly, the model is used to inves-
band operation has been achieved by using inhomogenggage and design a 7-element hexagonal phased array con-
dielectrics in the form of stacked DRAs or by enclosing 0Rgsting of such DRA elements. The emphasis is put on cir-
DRA in another [8, 9]. cularly polarised elements fed in phase quadrature with four
Circularly polarised DRAs have been designed using piobes. A number of different element designs are first in-
ther single-feed or multiple-feed excitations. With a $ngvestigated and subsequently the 7-element phased array is
feed, orthogonal modes can be excited in the DRA by appiyralysed. Examples of array performance in terms of di-
ing parasitic patches [10] or by exciting the DRA asymmeectivity and scan loss is presented and the dependence on
rically [11]. These methods, however, are generally vasiement separation and scan angle is discussed. In order to
narrow-band with respect to the axial ratio and therefarglidate the MAS model, the results are compared with re-
practical designs often make use of multiple feeds excitadts obtained using the software tool CST Microwave Stu-
in phase quadrature, e.g., [12]. dio (CST-MS) [22] and reference measurement from [23].
The compact size is an important factor when consld-the case of a single hemispherical DRA comparison is
ering the DRA as a candidate for phased arrays. Thisalso made with SWE solutions. These validations are done
lows smaller element separation compared with many otf@rone- and two-element configurations, however, it was
antenna types, and this is important for reducing scan loss practically possible to model an entire 7-element array
[13]. Planar linearly polarised DRA phased arrays have préth CST-MS with the available computer resources and this
viously been examined in [14, 15], and in [16] a circularfarther illustrates the justification of developing this MAS
polarised phased array was developed. In [14] the influenugdel.
of the mutual coupling between the elements on the radiaThe text is organised as follows. The MAS model is pre-
tion pattern was investigated. However, a detailed invesinted in Section 2 and the element and array investigations
gation of the array scan loss and its variation with elemeiné given in Section 3 and Section 4, respectively. The con-
distance and frequency has not been reported for thesectigsions are drawn in Section 5 and additional mathematical
signs. details of the MAS model and the SWE solution are given
Much theoretical work has been done in analysing herimi-Appendix A and B, respectively.
spherical DRA elements where spherical wave expansion
techniques (SWE) can be used to derive analytical solu-
tions or be combined with numerical techniques such as the
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Figure 2: Cross section of the MAS model showing AS, TP andrIS f
> a single-probe configuration. (a) A single DRA element. (8 DRA
X elements.

tal field in the two regions are denoted ©¥,, Hy) and
(E1,H;). The probes are modelled as currents with si-
nusoidal shape with unknown amplitude and phase. This
probe model is of course an approximation, however, as has
been demonstrated in [21], MAS can be used to accurately
recover impedance properties of wire antennas, e.g., such
w probes. Even with this approximate probe model the present
Figure 1: Cross-sectional views of the probe-fed hemispidat DRA MAS model yields useful results, as will be apparem-
with P = 4 probes. (a)z, z)-plane. (b)(z, y)-plane. The probes produce an incident figB}°, H') in Re-
gion 1 inside the DRA, whose interaction with the DRA
2  MAS Models of the DRA Elements and Arraleundary5 forms a scattering problem. In Region 1 the
otal field is thus the sum of the incident and the scattered
2.1 The DRA Element field (E$® HS®). The tangential components of the total
field are continuous acrogs and thus,
The hemispheroidal DRA element is depicted in Figure )
1 where also the coordinate system is defined. fidsi- 0 x By =0 x (Ef + E*), (1a)
tioned on an infinite ground plane and is uniquely described f x Ho = n x (H + H*. (1b)
by its heighth and widthw. It is fed by a numberp, of
probes positioned inside the DRA. The position of tita 1N the MAS probe model the sinusoidal probe current is
probe in the(z, y)-plane is given by the circular cylindricafaken as
coordinategp,, ¢,) and the probe radius is denotagd
The MAS model of a single DRA with one probe is
shown in Figure 2a. The upper half space is divided into two
regions, Region 0 outside the DRA and Region 1 inside wy#here! is the probe length anff” is the complex excita-
the boundary denotefl. The outward unit normal vector tdion. The excitations will be calculated based on the scat-
B is denotedh. The permittivities and permeabilities of théering matrix of the DRA elements or arrays as detailed in
two regions arée, 1) and(e; = e,cq, i1 = irfto), respec- Section 2.3.
tively, wheree, andy,. are the relative permittivity and per- In order to calculate the incident field the probe currents
meability of the DRA material. Thus the wave numbers aatk discretised using so-called incidence sources (IS) for
intrinsic impedances of the two regions are, respectivadgch probe. The IS are electric Hertzian dipoles and the po-
ko = wy/eopo, Zo = /io/eo andky = ko\/e-pir, Z1 = sition and dipole moment of thgth IS of thep'th probe are
Zo\/pinJ€, With w being the angular frequency. The tadenoted byr,, = (p,, ¢,, z,) andp?) = 51%)(z,) where

10(2) = i[émW, 0<z2<1, )

sin kyl
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z, = ql/Q, respectively. The IS are shown in Figure 2a afitkplicit expressions for the electric and magnetic fields,
radiate in a homogeneous half space with the matpdal evaluated at the TP, are given in Appendix B.

rameters of Region 1, however, the thus produced incidenin the case where there are more than one probe, i.e.,
field is confined to Region 1. The COﬂtributiOﬂ to the inc > 1, it is convenient to formP independent equation
dent field radiated by the'th IS is denotedE["” and the systems with individual sets of incident fields and corre-

incident field radiated by thgth probe is then sponding solutions of the MAS excitation coefficients. The
0 solutions of these systems may then be combined later in
Enc®) — Z Enc.®) ©) accordance with the actual excitations of the probes. In this
P

way it is only necessary to invert the linear system matrix

once. The linear system of equations thus established can
To recover the fields in both regions, two sets of auxiliagg written as a matrix equation of the form

sources (AS) are positioned on so-called auxiliary surfaces

denotedA and D and chosen conformal t8. The auxil-

q=1

iary surfaces are receded into and advanced outBidby EA ED 6A v
the distanced, andd ), respectively, as indicated in Figure O I N {E} . 7
2a. The AS omA and D radiate in homogenous half spaces Z, Z,| |C Vi

with the material parameters of Region 0 and Region 1, re-
spectively, and the radiated fields are confined to the respec

tive regions. The AS are chosen as pairs of crossed Hertzign sub-matriceEA ED EA andED have2 M x 2N el-
. . . . E» “Ey #H» H
dipoles of either electric (EHD) or magnetic (MHD) tyPEments and hold two tangential components of the electric

with independent excitations and the num.bers of AS4on,, magnetic fields of the 2 Hertzian dipoles of tNeAS on
andD are equal and denoted W_‘ The positions of the ASthe auxiliary surfaces! or D at the M TP. The right-hand
are denoted by, andd,,, respectively. On the scatterer Sugide sub-matrice¥ » andV» have2 x P elements and
face B the boundary conditions (1a-b) are testedin= N B "

test points (TP) at positiorts,, and thus the positions of thethe|r columns hold the incident electric and magnetic fields

=A
AS and TP are related through from the P probes. The MAS excitation coefficients @
—D . X . .
a, = by, — dair(by,), m = n, (4a) andQ are read_lly_found by inversion of the left-hand S|d_e
N matrix and are similarly arranged in columns corresponding
dy = by + dpii(by), m =n. (4b) {0 the P sets of incident fields.

The total field on the two sides of the bounda&ryevaluated

atthem’th TP, b,,, are 2.2 The DRA Array

E(by,) N 2 EX (by,) _ The single-element formulation is now extended to the
{ " } = Z Z cA { g ™ } , RegionQ (5a) case of a planar array consisting®DRAs. Thus the DRA
H(b,,) H..(b.) b . . -
oundaries, regions, auxiliary surfaces, AS, and TP are now
E(b,,) P E"®)(b,,) referred to by an index from 1 t8.
{H(bm)} - Zl {H"‘Cv(?’)(bm)} In Figure 2b an example of a MAS_ configl_Jration with
v . f:: :Aé is s(,jh(_)rv;n. tl:] is not(;d SEX thle mte:acftl?hn between
p | E (b, . e an within eac element of the array is
* Z Cot {H,’fi(bm)} Region 1 (5b) tne same as in the single-element case. The interaction be-
tween the AS and IS of one DRA element and the TP of
In (5a)EZ, andH?, denote the electric and magnetic fields neighbouring DRA elements must, however, now be in-
radiated by the’th of the two crossed Hertzian dipoles ofluded. Thus the field radiated by the AS on the external
then'th AS on the auxiliary surfacel and similarly forE”, auxiliary surfaces, denoted yr, as well as the incident
andH?, in (5b). These fields are weighted by the MAS efield radiated by the IS inside théth DRA are confined to
citation coefficient€, andCZ which are to be determinedRegionr. Hence it is only the AS on the internal auxiliary
through fulfilment of (1a-b) in thél/ TP. This yields4M surfaces, denoted hyr, that contribute to the field in Re-
equations witht N unknowns for the tangential componentgion 0 and hence to the field at the boundaries of the other
of the electric and magnetic fields & The presence ofDRA elements. In total @ RN-dimensional linear system
the infinite PEC ground plane is taken into account by eof-equations results. In the case wherejiltle probe is ex-
ploying image theory. It thus follows that the fields from theted the total fields on the two sides of the boundB&ryat
AS and IS can be found by removing the ground plane ghdm’th TP of ther'th DRA, b] , is
adding the field from the corresponding image source below
the ground plane. Thus the field from a single source above
the infinite ground plane consists of two contributions, one
from the AS directly and one from the image source, e.g., {E(b:n)

E;?f, (bm) = EnidirECt(bm) + E;;lgimage(bm). (6)

n=1 t=1

bS]
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in Region 0, and field is calculated as
R
Eb)| <2 (EMO ) E(xjy +ppo) = D v |1 E" O (x5 + ppo)
Hb) [~ Z’Ym Hine (p)(bT ) —1
p=1 m

N 2
SO R (x4 bpo) | (1)
n=1 t=1

N 2 T T
+ Z Z CDtT‘,(p> {E% (bm) } (8b)
iz H T(b?’ ) ?
' The factory;,v;,, multiplied on the incident field, indicates

in Regionr. The factory,, takes the value 1 if thgth probe that this only contributes directly to the coupling between
is located in the’'th Region and 0 otherwise. Thus for eacprobes located in the same region.

element the summation over ti#&” probes only yields” |n the present model the probes are assumed to be excited
contributions. Note that the sum in (83.) includes the |nterW|th forward propagating Voltage wavégt and the in-

AS of all the 2 DRAs whereas those of (8b) only includgyt reflection coefficienk,, , and input impedancé;,, , =

the IS and exterior AS associated with thith DRA. The Rinp + jXin, Of thep'th port are calculated from

corresponding matrix systems now becomes
[/ -
P

—_— = —_— = Fi'n,p = 1o (lza)
7zt 72 Ccl C? Vo
M — 1+ T,
Z% Z% C% C% Zin,p = 20_7'1)7 (12b)
1 Fm,p
= = = :2 whereZ, = 5002 is the assumed characteristic impedance of
Zy Zy Cr Cr the feed lines connected to the probe ports and the reflected
— _ — voltage waves/,~ are given by
vVl 0 0 -
0V | Vo =8V, (13a)
e A S=(Z+2,0)Z- 2,0). (13b)
0 0 VR

In (13b)Z is the impedance matrix with the elements given
= = = by (10) andU is the identity matrix. While the amplitudes

Thesub-matricesvj, C;, andZ; in (9) are of the same Siz&y the probes currents were set to unity when calculating the

as the full matrices for the single-element case in (7). dfyhe impedances, the actual probe excitations, correspon

particular it is noted tha; equals the left-hand side matriing to a certain set of forward voltage wave excitatidqs,

in (7) fori = j. The P columns of\?} and?} hold the in- €&n now be calculated using the obtained knowledge of the

cident fields and MAS coefficients associated with fig COUPIing between the probes. . .

DRA corresponding to the case where theprobes of the ~ The field outside the DRAs, i.e., in Region 0, is the sum
i'th DRA are excited. Since the incident field is confined igf the contributions from the AS on the interior auxiliary

side the respective DRA, té! are only non-zero for = j. SurfacesAr. Thus the field in Region 0 due to a current on
However, since the neighbouring DRA become excited dher'th probe is

to the mutual coupling between the DRAs, Hgare gener- R N 2

— — (p) _ Ar,(p) g Ar
ally non-zero. The fullC andV matrices haveé? P columns Eg”(r) = Z Z Z Cot "B (r). (14)

corresponding to each of tHeP probes in the array. ettt
From this expression and the knowledge of the element-to-

2.3 Calculation of Impedances and Far Fields element coupling the active element patterns (AEP) [13] of
the array can be found as follows. When any of the probe

The probe input ports are located at the probes’ Worts are excited by a forward voltage wave non-zero cur-

tersections with the ground plane. The self and mutyghts will result on all the probes of the array due to the

impedances of these ports are calculated using the reaiiipling between the probes and hence all DRA elements

theorem [24]. In the present model, where the probe currefis excited. In the case where thieth port is excited by a

are discretised using IS, a discrete version of the reactiopnit forward voltage wave the corresponding current of the

theorem is employed, p'th probe is

Q N AR 1V, forp = p*
1 i . p (pp*) _ 'p j2 + _ ) p=7p
Zij = ) > 1 EY(rj,+ppo) - Py, (10) fo Zy Y { 0, otherwise’ (15)
s

. where theV,~ follow from (13a). Having calculated the
whereE(“(r]-q + ppo) is the field sampled at the surface afurrents on all probes the corresponding AEP can be estab-
the j'th probe when the’th probe is excited. The electridished. For a unit forward voltage wave excitation of 1 V of
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thep*’th port the resulting AEP is Design| & w | e | py l fres | BW | N

RP
. . [mm]|[mm] [mm]|[mm]|[GHZz]| [%]
E(P) r) = VV *E(P)-,ff” r). 16
Aep(r) = D Wy B (), (16) 0 | 20| 40 | 22| 13 | 10.0| 1.54| 2.7 | 165

p=1
1 20 | 50 | 18| 15 | 11.0| 1.49| 4.0 | 223

WhereEé”)’f”" is the far field corresponding fEf)” of (14)
and W,,. = I"""/1$” are dimensionless weightd- 2 20 | 60 |15) 18 |12.1] 1.49] 6.5 | 223
tors. The array patterns for specific beam scanning follow 3 20| 70 113! 21 | 13.0! 1.49| 8.1 | 223
straightforwardly by applying suitable weightg " (6,,

for t%e fomardyvo¥ta§§ zva?/es exciting t%e So(rtgfg)orrp- 4 20 | 80 |12 23 | 13.5]| 1.48]|12.9) 297
sponding to the desired scan anglés ¢,). Thus the array 5 20 | 90 | 11| 24 | 14.1| 1.49|14.7| 297
far field is Table 1: The 6 investigated designs of the hemispheroid& 8IBment.

RP
ngjay(ﬁo, ¢o,T) = Z Wk (6o, @@Ef{é&(r). (17) In the remaining investigationg = 71 is used throughout.
pr=1 As a further validation the MAS model is compared with
results obtained using CST-MS [22].

3 Analysis of DRA Elements

0
The MAS model is now applied to the case of a sin: e
gle DRA element. The investigations presented here wi —20! \‘
concentrate on oblate hemispheroidal DRA elements, i.¢ ‘u
w > 2h. The elements are circularly polarised wikh= 4 o Ses
. . S, -40f h]
probes. The probe displacementfrom the centre is cho- s
sen such that the probes are positioned as close as possibl2 .
the DRA edge and excite the fundamental broadside moc’q* 69/ - *e
[1]. The probe displacement, is the same for all probes S
but varies for different DRA designs. The probes are space -gor| —&=4; Q=51
equiangularly such that, = 90°(p — 1) and ideal phase -o-A'ZS, N=223
quadrature is imposed for the forward voltage waves of th -100 = s
ports, i.e.V;+ = (—j)P~! V. The frequency interval of inter- 10 NlOQ 10
est is L-band around 1.6GHz. 6 different designs, denote _ n' <n

Design 0-5, are considered and these are further descrii@dle 3: Convergence of the input impedance for increagirand N
in Table 1 where also the number of AS on each auxiligipy Design 1.
surface,N, is given. For all the designs, the probe height

has been selected such tiat = = at 1.6GHz, and a probe  DeSign 0, withw = 2, is the special case of a hemi-
radius ofp, — 0.5 mm and element height ¢f — 2cm are spherical DRA. The probe-fed hemispherical DRA has been

used throughout. Furthermore — 1, and by varyingw widely described in the literature and selected analytical s
ande. the reson.ance frequendy, d,efined aty. — 0 lutions are reported in [1, 2]. An analytical solution, based

can be tuned. Investigations, which are not shown here, 9H-2 spherical wave expan_sion (SWE), has b_e_en derived
dicate that the input impedance of the DRA elements, an fif€ see Appendix A, and this serves as an additional means
particular the centre element, is shifted to slightly higine- for testing the proposed MAS model. In Figure 4 the input

quencies when used in an array. For this reason the Sin@g)_edance and directivity obtained for Design 0 are shown

element designs presented have values selected to ob- ogether with the corresponding SWE and CST-MS results.

tain a resonance frequency somewhat lower than 1.6GHY &g noted that the MAS probe model is employed for both

can also be seen from Table 1. the MAS and the SWE solutions but not for the CST-MS
. olution. In the CST-MS model the probes are modelled
In order to check the convergence of the solution the rela- v with ial cable feed hich miah
tive change\2(Q,,), A%S(N,,) of the input impedance re-TIOr€ accurately with coaxial cable feed ports which might
Zienh =z A .~ not lead to the sinusoidal current distribution assumebeén t

sulting from I?” |nc_rease_ in the number of IS and AS, %EAS model. As can be seen the MAS and SWE results
calculated AZ(Q,,) is defined as ; -

agree very well for both impedance and radiation results.

s | Zin(Qn) — Zin (Qn_1)| This shows that the field both inside and outside the DRA
AZ(@Qn) = Zin(Qn)] ) (18) are accurately recovered. When comparing the impedance

e results with the CST-MS solution it is seen that the approx-

where N = 223 is kept constant. FoA%S(N,,), which is imate probe model used in the SWE and MAS models in-
defined in a similar way) = 51 is kept constant. The re4roduces some inaccuracy. Thus the resonance frequency
sults are shown in Figure 3 for Design 1. As can be seenithabout 2% higher and the resistance at resonance is about

change quickly becomes very small indicating convergen2@% lower than for CST-MS. In the present case of Design




86 Paper 3: Analysis of Circularly Polarised Hemispherdi@®RA Phased Arrays Using the MAS
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100+ %X ° |\S/|\/,°\\/SE OC ZO;B; d]_ ’// DRA
l:l—*/f
@ 2B | P

_60,

14 115 1:6 117 1:8
Frequency [GHz] Matched DRA

(b) Unmatched

DRA

Directivity [dBi]
i
a1

—25f Figure 5: (a) OCSS matching network connected to a probe [foytA
-30°¢ MAS matched DRA with 4 probes and matching elements.
a5l e SWE
(b) x CST . -
40 i i ‘ j values ofd; andd, depend on the reflection coefficient to be
-90 -45 0 45 90

matched and the design frequenfgyand expressions can be
found in most text books on the topic, e.g., [25]. By com-

Figure 4: Comparison of the results for the hemisphericakie 0 bining the scattering parameters of the matching network
calculated by MAS and the SWE solution. (a) Input impedafige,(b) = . . . .
Directivity for f = 1.6GHz. Socss with those of the array in (13b), e.g., as described in

[26], the combined scattering matrix of the matched DRA
element can be derived and the reflected voltages from this
atched DRA can be calculated. The matching network is

solutions agree well and the probe models have little im 8§|gned forfo :l_'SGHZ Whlch Is close to the ele_ment res-
Lt gree w P ve e IOonance frequencie,; and the impedance bandwidth (BW)

on the result. ; ) ; SE 2
To calculate the impedance bandwidth the DRA ianStdeflned with respect (', (f)[* < —10dB, where

ports are matched with identical lossless open-circuitising 1 L

stub (OCSS) matching networks as shown in Figure 5. This TS (O = 5D Tinn (NP, (21)
matching network is designed to match the mean input re- P p=1

flection coefficient of the” probe ports

0 [deg.]

0 MAS yields a resistance of abokf? while the CSTMS
result is about00f2. For the radiation results, however, all

andT;,,(f) is the input reflection coefficient seen at the
input port of the OCSS matching network connected to the
p'th probe.

The impedance bandwidths and resonance frequencies
wherel';,,(fo) is the input reflection coefficient, seen at thehtained with the MAS model are listed in Table 1 for all
p'th probe input port of the unmatched DRA element, andkife designs. The impedance results for Design 1, 3, and 5
calculated from (12a) for a chosen design frequefacfhe are shown in Figure 6 and compared with the correspond-
scattering matrix of the OCSS matching network can easfyy CST-MS results. The deviations between the resonance

P
FEL(fO) = % Z Fin,P(fO)? (19)

be determined and is frequencies and impedance values obtained by the two so-
= i 1 lutions are still approximately 2% higher and 20% lower,
Socss(f) = mx respectively for the MAS solutions. The impact of increas-
- tan(b’;ll) 9p—iBdz ing w and decreasing. on the bandwidth is clearly seen and

(20) thus the obtained impedance bandwidths range from 2.7% to

14.7% around 1.5GHz. It is also seen that the impedances
whered;, d,, and 5 are the lengths and phase constant lécome smaller as the permittivity is decreased. For De-
the transmission lines in the matching network. The propéyn 1 and 5 examples of radiation patterns for 3 frequencies

2e78d2  _jtan(Bd,)e” %0
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Figure 7: Directivity for DRA elements calculated with thé\8 model.
Both DRAs are matched fof, = 1.5GHz. (a) Design 1, MAS. (b)
Design 5.

4 Analysis of DRA Arrays

In this section the MAS model is applied toreelement
phased array where the identical elements are positioned in

=30f (-_l -‘\, —D1 a hexagonal lattice and are separated by the distdrase
Ei T -=-D3 shown in Figure 8. The hexagonal lattice is advantageous
() ! ==D5 compared to the rectangular lattice for phased array applic
—49% 15 16 17 18 tions since wider element separations can be used before the
Frequency [GHZ] scan angle dependent effects of grating lobes and impedance

Figure 6: Impedance results for probe 1 of Design 1, 3, andr5 feqlsmatCh become too.severe [13]. Also the hex.ag.onal lat-
the MAS (thick lines) and CST-MS (thin lines) solutions. I¢@ut re- tice improves the rotational symmetry of the radiation pat-
sistance,R;,,,1. (D) Input reactanceX;, 1. (c) Reflection coefficient,tern compared to the rectangular one.
I'E (f) after matching with the OCSS matching network designed with However, before applying the MAS model to the entire 7-
Jo=156GHz. element array the MAS and CST-MS results are compared
for a simple 2-element configuration. In this way the MAS
model can be validated for the case where more than one el-
are shown in Figure 7. It is seen that the radiation patteemsent is present. With reference to Figure 8 the investigate
are quite similar. This illustrates the fact that the shajpe2selement configuration corresponds to the case where only
the DRA does not influence the radiation very much sinceliements 1 and 2 are present. The elements are displaced
is the same fundamental broadside mode that is excitedbylt! = 9cm. In Figure 9a-b the mutual impedances of port
should be noted that the high level of cross polarisatiom ngé&i.e., p = 1) in element 1 and ports 1, 2, and 3 in ele-
the horizon is a consequence of the infinite ground planent 2 are shown as function of frequency. In Figure 9c
used in the model and would not appear to the same extkatdirectivity resulting from an excitation of port 1 of ele
for a finite ground plane. ment 2 is shown. Again it is seen that the radiation results
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Ay

1.4 1.5 1.6 1.7 1.8
Frequency [GHz]

are accurately recovered by the MAS model. However, dt ™
to the approximate probe model, the mutual impedances ¢
somewhat lower than predicted by CHIS.

To further validate the method reference results fror
[23] of the mutual coupling between two single-probe hemi ) 15 16 17 18
spherical DRA elements is reproduced. The DRA ele Frequency [GHz]
ments have the parameters= 2h = 50.8mm, ¢, = 9.5,

Il = 6.5mm, p, = 6.4mm, andp, = 0.5mm. The mea- 107
surements were performed at a frequency of 3.84GHz. St
Figure 10 the MAS results are compared with the measurt Or ~5
reference results. It is seen that the agreement is very gog -5= '\,\u
with only minor deviations in the E-plane for a separation 0= -10 " =%y _ L. S
about one wavelength. 2 150 oo Lt B
Having validated the MAS model the analysis of the§ ~20hi % /l o '-l
phased array is now resumed. The elements of the ¢35 —p5!" Yo — &y #0 '
ray are matched with OCSS matching networks, designe _3051 ‘p N ---E, @=90° :
for f, = 1.6GHz. The choice of which reflection coeffi-  _ . !! i e E . g=00°
cient to match is, however, less obvious for several reasor ~_ _ii(C) : en 2 :
Firstly, the presence of neighbouring elements have dire -90 -45 0 45 90
impact on the self and mutual impedances of the probe por 6 [deg.]

Secondly, the coupling between the elements cause S¢@jire 9: Results for 2-element configuration calculatedvAS (thick
dependent variation in the input impedances and, lasty, lthes) and CST-MS (thin lines). The double indices refetément num-

frequency dependence of the impedances should be corvsigand probe number as indicated in figures 1 and 8. (a) Muteal
ered sistance. (b) Mutual reactance. (c) Radiation pattern wpent 1 of

) element 1 is excited.
In order to ensure that the employed matching network

does not fayour a specific scan direction it has k?een ChSrection coefficient
sen not to include the element-to-element coupling when

designing the matching network. Therefdtemean reflec- A
tion coefficientdt, | are calculated, one for each of the un- T = f2
matched DRA elements, in the same way as in (19). These

reflection coefficients vary somewhat from element to elebere f; =1.52GHz andf, =1.66GHz. In a manner sim-
ment and therefore an average between the elements is Wgdo the single element case, the reflection coefficients
Furthermore, the frequency variation is taken into accolint, (%, ¢o, f) seen at the input port of the OCSS match-
by averaging the'f,, over frequency. The OCSS matchng networks are calculated.

ing networks for the array are thus designed to match theThe definition of the scan loss used in this work only in-

Z e (f)df. (22)

f=h =1
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Figure 10: Mutual coupling in the E and H plane between twagkn
probe hemispherical DRA elements, as function of elemgatragon

d in free-space wavelengthy. The calculated MAS results are com-
pared with measurements from [23].

cludes the effects of impedance mismatch and although t
main beam directivity also varies with scan angle this is nc
included in the scan loss but treated separately. The sc
loss is thus defined as

Scan Loss [dB]

1
T 1= [T (60, b0, £)]?

where|I™2 (6o, ¢o, f)|? is defined similar to (21), with be- 9 15 16 17 18
ing replaced withR P. Examples of the calculated scan loss Frequency [GHZ]
is shown in Figure 11 for a DRA array with Design 1 and@gure 11: Resulting scan loss of the hemispheroidal DRAywhen
elements. The element separatiod is 9cm in both cases, matched with the OCSS matching network. (a) Design 1. (bipDés
which equal9).48)\, at f = 1.6GHz. The shown results are
the worst case for all azimuthal scan anglgsas function
of 6, and frequency. The impact of the element bandwidth Conclusion
is evident since the broadband Design 3 has low scan loss
for a larger frequency interval than the narrow-band DesignThe Method of Auxiliary Sources (MAS) has been ap-
1. Also the impact of scanning the beam towards lakgeplied for the modelling and analysis of circularly po-
angles is clear and the scan loss generally increases l@itiged probe-fed hemispheroidal dielectric resonator an
6y. For f = 1.6GHz the increase is from about 0.25dB fégnna (DRA) elements and phased arrays. The MAS so-
f, < 25° to about 1dB fol, ~ 75° for the two cases. lutions were compared with the simulation tool CST Mi-
In Figure 12 the variation of the scan loss and main be§fRWave Studio (CST-MS), measured reference results, and
directivity with scan angle is shown for Design 1 and 3, tifé the case of a hemispherical DRA also with a spherical
former with two different values of the element separatigave expansion (SWE) solution. The agreement is excel-
d = 7cm (0.37)\ at f = 1.6GHz) andd = 9cm. The lent as far as the radlgtlon result_s are cc_)n(_:erned, however,
general tendency of increasing scan loss for increasifis Fhe MAS prpbe model implies a sllgh.t deviation of apout 2%
seen in all cases but the impact of the element separatidhl {§€ obtained resonance frequencies and the resistances a
particularly noteworthy. For Design 1, with closely spacégSonance are about 20% smaller for MAS than the CST-
elements, a relatively low scan loss is obtained for the tip> results. For the SWE solution, where the same probe
extreme frequencies 1.5GHz and 1.7GHz, whereas sigmpdel is used, the impedance results agree exgellently. Thi
cantly higher scan loss results for the larger separatidth fiémonstrates that MAS can be used to effectively analyse
respect to the main beam directivity, it is seen that it isen&vVen complicated antennas with high accuracy.
uniform with respect to scan angle for the small separationlnvestigations were carried out for different element de-
than for large. This illustrates the positive impact on bo#igns where the DRA height was kept at 2cm and the ele-
scan loss and directivity due to closely positioned elemerfent width and permittivity were varied to maintain a res-
In the case of Design 3 the element width,= 7cm, pre- onance frequency somewhat below 1.6GHz. The resulting
cludes such close element separation @rd 9cm is used. impedance bandwidths ranged between 2.7% for the hemi-
With respect to the main beam directivity, however, the largigherical case to 14.7% for a 9cm wide DRA.
variation withf, persists and even deteriorates. Two designs were subsequently selected for use in a 7-

SL(6o, ¢o, f)

(23)
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element hexagonal phased array. The impact of the elem&he Fi are spherical vector wave functionsis the ra-
impedance bandwidths and separation on the resulting stias of the dielectric sphere, and

loss and main beam directivity were investigated as function

of frequency and scan angles. As expected the wide DRA 4 — RS RW(k1a)RYY, , (koa)
elements yielded the lowest scan loss due to their inherently Ag | ™" o
large bandwidth. It was, however, demonstrated that lewer o
ing the element separation, which is possible for the small — kl 0 Ré‘l)sﬂn(ha)Rg‘,‘}(koa)} . (27a)
elements, has a positive impact on the array bandwidth and ot
serves to lower the scan loss. Furthermore, the main beam j(=1)s+
directivity was more uniform with respect to scan angle for Bow ==, (27b)
the smaller element separation. n
The present analysis has been carried out assuming an A, :RSI?(kla)Réf)sm(koa)
infinite ground plane beneath the DRA. This limitation may, Kipio 1) ) o 27
however, be overcome by including a finite ground plane in " o Ry”yn(kia) Ry (koa). (27¢)

the MAS model as proposed in [27].
The functionsF 5 and R%" used in (26a-c) and (27a-c)
. . . are all defined in [28]. In the case where EHD are used to
A Analytical Results for Hemispherical DRA  odel the probe currents the integral in (24) simplifies to a

. . L summation.
The hemispherical DRA on an infinite ground plane can

be modelled as a dielectric sphere in free space with all cur- N ] ]

rent sources being augmented by appropriate image souktesAuxiliary Source Fields at Test Points

below the ground plane. For this dielectric sphere the dyadi '

Green'’s functiorG” (r, ') for the electric field has been de- Presently, only the AS ol are considered. The same

rived and can be expressed as an SWE. The electric fpﬁrfguple apphe_s for the AS o). The unit vectors of
everywhere then follows from the local coordinate systems of théh AS on A and the

m'th TP are denoted bya” a? a?) and (b,,b.,b.), re-
spectively. Thus the two orthogonal Hertzian dipoles of
the n'th AS coincide witha;, for ¢ = 1 in (5), anda?

for t = 2, andb, coincides withii(b,,). In order to ex-
press the field from thex'th AS in terms of the coordi-
nate system of then'th TP, a rotated version of the'th

AS coordinate system is introduced. It is rotated through
the Euler anglesyo, %, ¢o) [28], such that its rectangu-
whereJ(r') is the current source inside the DRA includinigr unit vectors, denoted byv; . vY  v: ), are paral-
the image source. The dyadic Green’s function can be gxX-+to (b, b’ b.). The corresponding spherical unit vec-
pressed as tors are denoted bwgnl,OfLm,Oﬁm) and the position of
the m'th TP, described in this coordinate system, is de-
noted byv,,, with the rectangular- and spherical coordi-
nates(zy ., Yo, 2o e 00 or ). Expressed in this co-
ordinate system the electric field from, e.g., tile Hertzian

E(r) = /V G:E(r, ') - J(x)dV’, (24)

N 2 %) n
GPrx) =KD Y > gh. ),

2 2 (25) dipole of then’th AS on the interior auxiliary surfaces,
s=1 n=lm=-n evaluated at the:'th TP, b,,,, on B is
5B
where by, - By (br)
b;n . Eft(bm)

Vi * Efl‘t(vnm)

- " = T(0: ) | Vam - Eng(vam) | . (28
gsEmn :(_1) {ngllm,n(klv I‘/) + Asan,llm,n(kh rl)i| ( ) ) {,(f) . EAjEV 3 ( )
1 V1M nt\ Y nm

Bl (ko,x), m <, (262) and similarly for the magnetic field. Here
.aeEm,n :(_l)mF((s,lzm,,n(kh r') [AsnFﬁii,n(k17 r)+ _ sinflcos¢ cosfcosp —sing
F(f,)m(/ﬁ,r)} Ca>T>r, (26b) T(0,¢0) = |sinfsing cosfsing cosop |, (29)
’ cosf —sind 0

D) :(_l)mBsnF(l)

Ysmn s5,—m,n

(ky, *)FY (ko,r), 7> a.

converts from spherical to rectangular coordinates. In the
(26€) case where the AS are chosen as EHD the direct electric and
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Figure 12: Resulting scan loss and main beam co-polar divégtof the hemispheroidal DRA array for Design 1 and 3. (a)-Design 1 with
d = 7cm. (c)-(d) Design 1 witli = 9cm. (e)-(f) Design 3 witli = 9cm.
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TwoO-STAGE MAS TECHNIQUE FORANALYSIS
OF DRA ELEMENTS AND ARRAYS ON FINITE
GROUND PLANES

Niels Vesterdal Larsen and Olav Breinbjerg

Abstract: A two-stage Method of Auxiliary Sources

(MAS) technique is proposed for analysis of dielectric
resonator antenna (DRA) elements and arrays on finite
ground planes (FGPs). The problem is solved by first
analysing the DRA on an infinite ground plane (IGP)and W
then using this solution to model the FGP problem.

1 Introduction
Figure 1: Probe-fed hemispheroidal DRA and array. (a) Cresstion
The impact of an FGP on antenna radiation is an imp@fsingle-probe DRA. (b) Top view of single-probe DRA. (¢) Tiew of
tant issue when assessing antenna performance. The MA§Ment hexagonal DRA array.
has previously been employed to this end [1] for large and

qugrate-sized _FGPs in cases where the _antenna ch%agr- and,.,, respectively. The probe height is denoted by
teristics are available, e.g., currents on wire antennas, Af its intersection with thér, y)-plane by the cylindrical
fields in the gpertures of slot antennas. S.UCh,Characw'%bordinatesop and¢,. The probe current is assumed to be
can be obtained from an antenna analysis with the largeipf,sigal and the FGP to be perfectly electrically conduct-

moderate-sized FGP being replaced by a small FGP oriify¢ pEC). The DRA surface above the FGP is denoted by
IGP. These simplified configurations can typically be mog@- 4 the surface of the FGP oy,

elled without the excessive computational cost that would . \11 o model of the first-stage analysis is shown in
occur for large-FGP configurations. In [1] a cawty-back?._d

slot antenna and a dipole phased array positioned ona s |gh1re 2a. The probe current is modelled as an assembly of

FGP and the IGP, respectively, were thus readily model |acrete incidence sources (ISs) which radiate the incident

. . . eld inside the DRA. The ISs are Hertzian dipoles with ex-
using commercially available software and subsequendy th . : . .
- Citations equalling samples of the assumed sinusoidalkprob
results were used to take the FGP into account.

) ) _current. The total field, being the sum of incident and scat-
The wide-beam pattern of the DRA is also greatly igseq fields, must obey the boundary conditions3at.e.,
pacted by an FGP [2], however, the DRA is not easftyinyous tangential electric and magnetic fields actss
characterised in terms of wire currents or aperture fields.ye|| as vanishing tangential electric field on the surface
The MAS has previously been employed for hemispheroidghhe |Gp. To this end the scattered fields outside and in-
DRA elements and small arrays [3], as well as for infinilg,e e DRA are expanded in sums of contributions from
arrays of general smooth DRAs [4]. These investigatioRs = xiliary sources (ASs) each consisting of 2 crossed
have relied on assuming an IGP which can be taken igfQt,jan dipoles with independent excitations. The ASs are
account simply using image sources. In the present Wafitioned on auxiliary surfaces conformalfoinside and
a two-stage MAS technique is proposed for the analysispfsigen, respectively, separated by the distarigg .. The
hemispheroidal DRA elements and small arrays positiongdnqary condition at the IGP is taken into account by aug-
on large or moderate-sized FGPs. With this technique [igning all I1Ss and ASs with image sources below the IGP.
total problem is split into two stages, where firstly, the DR@y enforcing the boundary condition s = Nppga test
?s investigated in dete_lil for the IGP case and, secondly, B?ﬁnts (TPs) onB a linear system of equations is formed
influence of the FGP is addressed. from which the excitation coefficients of the ASs are found.
The mathematical details of this first-stage model are given
2 The Two-Stage MAS Technique in[3].
The second stage takes outset in the assumption that the
The two-stage MAS technique is based on a first-stdiggds at the DRA surfacé# are not affected by replacing
analysis of the DRA element or array positioned on an |Gl IGP with the FGP, which is a reasonable assumption for
as detailed in [3], and a second-stage analysis of the impage and moderate-sized FGP. In [1] the aperture field of a
of the FGP as detailed in [1]. The two MAS models of thstot antenna is approximated by an equivalent magnetic line
FGP and the DRA, respectively, have previously been valitrent on a ground plane. In a similar way the DRA can,
dated and compared with measurements and reference wiith respect to the region exterior to it, be represented by
ulation tools [1, 3], and presently they are combined. Tequivalent electric or magnetic currents. The interior AS
DRA elements shown in Figure 1a-b are probe-fed and h&wen the first-stage IGP model can be considered as dis-
heighth, width w, and relative permittivity and permeabilerete representations of these currents and hence they rep-
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Figure 2: Cross sections of the MAS model of the probe-fedi-hemr
spheroidal DRA on an FGP. (a) First-stage model. (b) Secstade
model.

resent the DRA. Thus the AS excitation coefficients fron = ~1°
the first-stage problem can be used to derive the incidel —20]]
field of the new second-stage problem. This problem cor  —25f
sists of an |mp§netrable PEC FGP illuminated py the DRA 30 _1'3‘5 200 —45 0 45 90 135 180

or more specifically, the ASs inside from the first-stage 0, degrees

problem. The correspon_di_ng M-AS model is shown in Fi |- ure 3: Co- and cross-polar (Co. and X.) radiation pattsrof the

ure 2b. The FGP has .a fml.te thicknessnd roundeq edge -gelement DRA array for the IGP and FGP cases shown insthe90°

for the reasons explained in [1]. The scattered field of th&,e " (a) Scanned to bore sight. (b) Scanned towsgds: 60°, ¢ —
second-stage problem is again expanded as contributiongof

Ngp ASs, however, since the FGP is impenetrable, ASs are

only needed inside the FGP. They are thus positioned on an

auxiliary surface insidé’, separated by the distandgp. In  including a dense patch of ASs below the area occupied by
the immediate vicinity of the ISs, which now represent ttige DRA array.

DRA, an extra dense patch of ASs and TPs is employed and he obtained radiation patterns for the IGP and FGP
here the distance t0'is dgp/2. Mcp = Ngp TPs are po- cases are shown in Figure 3a-b for the two cases of bore-
sitioned onC' in which the boundary condition is enforcedight scanning and scanning &t° off bore sight, respec-

and a second linear equation system is formed. The mathvely. With the FGP model, information of the back radi-
matical details of the second-stage model are given in [Lhtion is now available as opposed to the IGP case. In the
bore-sight scanning case the cross-polar component is seen
to be slightly larger for the FGP case and simultaneously the
main beam is narrower. This can be explained by diffraction

A circularly polarised DRA array is analysed. It cona-lt the FGP edges which also causes ripples in the patterns,

sists of 7 elements arranged in a hexagonal lattice witheeﬁpECIaIIy se_en n tr@o scanning case. )

ement separations of = 0.37), where)\ is the free-space In conclusion, a S|m|c_)le and cc_)mputatlonally cheap MAS
wavelength. The array is shown in Figure 1c and has prd2de! has been established. Itis based on two MAS mod-
ously been analysed in [3] for the IGP case. The elemefly Which have _prewously been validated |_nd|V|duaIIy in
are fed by 4 probes each, positionedpat= 0.08), ¢, = [1, 3]. The combined method has been_ applied to the com-
0°,90°, 180°, 270°, and excited in phase quadrature. Trpéex. problem of a DRA array on @33\ diameter FGP and
further physical characteristics arev = 0.267\, h — the influence of the FGP has been demonstrated.

0.107X, 1 = 0.059), ande, = 18, p,, = 1. The MAS model

of the array consists aVpr4 = 446 ASs per DRA e|ementBiinography

anddprs = 0.03A\. The array is positioned on a circular

FGP with diameter 05.33\. The MAS model of the FGP[1] N. V. Larsen and O. Breinbjerg, “Modelling the Im-
hast = 0.5, dgp = 0.15), and aboutNgp = 4000 ASs pact of Ground Planes on Antenna Radiation Using the

Directivity, dBi
&

3 Example of a DRA Array
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SINGLE-FEED CIRCULARLY POLARISED
HEMI-ELLIPSOIDAL DIELECTRIC RESONATOR Z, 0 T

ANTENNA \

Niels Vesterdal Larsen and Olav Breinbjerg
Cc

By

Abstract: A hemi-ellipsoidal dielectric resonator an- X b
tenna (DRA) fed by a single probe is analysed. By excit- a ’H

ing two orthogonal modes in phase quadrature circular

polarisation is obtained. The obtained axial ratio (AR)

and impedance bandwidths are 1.7% and 11.4%, respec-

tively, at L-band around 1.6GHz. : |

1 Introduction (a) (b)

Figure 1: The probe-fed hemi-ellipsoidal DRA. (a) Crosstiger (b)

The DRA [1] has long been acknowledged as\ws-l0ss Top view.

and compact antenna which lends itself well to several feed-
ing schemes. Single-feed circularly polarised DRAs can be
realised in a number of ways, common to which is the éxhich, as best as possible, the modes are equally strongly
citation of orthogonal modes in the DRA. This can be a@xcited andd0° out of phase, yielding low bore-sight AR
complished by introducing various types of asymmetriesdAd thus circular polarisation. The configuration is aredys
the antenna. The use of parasitic structures such as a meg&ng a MAS model. This model is described in detail in [7]
lic patch at the DRA surface [2] or uneven-lengths slotsand will not be discussed further here.
the ground plane [3] allow circular polarisation for a cicu
lar symmetric DRA. Other shapes such as rectangular @],
elliptic cylindrical [5], or hemi-ellipsoidal [6] may yiel cir-
cular polarisation when the feed is positioned asymmetri-t,o specific example shown herein is that of a DRA with
cally with respect to the DRA. In [6] an investigation i§ _ o4 ymm ande, = 21. This corresponds to the relative
given of a hemi-ellipsoidal DRA fed by a crossed apertyse mitivity of Lithium Ferrite which is a well-known ma-
in the ground plane. In the present work a single prob&dsia used for DRA [1]. The probe height is= 10.2mm
employed to obtain the circular polarisation. The DRA <i;ﬁ1d its position is given by, = 0.65a/v/2, p, = 0.65//2.

modelled under the assumption that it is positioned on angf; e paseline configuration the resonance frequency, de-
finite ground plane, and it is investigated using the Methgd., 4 45 zero input reactandé, — 0, has been found and

Example and Results

of Auxiliary Sources (MAS) model presented in [7]. i f,.. = 1.58GHz. The input impedancé,, = R, + j X,
and input reflection coefficierit;,, of this configuration are
2 Antenna Model shown with full lines in Figure 2a,b. Subsequently the base-

line configuration was altered by varyipgetween 0.6 and

The hemi-ellipsoidal DRA is depicted in Figure 1. The.9 for a fixed frequency of = 1.59GHz. The obtained
DRA shape is characterised by the 3 semi-axds andc¢, bore-sight AR as function of is shown in Figure 2c. As
parallel to thez-, y-, and z-coordinate axes, respectivelygan be seen, the minimum occurs for= 0.78 where a
The relative permittivity of the DRA is denoteg and the value of 0.4dB is obtained. Thus for the fixed height of
relative permeability equals 1. The relationship betweerr 20.0mm the optimal lateral dimensions of the DRA are
the semi-axes are defined by= c,/p, b = ¢/,/p, where 2a = 35.4mm and2b = 45.2mm, respectively. The optimal
p €]0, 1] is the ratio between the two lateral semi-anemd Value ofp = 0.78 is somewhat different from that obtained
b. Thusp = 1 corresponds to the case of a hemispheri¢al5] of 0.67 for the elliptic cylindrical probe-fed DRA.
DRA. The DRA is fed by a single probe, with heightpo-  This optimised DRA configuration is investigated as
sitioned at a point along the diagonal of the enclosing reftinction of frequency and the resulting bore-sight AR is
angle as shown in Figure 1b. By positioning the probe alostgpwn in Figure 2d. It is seen to be below 3dB within
this diagonal, it is possible to excite two orthogonal brog27MHz with a minimum atf = 1.59GHz, corresponding
side modes, however, in order to achieve circular polarisa1.7%. In Figure 2a,i;,, andT;, for p = 0.78 are shown
tion these modes must ideally b&° out of phase. The in-with broken lines. Comparison with the baseline configura-
vestigation of the optimum lateral dimensions takes outsetion (full lines) shows that the circularly polarised DRA has
the hemisphericaly(= 1) baseline configuration. The basea slightly lower impedance as well as a lower resonance fre-
line configuration is linearly polarised since the two modgaency off,.; = 1.55GHz. The impedance bandwidths, de-
are equally strong and in-phase. By varypmthis relation- fined agI’;,| < —10dB, are calculated with the baseline and
ship changes and an optimum valuego€an be found in circularly polarised DRA being matched at their respective
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Figure 2: Impedance and polarisation results for the heréesjral and
hemi-ellipsoidal DRA. (a) Input impedance. (b) Input reflet coeffi-
cient. (c) Axial ratio as function gf for f = 1.59GHz. (d) Axial ratio
as function of frequency fgr = 0.78.

resonance frequencies. The circularly polarised DRA has i
impedance bandwidth of 11.4% which is larger than that ¢
the baseline DRA which has 7.9%. In Figure 3a,b the
diation patterns and AR of the circularly polarised DRA ar¢
plotted as function of observation angle foe 1.59GHz. It

is

seen that the radiation patterns are very similar in thee tw

planes with a small difference in the cross-polar componer

At

bore-sight the co-polar directivity is 4.9dBi.
In conclusion, the probe-fed hemi-ellipsoidal DRA h
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Figure 3: Radiation results as function of observation anfgr the
mi-ellipsoidal DRA foif = 1.59GHz. (a) Co- and cross-polar radia-

been investigated using a MAS model and an optimum &&f pattern. (b) Axial ratio.

of
im
Bi
(1]

(2]

(4]

(5]

dimensions has been found which yields circular po-

larisation. The obtained AR bandwidth is 1.7% and tlm N. V. Larsen and O. Breinbjerg

pedance bandwidth is 11.4%.
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A SPHERICAL WAVE EXPANSION MODEL OF 2 Field Expression for Sequentially Rotated
SEQUENTIALLY ROTATED PHASED ARRAYS Phased Arrays

WITH ARBITRARY ELEMENTS . . ) ) )
In this section the far field from an SRPA is derived and

expressed as an SWE. In this model the antenna elements
patterns are assumed to be identical. Thus the array far
field is the sum of identical but rotated element far fields
Abstract: An analytical model of sequentially rotated which are weighted with excitations in accordance with the

desired scan angles and employment of SR. The derivation
thus takes outset in the far field of an isolated antenna ele-
ment. Throughout this text the harmonic time dependence
Jvt is assumed and suppressed.

Niels Vesterdal Larsen and Olav Breinbjerg

phased arrays with arbitrary antenna elements is pre-
sented. It is applied to different arrays and the improve-
ments of axial ratio bandwidth and co-polar directivity

are investigated. It is compared to a numerical Method ©

of Auxiliary Sources model to ascertain the accuracy and 21 The Isolated Antenna Element

limitations.

For an arbitrary antenna the electric far fi@d(0, ¢) of
1 Introduction the fieldE(r, 0, ¢) can be written as an SWE [15]

. korvam
The sequential rotation (SR) isveell-known technique  E’(6,9) = Jlim —— =B (r, 6, ¢)

for improving the circular polarisation (CP) purity of an an- 2 N n
tenna array. The CP purity_ of conventional arrays is im- = k;m/ZOZZ Z QsmnKsmn(0,0), (1)
paired by the lack of CP purity of the antenna elements and s=1 n=1 m=—n

their mutual Coupling, Ieading toa hlgh axial ratio (AR) ar‘ghere th@smn are expansion coefficients akd,,,,, are far-
a narrow AR bandwidth. Early applications of the SR ifig|d pattern functions

clude [1, 2] and theoretical descriptions of the technique ‘ .
have been presented in [3, 4]. It is thus well known that{K17nn} _ V2 (-m) —jme,

the CP purity of a sequentially rotated array, in the ab- | Kamn n(n+1) W

sence of mutual coupling, is independent of the polarisa-| —|m| A —Im| o
tion of the antenna elements. The SR has primarily been M{ 0} + AP, (cos6) {_‘Zd’}} . @
used with fixed-beam arrays where significant improvement sin ¢ —Jj9 df o

of the AR can be obtained. Fixed-beam applications incILH

microstrip antennas [1, 3—-6] and dielectric resonatorrante i
nas [7, 8]. The SR has also been employed for phased arr%fggegreen and orderj| [15] and Z, andk are the free

however, to a lesser extent. In [9, 10] sequentially rota aa(:e intrinsic impedance and wave number, respectively.

. : : n principle an infinite number of radial-modes must be
linear phased arrays of circularly polarised elementsrare.|

. : . . cluded in (1), however, in practice the sum is truncated
vestigated theoretically and experimentally, and in [25 1 . . o
. . at modeN. The right- and left-hand circularly polarisation
13] planar microstrip phased arrays are addressed.

. . . (RHCP and LHCP) field components are
In this work the far field from sequentially rotated phased

arrays (SRPAs) is derived on basis of a general spherica{EfRHCP} _ 1

wave expansion (SWE) of the antenna element far field. E{{HCP V2

e  —m| . . . .
ere,P'T’Ln‘ is the normalised associated Legendre function

(6-B/(0,0)+jé-E/(0.9))

This model assumes that the elements patterns are identical

N n ‘n,—jmeo _ m
and that the mutual coupling between the array elementsis  — k,1/Z, Z Z et (ﬂ)
negligible or symmetric. Itis applied to a crossed dipole an e, Vn(n+1) m|

tenna model for which the SWE coefficients are calculated.
For typical phased array applications, the elements are (Qimn £ Q2mn)

electrically small. This implies that they can be accusatel

represented with only a few SWE modes. The analytical mdiere thet+ and — in =+ refer to the RH and LH cases, re-

ture of the SWE model gives a qualitative insight into hospectively. From, [15],

the different modes of the antenna element far fields con-

df sin 6

—|m| —=|m|
dP,, (cos0) " mP, (COSG)] @

tribute to the SRPA far field, and further, how this is ::1ffecteddplfﬂ‘(COS 9) — P‘nm‘(cos 0)
by the various choices of the SRPA design. do o sinf |
In order to establish the validity and limitations of the {n(” +1)/2, |m| =1
SWE model it is compared with a full-wave analysis based = ’ !
on a Method of Auxiliary Sources (MAS) model [14]. The 0, ml #1,

two models are thus employed to assess the improvemersooit follows that ford = 0° only them = 1 mode can
the main beam co-polar CP directivity and AR as functi@ontribute to the RHCP component, and only the= —1
of frequency and scan angle. mode to the LHCP component.
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2.2 Sequentially Rotated Phased Array elements are rotated incrementally as implied by (5) trere i

) ) o ) no loss of generality since the positions of the elements can
~ The SRPA is depicted in Figure 1 with the elemegs g pe chosen freely. However, as will become evident later
ing numbered from 1 td¢. The elements are located in thgye SRPA s influenced by the choice of these positions. A
(, y)_-plane, but their positions_are otherwise arbitrary. Thg,, examples of SR schemes are given in Figure 2a-d. It is
positions are denoted by the displaceménand anglejy.. clear that for the SRPAs in Figure 2b,c, all elements see ex-
In accordance with the SR principle, the elements are physgy the same environment. This is, however, not the case

ically rotated by the angles for the SRPA's of Figure 2a,d. For later reference the ar-
P rays in Figure 2b,c will be classified as symmetric SRPA
Dok = W(k -1, ®) and those of Figure 2a,d as asymmetric SRPA.
0
and furthermore, a phase shift is introduced in the element
excitations
¢ek:_m()¢pk~ (6) 27777777777 (] ) 2
The integerm, is a parameter that can be chosen and, de- . 3. 3 .
pending on the sign of,, the phase shifb., implies either d id
a sequential phase leadi{ < 0) or a sequential phase lag ° °
(mo > 0). As will become evident after equation (12) below, e 1 L e 1
mg denotes that azimuth mode of the element pattern that 4 4
is enhanced by the SR relative to the others, eng..= 1
favours them = 1 mode, resulting in RHCP as seen from @) (b)
(3) and (4). P is another parameter that can be chosenand 3 2 4 3
it is related to the rotation angle of the lastth element.
If |mg| = 1, P = 1 implies that¢,,, is less thanr, while D i AN d
P = 2 implies that¢,,, is larger than but less thalr, etc. 4 1
The conventional phased array (CPA), with elements having " L 5 b

6 d 7
(d)

Figure 2: Examples of SR applications. (a)-(®) = 4, P/|mg| = 2
with differentgy. () K =6, P/|mgo| = 2. (d) K =7, P/|mg| = 2.

tations of SRPA. In this work thé in (5) is chosen to be
restricted t2 P < K|mo|.

the same orientation, can thus be describe@by 0, while
the cases” = 1 and P = 2 are two different implemen- 5 . 6
(©)

As in shown in Figure 1, the element excitations include
a phase shift), to obtain a certain main beam scan an-
gle (6, ¢y), in addition to the sequential phase shift in (6).
These phase shifts will typically be designed for a particu-
lar design frequency, and will not be exact at other fre-
qguencies. In order to incorporate this practical aspect the
following frequency-dependent models are employed

= —m, i
Gek = 0Ppk s (7

WV = ko%dk sin g cos(pg — Pr). (8)

In (7), the factor% models the frequency variation which
° would occur if the phase shifts were realised using fixed-
[ ] .. . . e
° ° length transmission lines. In (8§fg signifies that the beam
scanning is implemented for the design frequerigyand
thus they,, are not frequency dependent.
When thek’'th element is rotated by the anglg;, its far
It is noted that the SR in principle only concerns the rotigeld (3) is changed such that the azimuth angle (3) is
tion, but not the positions, of the elements. Even though the&hanged withp — ¢,;. In total, the field radiated by the

Figure 1: Sequential rotation principle.
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SRPA can thus be expressed as expressions simplify to

Ehucr\ _ ./ tem ot (—mg\ ™
/ = ko ZO;\/ (n+1) ||

dﬁ,‘,:no‘ (cosby) | my P,‘,:r ol (cos byp)
dby sin 6y

/22 CSRcscanCdLSP {
OZ bR ;mzn\/n n—+1 ERHCP
( %) e~ Im(é—pi)
m

mPln (cosf)
lm|
dp, 0
L 4P (cos0)

[élen - ]&Q%nn} (legn + Q2m0n)

} , (13)

where the azimuth modes = m, + ¢K|m,| have been
omitted, assuming that such higher-order modes are not
present in the element patterns. Sincethe= —1 mode

sin 6
do

[_j&len + éQan}:| ) (9)

where the factors corresponds to LHCP and = 1to RHCP it follows that the
choices of phase legdn, = —1) and phase lagm, = 1),
OB = ik, (10a) see (6), resultin LHCP and RHCP radiation, respectively at
Cgean = e (10b) the# = 0° direction ford, = 0°. Although the undesired

azimuth modes (except for multiples &fjmg|) may be re-
(10¢) moved from the main beam this does not generally mean
that the main beam cross-polar component is removed, or
correspondlngly, that the main beam AR is 0dB. This only
happens if the main beam is scannedqte- 0° since the az-
imuth modesn, = +1 are only purely CP in that direction.

disp __ _ —jkody sin 6 cos(p—dy
ClisP = g=Ikods (¢ k)7

account for the SR, beam scanning, and elerdesglace-
ment. The LHCP and RHCP components of the SRPA arg

{ RH(‘P} — ko ZOZCSRCscanOdZSPZ Z If instead of P = 2, it is chosen that” = 1, the SR
ERH(‘P el me——n may still ensure perfect AR fof, = 0°. For instance, if
j" “m , my = 1, them = —1 mode will still vanish, however, the
= (7) e MO0 (Q i £ Qo) remaining azimuth modes generally do not vanish. Since
n(n+1) \ Im|

the element positions have not been specified in any way, it

dﬁ‘,:n‘(cos ) mfl:“'(cos 0) 11 is clear that the results given so far are independent of the
do + sin 0 - (1) element positions. Thus for all the examples of Figure 2, the

SR will in principle ensure an AR of 0dB &t= 0°

In summary, this expression gives the RHCP and LHCP

components of an SRPA consisting of arbitrary antenna2f Influence of Neighbouring Elements and Mutual Cou-

ements with the SWE coefficientg,,... It is based on the pling

assumption that the active element patterns (AEP) are |den

tical and that mutual coupling can be neglected. The expr

sion is valid for general element positions, scan angles, %

type of SR which are governed by the fact6ig?, Cyen,

andCd”” in (10a-c). Itis very useful in understanding ho

the SR works as it shows how the SR influences the dn‘fer%ﬁ%j

spherical modes of the element pattern. It is noted that to foresee some of the impact of the neighbouring el-

expression takes into account the error in the phase excV tants ngth:/fkf?erms ?[irﬁ f?d \év'(t:h rfr(()err\INI:Jrs p;(q)pagatlng
tion away from the design frequency. oltage €%, the resulting feed cu come

In the following the focus will be on the main beam of the 1= =5
array far field, i.e.(0, ¢) = (6o, ¢0), whereCye "™ = 1 I= 7(U —SaVh, (14)
at the design frequency = f,. This enables a S|mpI|f|ca-

tion of (11) and, by interchanging thieandn summations, WhereSA is the array scattering matn)U is the identity

In the discussions and theoretical derivations given
ove, the mutual coupling between the elements has been
isregarded. In any real application the mutual coupling wil
V{;lfluence the SRPA performance and the results of the pre-
ing section will be modified. It is, however, still possi-

the factor matrix andZ, is the characteristic impedance of the feed
. lines. If the SRPA is symmetric, as discussed in Section
Z OISR eimén _ ZPJ”PW‘ o) 1>_ (12) 2.2,‘|t is c!egr that the coupling betw_een any two antennas,

sayi andj, is the same as the coupling between other two

k=1 =
antennas; + 1 andj + 1. Thus theS 4 will be a symmetric

appears. Fom = mg+q2K|mg|/ P, wheregq is an arbitrary Toeplitz matrix. In the case @k = 0°, the only difference
integer, this sum attains its maximum valée Thus the between theK feed signals is the electric phase shifts

m = mg mode in (11) is favoured and, depending on tlaed thusV, +1/V+ = /%1 |f further ¢, is given by the
choice of P, the remaining azimuth modes will be more ddeal expression (6) ané = 2 it also holds that/;" /V,i =
less dampened compared to this mode. In particulaPfer c7®<t. In this case it can be shown that the resulting feed
2 all other modes vanish since the sum in (12) equals zeworentd calculated via (14) will be proportional fé* and
whenm # mg + ¢K|mg| . In this case the main beam fieldio relative error will be introduced in spite of the mutual
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coupling. In the specific case of the SRPA in Figurezﬂjp, wherea and § are positive constants anfg is the design

simplifies to frequency. These element excitations imply a minimum AR
at fy, and for increasingy and 3 the AR becomes more
Su Sz Sz Si narrow-band and the minimum AR increases, respectively.
S, — |52 Su Sw Ss (15) Presentlya = 16, 5 = 0.1, and fy = 1.6GHz are chosen
A ) . . .
Sz Sz Su Siz which imply a 3dB AR bandwidth at = 0° of about 3.1%
Sz 513 Sz Sn and a minimum AR of 0.87dB at 1.6GHz.
and the feed currents become W
1= Lot Sy (16) T
Ze
With respect to the AEP it is obvious that they will be L
slightly different from that of the isolated element due to ‘ y
the influence of the neighbouring elements. However, when I W{ °
the SRPA is symmetric the assumption of identical AEP still h
holds. Thus in such cases, even though the neighboaling
ements influence the radiation, the SR ensures that the main i Infinite Ground Plane

beam AR is unity when the beam is scanned towargs)®,
and that it is generally improved for other scan angles.
In the case of an asymmetric SRPA, the AEP are notidenfor the SWE model thé),,., can be calculated from,
tical. Furthermore, the current excitations, e.g., (16)| wil5]
not occur if either, the SRPA is asymmetric, the phase shifts » /
m F
Vv

Figure 3: Crossed dipole antenna element.

. are imperfect, e.g., due to the frequency variation, or th&smn = ko\/Zo(—1) O, (x) - I(x)dV’, (18)

main beam is scanned away fr@m= 0°. In such cases the

non-identical AEP and mutual coupling will have detrimewhereFiflmﬂ is a spherical vector wave function defined

tal effects on the performance of the SRPA. in [15] andJ is the current on the dipoles of the CDA. The
normalised power spectra as function of mode numbers

3 Examples with a Generic Antenna Element 29" defined as

2 n 2 N n
(n) b
In the following the SWE model given by (11) is em- raa = YD Qe DD D 1Qennl’s (193)

ployed for the analysis of small SRPA consisting of crossed 5:1 m=-n s=1 n=Lm=-n

dipole antenna (CDA) elements with known isolated ele-_,, N 9 EREL R )
ment patterns. In order to compare with the more realistd = ZZ |Qsmn] /ZZ Z |Qomnl”, (19D)

tic case, where the mutual coupling is included and non- . o
identical AEP are taken into account, the same SRPA is af§f§ plotted for the isolated CDA element at 1.6GHz in Fig-
modelled with a MAS model of the entire SRPA. The MABre 4. It is seen thab.., is at a level of -50dB for = 5.

s=1 n=1 s=1 n=1 m=-n

model is based on that derived in [14]. From the P") plot the RHCP is clearly indicated by the
fact that them = —1 mode is very low compared to the
3.1 SWE and MAS Models of the CDA Array m = 1 mode. Also for|m| > 3, P is below -50dB.

rad

This illustrates that the CDA element can be described with

. A single CDA element is depicted in Flg_ure 3. .Th nly a few modes, and further, that the omission of the
dipoles are parallel to the- andy-axes, respectively, which

is indicated with subscripts andy in the following. The ' : mOth qff/\/hgd mnojd(lasr:n (1;)Plijrstn:eldd. _ |
two dipoles have lengths = 75.0mm, widthsw = 2.0mm, or the SWE model the S ar Tieid 1s now caicu-

and are positioned above an infinite ground plane at a hegmd by (9) and (10a-c). The SWE model thus includes the

L — 47.0mm. The CDA elements are used in the two S arrow-band CP purity of the single element, mutual cou-

PAs shown in Figure 2b,d, where the element separatiomgg betwe_en_ the_ two dipoles of the CDA element, and fre-
d = 112.5mm. The dipoles are fed by voltage generatoqgency vgnatlon in the SR phase factags. It does, how- .
positioned between the dipole arms. Depending on the eﬁifr’ not include the mutual coupling between_elements_ n
tations, different qualities of CP elements can be simulat: array. For the full-wave MAS model the entire SRPA is

Presently, narrow-band AR elements will be investigaté'a?mded ahd fokr) this model the excitations of tith ele-
To this end the forward voltage waves of the dipoles are gaent are given by
fined to be frequency dependent such that Vi = Vi CRRC, (20)

v - 6—(0%%)7 (17a) and similarly forV,",. In addition to the effects included in
ﬁ ) the SWE model the MAS model also includes the mutual
Vyo = —J; (17b) coupling and the possibly different AEP.
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AR in Figure 5. However, for the SRPAP = 2) case the

0o, . 0 * AR remains low and can not explain the decrease in the main
T -50 o, T -50 ® beam co-polar directivity. The decrease should instead be
= 100 . f 100 ¢ explained by an overall increase in the cross-polar rastiati
gs o Es o e away from the main beam. This is well known to occur for
-150 R -150 N '. o linearly polarised antennas [11] used in sequentiallyteata
_200 ¢ 20 o . arrays. The SWE and MAS results are slightly different and
5 10 15 —9.5 -10 -5 0 5 10 15

n m thus the SR seems to improve the main beam co-polar direc-
tivity slightly when the SWE results are considered, while
the MAS results indicate the opposite behaviour. This is be-

Figure 4: Normalised power spectr®") and P"") for the isolated lieved to be caused by the mutual coupling included in the
CDA at 1.6GHz. MAS model. It is thus found that the SR improves the main

beam AR but not necessarily the main beam directivity.
4 Results for SWE and MAS Models

10

N
1)

In Figure 5 the main beam AR is shown for a CPA, i.¢

O SWE, P=2 O SWE, P=2
- - -MAS, P=2 - - -MAS, P=2

P = 0, for scan angles of, = 0° andf, = 45°. The 3 . o I

worst case, among all azimuth scan angigsare shown for E‘é 8l=a5® Tl % 69 =45°
different polar scan anglek and as function of frequency ~ § ©99000000000000000000¢  § £°0000006000000000009
For the SWE model the results are independent of the ~ § * ¢-0° §2. %%
ray shape and therefore only a single result is shown for £900900000000000000%9 = HOG0TTTT0000TTEE6000
SWE. However, some differences are evident from the M, P Frequeny o Requeny ha T
model when the array is scanned away fréra- 0°. Thus = * e swEr)| *

for the MAS models of the 4- and 7-element CPAs the £ = * s’ = 1

is about 1.5dB and 2.5dB higher, respectively, thanthe ¢~ 2 ] %=’ ' o g

responding SWE models, and this reflects the impact of & * R R e
mutual coupling. In Figure 6 the corresponding results | & 1%!99%{%”% § 10 ifﬁggg o
the 4- and 7-element SRPAs are shown together with the ey I T
rectivities for both the CPAs and SRPAs. For the 4-elemein Frequency [Grel Frequency [GHz)

array, in the left-hand side of Figure 6, it is seen that thigure 6: Worst case AR (top) and directivity (bottom) asction of
SR has resulted in a significant improvement of the AR. TH#fgIuency for 4-element (left) and 7-element (right) CDRPSs for
SWE and MAS results agree reasonably well and both yig‘l(f 0° andfl = 45°.
an AR of 0dB atfy = 0° and f = f,. This illustrates that . ) . _
for the symmetric SRPA (Figure 2b) the SR works perfectlﬁ In the right-hand side of Figure 6 the corresponding re-
. . . . sults for the 7-element arrays are shown. As far as the SWE
in spite of the mutual coupling. Itis further seen that fe-fr N L
- : results are concerned the observed behaviour is quite simi-
guencies other than the design frequerigythe frequencyI 10 the 4-element t for the obvi iner in
variation in (7) gives rise to an AR larger than 0dB in th 0 Ine 4-element case, exceptor In€ obvious Increase |
0 — 0° direction irectivity. Thus the fact that the 7-element SRPA is asym-

' metric can not be observed from the SWE results and the SR
seems to be working flawlessly. However, from the MAS re-
sults the effects of the mutual coupling become evident. The
most obvious difference is that the main beam AR is larger
than 0dB atd, = 0° and f = f,. This illustrates that the
asymmetric array topology precludes an ideal performance
of the SR because of non-identical AEP and non-Toeplitz

10,

Main Beam AR [dB]
O FRP N WU O N O O

90=45°: scattering matrix. This lack of symmetry generally implies
> 4 larger deviation between the SWE and MAS results as can
® SWE . )
6.=0° ——MAS, 4] be seen in the figure.
e ‘ - = ~MAS,7]] Examples of radiation patterns are shown in Figure 7 for
15 1.55 1.6 1.65 1.7 P =0,P = 2and forf, = 0°,6, = 45°. The frequency
Frequency [GHZ] is 1.58GHz at which the AR of the isolated element is about

2.8dB, see Figure 5. The observations made from Figure 6
Figure 5: Worst case AR of a CDA, CRA = 0) as function of fre- are also evident here, and the difference in the cross-polar
quency ford, = 0° andd, = 45°. components is particularly noteworthy. As expected it is
The main beam co-polar directivity is in general maxiery low for the 4-element symmetric SRPA for both the
mum nearf, and decreases for frequencies away frfym SWE and MAS models wheft, = 0°, whereas for the 7-
For the CPA(P = 0), this decrease is a consequence of takement asymmetric SRPA this is only the case for the SWE
poor CP purity for these frequencies, evident from the higblution. For the), = 45° case the cross-polar directivity is



112 Paper 6: A Spherical Wave Expansion Model of Sequentaitated Phased Arrays...

clearly seen to decrease due to the SR. [3] T. Teshirogi, M. Tanaka, and W. Chujo, “Wideband
Circularly Polarized Array Antenna with Sequential
Rotations and Phase Shift of Element®foc. Int.
Symp. Antennas Propagol. 1, pp. 117-120, 1985.
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