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PREFACE

Driven by the demands of communicaion and informatics g/stems, the use of
technologies featuring high scde of integration hes become frequent in microwave
and antenna techniques. The scale of integration achieved in electromagnetic devices
is getting higher every yea. High integration makes these devices applicable to many
more uses, due to the enhanced performance and improved cost effectiveness It is
therefore no surprise that the development of reliable methods for the evaluation and
determination of the overall properties of modern antenna arrays has recently taken on
a sense of urgency. It goes without saying that the properties of antennas need to be
determined with great care. But the evaluation of these properties must involve indi-
rect techniques, as in many instances this is the only reasonable gproach to the ex-
amination d highly integrated structures. A consequence of increasing the scale of
integration is the tendency to raise the number of antenna dements and comporents.
That is why preference must be given to experimenta test methods enabling a quick
detection d the comporents which are out of the permisgble technical li mits. Also,
the ever increasing scale of integration acwunts for the disappearance of clearly de-
fined unit padkaging. Although, in consequence, antenna investigations relying on the
interim results obtained gradually at the subcomporent level seem to be of decaying
use, the tracing of the antenna properties in the curse of design or manufacture must
still come under continuous scrutiny.

Periodicals and scientific conferences reflect the efforts towards establishing new
integration and miniaturizaion technologies, as well as developing reliable atenna
evaluation techniques. There is plenty of room for creativity and rew techniques with
the advent of miniaturized or highly integrated eledricd and el ectromagnetic devices.
Thus, the research on miniaturization and new lightweight materialsis regarded as one
of the most revolutionary breakthroughs in engineering nowadays. However, in order
to overcome the problems that arise with the growing gidlock of complex interrela-
tions, new or revised methods neal to be implemented in measurement tedhniques and
eval uation approaches have become indispensable.

New technological developments in modern communications and radar involve
ten, o so, major subjeds regarded as criticd. Thus, without major yardsticks and ad-
vancements in these fields, any plans that aim at launching new generations of radio
systems will fail. Antennas are ranked as a top piority. A far going revison o an-
tenna functioning is frequently postulated by researchers working on rew concepts of
radio communication systems. The aitenna is nat only considered as the impedance
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interface between the radio front-end urit and free space The sophisticated systems
under study commonly rely on a fine spatial accessto radio channels and onan effi-
cient spatial signal filtering. Despite the progress achieved to dete, additional im-
provements in antenna technologies are needed. Emerging examples are smart
antennas and arrays used in modern satellites, such as Envisat (a 10 meters long SAR
radar antenna comprises more than a dozen thousands of miniature Tx/Rx modues
and its total cost was € 80 million). The interest in modern antenna techndogies has
been strengthened by the belief that advantages of new antenna concepts are ale to
overweigh the benefits provided by improved moduation and coding methods.

For decades, antenna measurements have been regarded as being of vital impor-
tance both in research and manufacturing. Nowadays, these measurements have be-
come more complex due to the presence of such features as multiband operation and
broad frequency ranges, scanned or multiple beams, reconfigurability and adaptability.
To make things more complex, the input signalsin some of the anerging antenna -
cepts take the form of a binary stream or phase characteristics are of high importance
Problems with the reliability of measured data, the huge amourt of data produced in
the curse of tests, as well as the processing of these data, are till amongst the major
factors that impose constraints on the research capabilities, regardless of how talented
and herdworking the human workforce would be.

In this monograph, we dtempt to describe two evaluation methods developed on
our own for the needs of the research on highly integrated lightweight antenna arrays.
In contrast to conventional measuring methods which provide overall data, it is ex-
peded that the evaluation methods will enable instant pointing of non-conforming
elements and modues. The cagpabilities of bath methods have been upgraded as com-
pared to those described in the literature. Asin both methods use is made of indirect
measured data, comprehensive data processing or simulations must be performed in
order to achieve interpretable results. With ore of the methods it is possible to cary
out simulations of highly integrated arrays made of lightweight compasites or other
stratified delectrics. The electrical properties of the materials are measured over
abroad temperature and frequency range, and theredter they are included into the
simulations of the impedance daracteristics for the comporents incorporated into
microwave stratified antennas. This method das not neglect the factors which are
blamed for the mnsiderable discrepancies between the design and adua values of the
eledricd parameters. The other method explores the field distribution sampled in the
nea field zone of the antenna. Owing to the two-dimensional signal processing applied,
the method povides highly acarate radiation patterns in the three-dimensiona for-
mat. Such format is of grea desire when analyzing antennas which make use of
advanced beamforming or provide off-broadside beans. A major advantage of this
method s the unique capability of revealing the field dstribution in the atenna ger-
ture. It must be emphasized that the wupling of the measuring equipment to the an-
tennaunder test is small.
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CHAPTER 1

DIAGNOSTICSOF ADVANCED ANTENNA ARRAYS

1.1. Introduction

In its essence, communicaion must overcome the anstraints inherent to fixed line
services and make the acessto information and data exchange freely avail able to the
users, regardiess of where they are, and whether they are in motion a immobilized.
The ideaof seamlesscommunicaion is getting more and more accountable basis. It is
also important to develop a grea awareness among engineging community that the
long lasting split into the fixed and wireless g/stems, as well as differentiation be-
tween terrestrial and satellite networks, should cease possbly soonso as nat to impede
any visionary concepts in the future. Needlessto say that these highly desired goals
can be achieved with wiredlessand mobile communication techndogies irrespective of
how well developed the fixed line infrastructure is. Furthermore, there is an unques-
tionable rush to combine fiber links with the flexible wireless ‘last miles’ or ‘last sec-
tions' of the communication link. Such systems are sometimes named ‘radio over
fiber' or ‘info ports'. In order to provide the required capacity of the radio systems
— and this includes the capability of hot spots handling — major attention must be fo-
cused onthe following items: fine spatial aacessto radio channels, sophisticated spa-
tia filtering and bandwidth considerations. These issues have becme fundamental
also in radar and remote sensing, as they make it possble to determine the specific
charaderigtics of the targets, to investigate the surface properties, to provide three
dimensional weather data or to combat deli berate dectronic countermeasures.

Communicaion and information techndogy has aways had paramount impor-
tance in societies with a high pasition in world's economy or science In the 1990s,
communication and information technologies have developed there & a rate which
was twice & fast as that of the average e@namic growth. However, to achieve the
planned range of applications for the information techndogy in the comparatively
nea future, we must develop — as soon as passible — many of the techniques that now
are beyond aur reach. By definition, antennas are transitional structures between the
radio space and signal guiding devices, so they are of vital importance when attempts
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are made to achieve the desired performance of modern communication and radar
systems. The interest in modern antenna technologies has been substantiated by the
belief that the gains from new antenna wncepts are likely to be most profitable, since
well-organized spatia accessto the radio channels competes successfully with many
modern moduation and coding methods even then, they are gplied together. Only
tedhniques utilizing deliberate space-time ading with multi pathly propagating signals
(e.g. MIMO, MIMO-OFDM, V-BLAST) might need less focused radio wave trans-
misson and recegtion. It is commonly agreed that the antenna technology must be
ranked among the highest contemporary electrical engineaing priorities. As a result,
antenna reseach is esentially on a aitical development path, so if it ‘lags behind',
antenna underdevelopment will expose the launch of new communicdion systems to
jeopardy.

Modern antennas are expected to co-establish high-quality radio channels. So far,
the available antenna technologies have nat been able to cope with these ambitious
goals. To make things even worse, there is a genera lack of reliable engineering
methods. Advanced antennas often take the form of arrays, or incorporate subarraysin
their reflector illuminating systems. A prerequisite of their development is the use of
advanced microwave drcuits and materias, as well as the adoption of miniaturization.
Fine ajustment of pre-defined or adaptive anplitude and phese values for array ele-
ments enables more sophisticated beam scanning and radiation pattern shaping but
often calls for elaborated signal processing. Complex antennas may have more than
one bean and passess reconfigurability or real-time adaptability. Input or output sig-
nals can take different forms, such asthat of the binary streamsin their baseband.

In order to cope with those challenging objectives, reseachers must have not only
a strong theoretical badkgroundand experience, but aso elaborated simulation todls,
as well as measuring and diagnostic systems at their disposal. In contemporary
technology and science, the traditional split into two branches — theoreticd and
experimental work — must be regarded as inadequate since simulations has paramourt
importance. Nowadays R&D in electromagnetic combines three @mplementary
adivities: theory, simulation and experiment.

It isthe complexity of new antenna techniques and rew signal processing methods
that makes conventional technical terms and measuring standards incapable of thor-
oughly asssting the researcher or designer. It follows that experimental methodology
must be upgraded, new definitions formulated, and new measuring systems elabo-
rated. The results obtained with these methods are expeded to provide not only data
on the performance of the Device Under Test (DUT), but also to dlow a sufficiently
deep insight into what is going on inside sophisticated technical systems. A lot of ad-
ditiond attention must be directed to the calibration and final tuning of the studied
device
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1.2. Importance of measuring technologies
In antenna engineering

The evaluation methods which gained interest in ou studies are primarily to en-
able the devel opment of

« modern lightweight phased arrays and active phased arrays,

« arraysreferred to as smart antennas,

» multi band antennas, including small elements,

« highly integrated arrays.

The most inspiring trend is that a transmitting antenna shoud focus the propagation of
the radiated energy, as much as possible, towards active receivers, whereas in the re-
ceving mode, the antenna shoud synthesize permanent or instantaneous minima
which ensure spatid filtering. Large-scde integration normally leaves no spacefor ex-
tensive howsing, if at al (with maintaining low undesired cougdings or providing indis-
pensable shieldings). Therefore the circuits must be designed for non-connectorized
operation. The increasing attention towards ophisticated radiation pattern shapes and
irreversible integration must be suppated by deeoer insight into the actual electro-
magnetic phenomena occurring inside the antenna.

A successful development of such antennas is hard to imagine withou accurate
measuring techniques and dagnastic tools. Critical for the accomplishment of such
emerging antennas are fast and sufficiently precise evaluation techniques focusing on
the determination o (i) a comprehensive set of electricd properties at different levels
of the integrated antennas, and (ii) the dharacteristics of microwave materials related
to the major parameters (frequency, temperature, etc.). It is expected that with these
techniques it will be possible to investigate the distribution d the excitation coeffi-
cients in bah transmitting and recaving antennas, to observe the alge and scattering
effeds or any other spurious radiation induced by the feeding circuits, and — last but
not least — to sort out the most probable sources of the discrepancies between design
and model. Since the electromagnetic interactions between the investigated antenna
and the test equipment affect the quality of the measurement, the testing method
shoud be virtually a non-invasive one or the measuring probe and its manipulator must
feature anegligible aupling to the DUT. The high quality quiet zone in the anechoic
chamber and the sufficiently spacing between probes and the Antenna Under Test
(AUT) is essential to the endeavors listed. If necessary, the results $ould give abasis
for evaluating the design correction coefficients prior to the final assembly. Another
important research task is the troudesome cdibration o the antenna, and the decup-
ling of antenna dements (including signal processng methods that are preferred when
use is made of digital beamforming).
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1.3. Interdisciplinarity of modern diagnostics

One of the most challenging objective in contemporary engineering is to design
passibly simple devices and manufadure them at a posshly low cost. Although it may
soundstrange & least at first glance, these objectives pave the way for many sophisti-
caed methoddogies into reseach laboratories. Owing to the @ntinuing interest in the
increase of the integration scde and improvement of miniaturization, measurements
must be extended from eledrical issies onto material characteristics. Present array
designs tend to wnify radio and structural functions into common parts. The impor-
tance of materia technology increases when low losses become akey isale in the
processof design. In these circumstances, the measurements of modern antennas have
wrapped up many isales dedt with in the physics of dielectrics, as well as chemicd
and semicondctor engineering, and so the interdisciplinarity of modern antenna diag-
nostics has beame afad.

In contemporary antenna measuring and eval uation techniques, the following tasks
have @wme to the forefront:

 determination d adua current distributions in the gertures of refledor and array
antennas, which makes posshble remote detection of manufacturing inaccuraciesin the
radiating or beamforming part of the antenna,

* detection d failure or unstable operation d antenna comporents, particularly in
large and highly integrated arrays,

* development of fail ure compensation methods which enable array operation with
broken comporents (less unscheduled servicing),

e compensation d parameter spread and drifts, which badks up the functioning of
beamforming systems, bath in the on- and df-line mode,

« prediction of effeds related to temperature and humidity variations,

* inspection of reflector shape during manufadure and operation,

* measurement of systems for spatial signal formation with focus on refledarrays
and spatial power combining,

* investigations of antennas fed with binary streams,

* gtudes of human-antenna interadions encourtered in handset and patable terminals.

1.4. Need for diagnosis of highly integrated arrays

The amerging high-scade integrated arrays st new standards, as their structure Gan
not undergo full tests when the systemis lit into pieces. Until the entire array is fully
padkaged and integrated, it is difficult to say whether or nat it will function according
to the designer’ s intention. The situation is similar to that in satellite communication.
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Unless the satellite is placed in the orbit, no ore can be sure if the cmmunication
subsystems will work in accordance with the technical spedfications. Measuring the
performance of the comporents prior to integration is of limited use — their design
may take into acount existence of particular interactions (e.g. coudings, or thermal
effeds). Large-scde integration rormally does not leave spacefor extensive housing,
and the circuits are designed for non-conrectorized operation. Thus, the measured
results for isolated or disconnected subcomporents might deceive the investigator;
they may also become infeasible or, at least, seriously boundd. That is why the adual
properties can be evaluated only after the assembling processhas been entirely com-
pleted. In order to accomplish the integrated antenna array it is unavoidable to deter-
mine, by experiments and simulations, not only the properties of the AUT/DUT but
also the sources of the discrepancies between measured and design values. The diffi-
culty of diagnostics is further increased by the frequent use of advanced or tricky
beam forming algorithms in highly integrated antennas.

1.5. Major advantages of near-field antenna measur ements

While radio engineering was evolving, new designs of antennas and radar were
developed, but not every radiation pattern test could be supported by outdoar far-field
antenna ranges. The desire to house the antenna test facilities inside affordable dham-
bers has directed the attention d the antenna research community to the investigations
of the antenna properties with data recorded close to the radiation source. It must be
said that the interest in near-field methods was also driven by the nead of measuring
the radiation pettern and gain of the antennas which were too buky to be tested in
outdoor far-field systems. The antenna size and its gdelobe level impaose other unfa-
vorable constraints onthe required distance between the transmit and receive site. Last
but not least, more and more communication and radar antennas should be measured
indoor for environmental and security reasons. Furthermore, nowvadays the extensive
use of the radio spectrum has jeopardized much of the outdoor antenna measurement
cgpabilities (there ae not many remotely located test ranges). This is © because
antennas are not designed for odd frequency ranges, but only for those which have
arealy found applicaions. In developed courtries, the radio spedrum below 5 GHz is
heavily utilized. Thus, it is hard to think of outdoar antenna measurements when many
strong, interfering signals propagate through the test site. Another constraint is the
presence of test signals refleaed from the groundin the far-field ranges. An example
of a wise suppression of the reflected signas is the France Telecom facility in
La Turbie, a mourtainows areain Cote de Azur Region d France The transmitting
and receiving sides of the far-field system are deployed ontwo mourtains sparated
by adeep valley.
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The near-field measuring technique provides highly acairate results. These are of
top importance to the gerture antennas, which are to mee the tough requirements of
the coommunicaion and radar link budgets. It should be mentioned that even the ladk
of aslittle & 1 dB in the diredivity of the antennamay really count for much. It isalso
the angular position of the nulls that should be precisely determined (i.e. no more than
0.1°). The AUT usually operates in the transmitting mode, while the probe receives
the test signal. But the method applies both to transmitting and receiving antennas. In
some complex arrays, use is made of nonreciprocity devices, like frequency conver-
sion units, amplifiers and A/D converters. In such instances, the diredion of the test
signal propagation must be reversed in the near-field systems and due to reciprocity
such change is withou effect to the measurement results.

When research into the nea-field technique geared up in the 1960s, the major ob-
jective was to provide accurate radiation pettern and gain measurements under indoar
condtions. Anechoic chambers usually have floor dimensions not much greaer than
a daozen meters. The chamber height is generally between 40% and 60% of the longest
floor side. Perhaps only a few anechoic chambers all over the world might be longer
than 60 meters. University laboratories usualy make use of the anechoic chambers
that are 1.5to 4 m high and have a floor surface area ranging from 8 to 40 m”. When
the development of the near-field technique adieved a mature stage, interests evolved
towards the detection of failed dlements and later towards the clibration of large
phased arrays (Specia Issie IEEE TAP 1988. Anacther application of the nea-field
methodisin the investigations into the optimum arrangement of the antennas mounted
on spacecraft or other platforms.

Nea-field measurements are an indired methodology of measuring patterns, and
this means that the measured data must be processed in order to dotain useful results.
The nea-field method pgovides a threedimensional view into the radiated fields. The
data processng software operates with complex values of the fidld samples, taken in
nea proximity of the AUT. Furthermore, the nea-field theory allows the derivation of
an agorithm for backward projection. Owing to this algorithm, the near-field tech-
nigque can be used to determine the actual current distributions over the entire or sliced
apertures of the AUT (microwave haography) (Rahmat-Samii 1985.

Outdoa use of the near-field test systems is gill waiting for acceptable technical
solutions which in fact are urgently neaded. In such applications, the scanning volume
may be large and German researchers reported implementation of the outdoor system
cgpable to scan within 100x100x100 meters gace (Fritzel et a. 2002). The near-field
technique is generally used to test high gain antennas. The microwave frequency range
is preferred, as the probe sizes are reasonable (below 1 m) and the span of the scan-
ning gid can be accommodated inside the anechoic chamber. There ae severd rea
sons why near-field antenna systems are only occasionally used in VHF/UHF. In these
bands, the radiation patterns do not need to be accurately shaped. In such instances
propagation is aff ected by a variety of factors (e.g. eath losses) and it is important to
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provide the required field strength within the coverage aea In the VHF/UHF range
there is greater need for impedance matching circuits than advanced beamforming.
Owing to the influence of the eath, antenna platforms or other objects, the radiation
pattern properties depend a lot on the actua locdion o the antenna (the effect of
groundlosssis difficult to reproduce in chambers), and so the extremely high cost of
the large scanning equipment operating at VHF/UHF would be ineffectively spent.

1.6. Historical milestones

It is difficult to outline the milestones in the diagnastics of highly integrated light-
weight arrays, as any major advancement is considered a proprietary information. The
method relies on accurate dielectric measurements and numericd simulations of the
antennas. Thus, afirm basis for such techniques emerged in the 198Gs.

The interest in near-field antenna measurements dates badk to the 1940s, but rele-
vant theoretical analysiswas ladking in those days (Y aghjian 198). Around 1%0, two
scientists of the Air Force Cambridge Research Center — Barrett and Barnes — built an
‘automatic antenna wave front plotter’ (Barrett, Barnes 1952). They obtained full-size
data of phase and amplitude values in front of microwave aitennas. It was lely ex-
perimental work and there were no attempts to relate the nea and far fields. In 1960,
Gamara compared the measured far-field radiation petterns with those computed on
the basis of the data recorded in the near field. He adieved a good agreament over the
main beamn and the first sidelobes. Some principal theoretical concepts can be foundin
the fundamental bodk by Stratton (plane-waves) (Stratton 194). The first plane-wave
analysis which involved a probe-correded algorithm was pulished by Kerns in 1963
(Kerns 1963. Near-field measurements without probe correction can produce accept-
able results within the main beam and the first sidelobes only and are much lessaca-
rate than the probe-corrected ores. The first application d probe-corrected procedure
to near-field measurements on the g/lindricd surface was a Georgia Institute of
Technology (Lead, Paris 1973).

The development of compad antenna test method must be primarily attributed to
Richard C. Johnson of Georgia Institute of Technology. Contrary is with the near-field
technique which is not a single researcher invention. The development of near-field
measurements is a mllective work of researchers scatered in Europe and in the USA,
the driving force being space ad radar industries. Amongst the major contributors
were the Technical University of Denmark, Lyngby (common eff orts with the Euro-
pean SpaceAgency) (DTU web page), Georgia Tedh, Atlanta and National Institute of
Standards and Technology, Boulder, Colorado (NIST web page). The work performed
under Prof. Jesper E. Hansen at the Technical University of Denmark has focused on
spherical scanning (Hansen J. 1988), the research caried out at the National Institute
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of Standards and Techndogy has concentrated on panar scanning in Cartesian coordi-
nates (Newell 2002. Everywhere these projects turned out to be spanned over decades.
For example, it took the Technical University of Denmark as long as 15 yeas of gen-
eroudly funded research work under the supervision o four principa researchers, be-
foretheir laboratory was approved ona cmmmercial basis.

Being aware of the possble incompletenessor inacarragy of his own data, the author
attempted to identify the milestones in the development of the near-field antenna tech-
nigue (Table 1.1). Among the major sources of historical data agyuisition arethe AMTA
symposiums (AMTA web page) and the antenna measurement workshops organized by
the European SpaceAgency in European Scientific and Techndogy Center (ESTEC), in
Noordwijk, the Netherlands, to name just afew of them. It shoud be pointed that due to
the lega regulations on Techndogy Transfer, many results obtained with the near-field
technique are not detail ed published in openly circulating literature.

Table 1.1. Some mil estones in the nea-field antenna measurement technique.

Work on rea-field to far-field transform, Technicd University of Denmark,

the 1960s Lyngby and Nationa Ingtitute of Standards and Techndogy, Boulder, Colorado,
USA
Development of the sphericd near-field laboratory at the Technicd University of
1968 Denmark, Lyngby
Development of the planar Cartesian scanning system, USA
Probe-correded measurements, Prof. Fleming Holm-Larsen, Denmark
1972 Probe mmpensated cylindricd near-field scanning, W. Marshal Lead, Demetrius
Paris, Georgia Ingtitute of Techndogy, USA
Development of the planar polar scanning system, NASA/JPL, Pasadena,
California, USA
the 1970s

High quality eledricd field probes and elaboration d probe calibration techniques,
Denmark, European SpaceAgency

turn of the 1970s

Advancements in computer technology — computer cgpabilities do rot bound
implementation o nea-field technique ay longer

Invention of the bi-poar scanning system, Dr. Yurii Belov and hs team,

1986 Nizhni Novgorod, Russa

1988 Publication of comprehensive bodk, Spherical Near-field Antenna Measurements,
edited by Prof. Jesper E. Hansen

1992 Microwave holography technique becomes widely pubdished

1994 Sphericd nea-field measurements performed in the time domain,
Thorkild Hansen and Arthur Y aghijan
Phascless measurements adopted to various planar scanning systems

1999 Publication on the nea-field calibration technique used in the manufadure of
large phased arrays

2002 Scanning capabiliti es of outdoor systems approach 100x100x100 meters gace
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Presently, researchers concentrate on the following problems dedt with in the
nea-field technique:

« advancement of robaic scanner system all owing scanning onavery large surfaces,

* increasing the upper frequency of the measuring systems onto milli meter fre-

quencies,

« mohile and autdoor scanning systems,

« broadening of the valid angle to make it suitable for the measurement of phased

arrays or multi beam antennas,

 improvement of signal processing for the needs of transform cdculations,

« dual-system measurements and convergence of results in the overlapping zone,

« concurrent multi frequency acquisition of data and further improvement of accuracy.
Nowadays, there are about 100 antenna laboratories worldwide using the near-field
tedhnique. Only some of them are &le to provide microwave hdography images.
Except for the system operated at the Department of Electrical and Computer Engi-
neaing, The University of Queendand, Brisbane, Australia, all |aboratories are on the
Northern Hemisphere (locations in Europe, US and Canada, Asia and Japan, Russa
and Israd). It isworthy to say that uptill now no standards for nea-field antennameas-
urements have been established, dthowgh such standards are available for far-field
measurements (IEEE 1980. Presently, there ae preliminary attempts to organize
agroup d experts which will undertake agrea work on editing substantially upgraded
antenna measurement standard bod. However, no steps beyond genera talks were
undertaken in the last two yeas.

1.7. Outline of the presented research

Sincethe modern-day advanced antennas make use of broad ranges of state-of-the-
art technologies, it is hard to summarize methods of their property determination in
one monagraph. That is why this monagraph hed to be focused on selected problems
and well-defined isaues. Furthermore, the monograph was concentrated on results of
the author’s persona work. Two main focus areas are related to highly integrated
lightweight arrays. thermal effects attributed to variations of dieledric constant in
microwave laminates and advancements in bi-poar near-field antenna measurements.
Both subjects are investigated in order to improve evaluation techniques of advanced
integrated arrays. The arthor presented also his original contribution to property
determination of phased arrays with a sophisticated badward projedion technique.

In the past five yeasthe aithor’ s research has concentrated onthe following major
problems — antenna arrays and array integration techniques, near-field antenna meas-
urements, temperature-dependence of dratified antennas, digital beamforming tech-
niques, conformal antennas and multi-resonant small antennas. The monagraph covers
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author’s research on accurate evaluation of eledrical properties of highly integrated
lightweight antenna arrays. In order to establish the relevant badkground, Chapters 2
and 3 odline the performed studies of highly integrated arrays and low-loss feeding
networks, respectively. These dforts made the author sensitive to the problem of how
a well-balanced definition d the technical parameters may help to accomplish areli-
able and cost-eff ective antenna design. As the work involved theoretical issues, sSimu-
lations, as well as experimental and technological aspects, it alowed the aithor to
reali ze that there was alad of adequate definitions to catch up with the advancements
in antenna technology. These gave inspiration to the furtherance of the search for new
and much more relevant antenna parameters and measuring methoddogies.

Currently, many advanced electromagnetic CAD todls are being widely marketed.
Furthermore, in each major engineering field there ae two or more competing com-
mercial software. Also computer platforms needed to run this oftware ae easily
avail able on the market. If there ae some limitations, these pertain only to the most
powerful computer models, which are not very often needed. However, several restric-
tions are encountered in the measuring technique and manufacturing technology.
These are the primary areas which prevent bringing even the most promising ideas to
implementation. When someone is prohibited from the acces to upto-date measuring
and dagnostic methods, their work will be immediately hampered and thereafter dis-
continued (sooner rather than later). That is why thase wishing to kegp pace with the
advancements in antennas must develop measuring and dagnostic technologies with
gred own efforts.

In cooperation with the University of Wroclaw, a unique methodology for the
simulation d the antenna performance over a wide temperature range has been elabo-
rated. The method makes use of the precisely measured electrical properties of the
dielectric materials that congtitute the microwave and structural parts of the antenna
arrays. These temperature-related data ae put into the simulations of the impedance
charaderigtics of stratified antennas. This research methoddogy, as well as the at-
tempts to narrow the temperature dependence, is described in Chapter 4.

Chapter 5 deds with the bi-pdar nea-field antenna measuring system and addresses
major development considerations. The bi-pdar antenna measuring system designed and
developed under the author’s supervision at the Wroctaw University of Technology in
1996isthe only nea-field fadlity in Poland (Kabadk 1997a; Kabacik 1997). The labo-
ratory is one of the threebi-pdar laboratories in the world. The austomized scanner and
its control system were made in Poland by two small firms (based in Wroctaw).

In order to avoid lengthy numerica integration in the course of far-field computa-
tions, it is advisable to use the Fast Fourier Transform, provided that the sample points
are arranged on ore of the three fundamental coordinate systems. The near-field data
aqquired in another grid format can be interpolated onto the fundamenta grids. The
signal processng techniques used for the needs of the study are alvanced. The meth-
ods used in our laboratory are presented in Chapter 6. It was a grea success to eabo-
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rate al the transformation procedures and relevant software for the needs of the labo-
ratory on aur own. Amongst the scientific and industrial |aboratories whose experts
showed an interest in the results obtained by our laboratory, it is worthy to mention the
European Space Agency and Motorola.

With ou laboratory system we tested planar antenna arrays with a broadside fixed
beam and an eledronically scanned beam. Examples of results are presented in Chap-
ter 7. Holographic imaging implemented enabled us to identify various aperture
blockages and impairments, as well as to derive the actual amplitude and phase distri-
bution d the airrents in the antenna goerture. The most remarkable results are dis-
cussd in Chapter 8. In arder to broaden the available valid angle, research ona dual-
system scanner was initiated in 1999.When the planar bi-polar and the conventional
cylindrical grids of the sampling points are combined, the valid angle can read hemi-
spherical coverage, which satisfies the requirements of most antenna tests. This inno-
vative gproach, as well as the feasibility studies on the mobile outdoor scanning
system are the major subjeds of Chapter 9.

In the ourse of his research on the near-field systems, the author accomplished
also a mmprehensive study at two aher near-field antenna laboratories:

« gpherical scanning at the Technical University of Denmark, and

* planar, rectangular scanning at the University of Queensland, Australia.

One of the most accurate and well equipped laboratories in the world is the Danish
laboratory (DTU web page), which handles the most demanding neeads of the space
indwstry. The results obtained there are regarded as references by other laboratories.



CHAPTER 2

HIGHLY INTEGRATED LIGHTWEIGHT
ANTENNA ARRAY S

2.1. Increasing precision of beamforming in modern arrays

Contemporary antenna researchers have placed advanced beamforming tech-
niques very high ontheir list of top priorities (COST260 web page; COST284 web
page). It is of course understoodthat a useful test system must be capable of provid-
ing a fine resolution of the measured data, because the adopted beamforming in-
volves small steps in the anplitude and phase values. If the resolution is not fine
enowgh, we are very likely to faae a gridlock in our investigations when measure-
ment methods turn out to be too coarse and fail to evaluate the analyzed antenna
designs. Only with small steps is the antenna &le to offer fine spatial filtering,
maintain suppressed interference, as well as provide reconfigurable radiation and
polarizaion properties. Since the signals fed with the Beam Forming Network
(BFN) are modified by actual loading, mutual coupling and edge dfects, most of the
experimental investigations into the performance of the array must rely on the data
aqquired with arrays assembled to a degreewhich enables normal operation. It does
not infer that tests with partitioned arrays become obsolete, but put them into
a proper context due to their incompl eteness.

There are several major fadors which emphasize demands on the precision of
beamforming:

* precise focusing of the radiation towards the receiver or target,

« rea-time alaptive shaping of the radiation pattern,

» mutlibeam radiation patterns,

» multi band operation spanned upto several frequency ranges,

 good coverage with low interference produced outside the served area.

Some of the alvanced integrated arrays ould have the cgability of failure compen-
sation without disrupting the operation of the antenna and without off-schedule
servicing.
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Owing to structural integrity it shoud be expeded that highly integrated techndogy
will be afavorable solution for antennas embedded into construction of moveable
platforms (airplanes, ships or vehicles). The increasingy frequent use of information
technology with core functions assgned to wireless communication is another facor
enhancing interest in such arrays and in digital beamforming. However, it is typica of
such antennas that much of the computational power must be used to maintain con
tinuous calibration of the aray. As a matter of fact, emerging antennas suffer from
insufficient or inconsistent definitions of their parameters.

2.2. Technology of high-scale arr ay integration invented
in the framework of the author’s research

The author’s gudies of lightweight arrays date badk to the end d the 198Gs. Ini-
tidly, his reseach concentrated on fixed bean arrays only, bu in a short time the
work extended onto moderate gain phaesed arrays, and the author’s efforts to minimize
the losses in the BFN became atop giority. Sedions of Chapters 2 and 3 pesent
the outline of the reseach accomplished; more details can be found in the referred
literature.

The technology invented in the framework of the author’s research was applied to
planar and conformal antennas. Several lightweight material concepts were thoroughly
analyzed, bu the aithor’s interest concentrated primarily on the compasites used in
aeospace industry. The stability of antenna modues properties within a wide tem-
perature range raised primary interest. Two important technological concepts devel-
oped in the wurse of the author studies are presented in Figure 2.1. A phaograph o
the basic antenna panel made acording to the implemented horeycomb technology is
shown in Figure 2.1b.Anillustration o how the techndogy applies to conformal ar-
ray panelsisin Figure 2.2. With this technology, numerous antenna elements and su-
barrays were designed for different frequency ranges (800 to 2500MHz) (Kabadk
et a. 1999). Figure 2.3 shows the calculated and measured return loss characteristics
for the antenna element developed entirely in the honeycomb techndogy, where dl
RF parts were made in the form of printed circuits on dielectric skins (the antenna core
being 25mm thick). The dement is dua poarized and is to operate in the 890 to
960MHz frequency range (Kabacik, Biatkowski 1998d). Two elements were manu-
factured in one piece of composite panel. The simulations were performed for an infi-
nite groundwith the Ensemble (Ansoft web page). The dua-polarized patch element
was fed with through slot couged microstrip line (the same @mncept asit is depicted in
Figure 4.2). The difference between impedance match measured at orthogonal ports of
the elements is primarily due to short length of microstrip feading lines (connedors at
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the alge of aground pate). Ancther factor is a rectangular shape of the ground plate.

Radome skin

Prepreg

Honeycomb core
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(b)

Fig. 2.1. Two forms of lightweight temperature resistant antenna modules developed in the wurse of
the author’s gudies: (a) composite antennainvolving quartz-fiber composite material and (b) threelayer
antenna panel manufadured in the lightweight compasite technology (Kabadk et al. 2000b).
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Fig. 2.2. Generic aosssedion d the pand structure of the gylindricd array (Kabadk et al. 20014).
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Fig. 2.3. Calculated and measured return losscharaderistics of a dual-polarized GSM900
(890960 MHz) antenna dement made entirely of honeycomb composites
and microwave laminates (Kabacik, Biatkowski 1998d).

As two square dements were integrated into one panel, a ratio between lengths of
the ground sides was 2:1. The measured plots reconstruct the clculated results with
moderate accuracy — major features such as impedance bandwidth are on a good
agreament. The most remarkable discrepancies are in terms of the best return loss
however for al measured cases the best values are below 20 dB. In such type of an-
tennas, use is made of bording films and compaosite @res with inhamogeneous physicd
and electricd properties. Initialy, the cnsequences of such inhamogeneity were under-
estimated by the aithor, but with the progressof his reseach the problem receved the
atentionit redly deserved (the problemis remarkable at the antenna dement level).



Chapter 2. Highly integrated lightweight antenna arrays 25

Honeycomb compasites feature ansists of many identical cdls in their cores.
Therefore, it is useful to investigate potential applications of the material in Photonic
BandGap (PBG) structures. The PBG structure involves periodic dielectrics (rods,
slabs, corrugations, etc.) which function as an substrate of the antenna or other micro-
wave drcuits. PBG structures can interact with eledromagnetic waves in one or two
dimensions. They make possble to control over propagation of €l ectromagnetic waves
to an extent that was not posshble before. One of the important effeds attributed to the
PBG structures is frequency selective dtenuation o surface waves (in such a way we
can prevent scan bindrnessin arrays featuring wide beam scanning or suppressmutual
coupings between dements). Preferred applications are at millimeter range (most
often at 30 to 60 GHz) and submil limeter waves. These frequencies were beyond ou
interest — antennas at our studies were considered for frequencies up to 12 GHz.

Periodicity in the PBG is usualy along one or two diredions, but hexagonal hon-
eycomb materials feature three mgjor diredions of periodicity. Typicaly, a width of
periodic dieledric parts is comparable with adjacent air gaps (it is easy to ensure
above 20 GHZz). However, horeycomb cores used in aur antennas (HRH-10 d Hexcdl)
have thin walls made of homex and spacious air cells, so ratio between dielectric and
air gap thickness is unfavorable, minimizing influence of dielectrics. | have not much
experience with the PBG materias, but my feding is that due to the thin thickness of
didectric walls any effect which may be atributed to the PBG structure is hardly to
observe at 1 or 2 GHz. Furthermore, the PBG structures require remarkable large
groundarea extended ouside the dements. In ou antennas, the ground tad to be trun-
cated outside element outlines with little margin.

The numerical analysis $ould provide agoodinsight into the PBG phenomenonin
our antennas. The two methods are most frequently used in the PBG analysis. Plane
wave expansion (or spherical wave expansion) and the Transfer Matrix Method. How-
ever, they have not been investigated in our studies yet. Nevertheless | think that in
order to utilizes the PBG effects, specia types of honeycomb cores sould be devel-
oped (we had small experiences with polyurethane ares).

Ancther important issue pushing aside any effects which might be related to the
PBG was sgnificant influence of bording layers on eledrical propertiesin ou anten-
nas. Our research carried out on antenna arrays manufadured of honeycomb compos-
ites was concentrated on achieving repeaable properties and low losss. It was not
easy, as bording layers were modified and bading thicknesswas hard to predict after
curing (then thicknessof abondng film becane noruniform, thus making any predic-
tion less accurate). Furthermore, the dedrical properties of bonding layers such as
dissipation factor and dieledric constant were not provided by their manufacturers.
Unfortunately, they were hard to measure.

Asauring alow losstransmisson d the microwave signals within an integrated array
of a ommpasite structure is another challenging task (Kabadk et a. 199&). Mgjor diffi-
culties arise with the interlayer signal transmisson through the bridges inside the array.
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CONNECTOR

transmisgon line mncept

Fig. 2.4. Interconneding microwave transmisson line printed onthe membrane
(thin dieledric film) invented in the curse of our studies
(Kabadk et al. 1998e; Kabadk et a. 2000d).
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The ar gaps required above the microstrip circuits or the spatial arrangement of the
moduar componrents accounts for the elongation d the bridges. However, their length
takes inconvenient values for the passing of microwave signas. In ou reseach we
propacsed and implemented vertical signal transmission through quesi co-planar lines
printed on a membrane in the form of aflexible dielectric film (Kabadk et a. 2000d).
The generic concept is described pictorialy in Figure 2.4. Conceptua studies on the
prototype membranes aimed at finding such a aonfiguration d the printed line and the
ground that would feature a favorable geometry and dmensioning. These require-
ments include awidth of the line closeto 2.5mmfor Zo= 50 olm, and awidth for any
slot no rerrower than 0.5 mm (due to the tolerances in typical photoetching). For these
reasons, the transmisson line has been placed above the wide slot in the ground It is
of prime importancethat the metal cladding onthe membrane side (top and bottom) be
arranged consistently with the metal of the printed circuits on the laminates to which
the interconnecting line has been soldered. The experimental studies wereto verify the
performance of the invented transmisgon line for several most likely arrangements of
the drcuit ports. It was promising that the return loss was aways better than 22 dB
and the measured impedance match varied slightly with the membrane profile shape.
Figure 2.5 presents the measured insertion losses for a membrane in a wide fre-
guency range. The black line shows the measured values for the stretched membrane
and the light line provides the measured values for a U-folded line (frequently en-
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Fig. 2.5. Measured insertion losses of the interconneding line printed on a membrane
(green line — membrane U-shaped, blad line — membrane stretched)
(Kabadk et a. 2000d).
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courtered in engineering). Note that the insertion losses increase with frequency and
are little dfected by the actual membrane bending. The transmisson losses of the
60 mm long membrane were measured and compared with the reference microstrip line
made on a laminate. The losses of the reference microgtrip line printed ona 60mils
thick GML 100 laminate anourted to 014 dB at 1.6 GHz and were not much lower
than those of the membrane (the provided loss data of the reference laminate do nat
include losses of discontinuity at the right angle wnnectors or microstrip ports).

2.3. Conformal integrated antennas

One of the most important innovations in modern antenna technology is the intro-
duction d the conformal antenna design to many appli cations (Conformal 2001). The
term conformal antenna is used to denote an antenna which conforms to the shape of
the objed on which it is attached (takes the form of non-planar surfaces for reasons
other than electromagnetism). Later, the term conformal evolved to include antennas
which are nonplanar due to the bean forming requirements. Apart from other
applications, conformal antennas can be used in mobile alular base stations, as well
as automotive and aerospace industries, and communication terminals. It is a genera
consensus that the aperture antennas utilized in these systems houd be manufactured
in alightweight, highly integrated techndogy. The microstrip tedhnology seems to be
well suited for the conformal antenna structures.

Of the mnformal antennas, cylindrical arrays have attracted the greaest attention
so far (Loffler eta. 1999. There ae three mgor reasons why cylindricd antennas
have beame so popllar:

* thefull anglefield of view,

* radiation pattern properties almost independent of azimuth panting (omni),

« a smaler number of comporents than in an equivalent system of planar arrays

providing full angle coverage in azimuth.

The full field of view in the aimuth plane makes application o cylindrical arrays
to oudoor base stations particularly advantageous. The most recent demand for cylin-
drical array antennas includes the Wideband Code Division Multiple Access ystems
(UMTS or CDMA 2000. In ou reseach, alot of attention has been given to the de-
sign o cylindrical e ement apertures for base stations servicing 3rd generation systems
(18502200 MHz). A preliminary model of the modue was manufactured and tested
(Kabacik, Biatkowski 2001d). The antenna elements consisted of a multilayer struc-
ture combining honeycomb composites and microwave laminates with printed circuits.
The basic segment comprised four elements and is $own in Figure 2.6. However, the
cylindrical array consists of many such o similar segments. A fully developed cylin-
der row may comprise 19 patches along the o/linder perimeter. The square patches are
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probe-fed. The aray has the form of a 680 mm diameter cylinder, what is equivalent
to 4.2and 5.0wavelengths at 1850and 2200MHz, respedively. Center frequency was
2050MHz and the dement spadng was 0.7A,. The number of rows depends on the
required elevation radiation pattern.

Numerous applicdions in the field of terminal antennas are presently expeded to
fit curved surfaces, so that they can be flush mounted on a plane, ship o vehicle body.
Good examples are the airborne terminals of the Inmarsat system. Having their up-
links and downlinks all ocated in the upper L-band, the antennas that operate with the
voice services of the Inmarsat system nmust have & least a 20 dBi gain, this corre-
sponds to apertures which are more than half a meter in size. We developed adesign
of atermina antenna which is formed with a ¢/lindricd profile (Bem, Kabacik 1995
Kabadk et al. 20QLa). The ground pane is a section d a ¢/linder (340 mm radius).
The antenna has 32 elements arranged in eight rows. Its outline goproaches 850 mm
and 420 mm in length and width, respectively. The overall height of the aatenna is
105mm, of these 75 mm are munted by the cylindrical profile. The aitenna dements
and the feeding network are 30 mm thick. The elements which constitute the basic
panel (four-element row) are excited with the equal power. The eight rows are fed
with a nontuniform amplitude (30 dB modified Taylor) and phese distribution be-
tween these rows is e ectronicall y controlled with 22.5° steps.

The view of the developed antenna panel is presented in Figure 2.7. Since the sys-
tem operates with circularly polarized waves, two orthogonal ports at each element are
fed with signals in the quadrature phase. The directional coupler is responsible for
feading the orthogonal ports of the elements, so it must have an excellent phase char-
aderistic (90°), a balanced power split, a small size and athin profile (Kabadk et a.
2000B. In the murse of our investigations, the best results were obtained with three-
strip directional couplers made on pdyimide films (about 50 um thick). More details
can befound elsewhere (Sachse, Sawicki 1999).

The measured return loss of the antenna dement is plotted in Figure 2.8. The reso-
nances measured at the dement ports (without the directional coupler) are alocated
close to the center frequency of the system band (1595 MHz). The measured and cal-
culated bandwidths are in good agreement. Anacther plot included in Figure 2.8 shows
the return losscharacteristics measured at the input port of the antenna dement which
isintegrated with the directional coupler needed to generate circular polarization. Ow-
ing to the goodisolation maintained by the directional couder, the cmmbined element
and coupler characteristic has also awide bandwidth, but the best matching falls out of
the Inmar sat frequency range.

As it can be seen from the radiation pettern plot in Figure 2.9, the main beam of
the four-element antenna subarray is wide. The main beams of the conformal and ref-
erence planar subarray models (made with the same dement dimensions and array
spacing) are similar only within the center sector of the main beam. The standard
beanwidth measured at the 3dB level is 25° and 2° for the cnformal and planar
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Fig. 2.6. Four-element basic subarray segment operating in the WCDMA frequency range
designed and made within the author’s studies (Kabacik, Biatkowski 2001d).

top view

badk view

Fig. 2.7. Modd of the cmnforma subarray comprising four antenna elements for
operation in the Inmarsat system (Kabadk 2001c).
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Fig. 2.8. Measured return lossof one center antenna dement at the four-element panel, with
and without the diredional coupler (which was resporsible for the generation o circular polarization).

subarray, respectively. With greaer angles, the differences become considerable. It is
important that the first nulls in the radiation pattern of the conformal subarray are
pointed 65 to 70 off the broadside direction (compared to barely 26° in the planar
courterpart). The 10 dB width of the main beam approaches 90° in the mnformal
design, while in the planar subarray it amourtsto oy 37°. The mnformal design o the
terminal antenna provides valuable improvements in the radiation pettern shape — the
nulls in the radiation pattern are located much farther from the broadside direction
than they are in the planar array. This effect reduces the hazard of signal lossduring
maneuvers of the antenna platform. A seatbadk of the reduced diredivity in the con
formal array isnot additionall y deteriorated by greaer losses of the BFN.

As it can be seen in Figure 2.9, the radiation pattern exhibits ripples in the main

lobe. To eliminate their occurrence, the phase excitation in the gylindrica array must
be nonuniform even for a broadside beam. (Smoath bean slopes are achievable only
with a nonuniform phase distribution.) Therefore conformal antennas establi sh tougher
requirements for the diagnostic tedniques, as non-uniform phase distribution are to be
acarately synthesized in the aray.
To provide astrong power taper between the subarray panels, an origina bi-level 1:8
power distribution network was developed. One side of the highly integrated divider
model is srown in Figure 2.10. The most impressve is the wide operation d the inte-
grated powver divider. It makes use of two substrates (teflon-type 30 mil s laminates)
bounded back-to-bad on a cmmon ground pane. The microstrip lines are couped
through dots in the ground (Sawicki et al. 1998, Kabadk et al. 2000b). The ports of
the divider are on the same side of the @upler, but the microstrip lines are printed on
both substrates. In order to compensate the phase velocity within the cupling zones,
superstrate pieces of dieledrics are placed above the coupling slots.
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Fig. 2.9. Measured radiation pettern (level in dB) of the g/lindricd antenna panel
in the @ = 90° plane & 1595 MHz (for one panel of Inmarsat antenna) (Kabadk et a. 2001a).

Ancther vita application of conformal antennas includes arrays offering a broad
beam steaing for the payload data downloading from the spaceaaft. The extremely
high value of the remote sensing data and communication signal calls for interception
preventing measures. Among the weekest security issues are the broad beams of the
satellite antennas transmitting payload data. A narrow satellite beam is the principal
courtermeasure preventing the danger of interception. Owing to the requirement of
high data rates, the gain of the ground station antennas must be high and, at the same
time, the beans $roud be aaptively pointed towards the lawful earth station. As the
low-orbit satellite is flying over, the scan angle of the narrow-beam satellite antennas
must be large. In order to achieve abroad bean steering, the gerture of the space
borne aray must be conformal, when fully dedronic beam steering is to be ensured
(Martinet a. 2001).

Z-0aN0ANL

i

Fig. 2.10. Top-side view of the integrated 1:8 power divider
(the outline gproacdhes 850200 mm) (Sawicki et al. 1998; Sachse, Sawicki 1999).
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2.4. Antennas of future SAR radar

In order to obtain high resolution D images, spacéorne SAR radars with
ascanned bean are needed. An uravoidable feature of such radars is the polarimetric
cgpability in at least three bands (L, C and X) (Shafai 2000. The SAR technique is
also promising for ITS systems. In ore of the application the ISAR milli meter-wave
radar will be mourted in front of the vehicle and provide data on the situation in the
front of the driving car. The highly integrated lightweight arrays described in this
Chapter may be considered for SAR applications. The objective of atmospheric re-
mote sensing is to provide acomprehensive set of information onthe actual environ
ment of the Earth and on various forms of human adivity on the Earth. The discipline
isin front of its growing phase. Remote sensing combines expertise from dozens of
scientific fields. Observation d the Earth's surface is performed from airborne and
spaceborne passive and adive sensors, amongst which microwave and milli meter-
wave adive equipment turns to be most productive. Passive sensors are cgpable of
providing two-dimensional data, which are insufficient in advanced observations and
do ot suppat modern simulation techniques. That is why their use is expected to be
lessimportant in future. In order to improve the accuracy and resolution d weather
remote sensing analysis, it is necessary to adopt a three-dimensional data format. Only
in such away it is possbleto oltain along term and Hghly acarrate weather forecast
(Desnos 2000).



CHAPTER 3

MULTI-ELEMENT ANTENNA ARRAYSFEATURING
LOW-LOSSFEEDING SYSTEMS

3.1. Specifics of low-loss feeding systems

Research onlightweight antennas which feature alarge number of elements (and
therefore use of low-loss feeding systems is required) calls for evaluation methods
suitable for handling densely padked arrays. This Chapter outlines ome of the recant
developments in arrays incorporating low-loss feading systems which raise serious
padkaging problems. Owing to their low to moderate manufaduring costs, arrays with
low-loss feeding systems are expeded to be gplied within mass markets. Thus, the
diagnostic methods must be quick and easy to handle under production line condi-
tions. A fundamental issue is how to maintain the tough tolerances of power distribu-
tion when large numbers of comporents are involved. In low-loss feeding systems,
spatia power combining usually comprises precisely trimmed pasdve circuits or dis-
persed MM IC amplifiers. The propagation d e ectromagnetic energy inside dr struc-
tures features very low losses, thus the gplication of any method kased on this
principle raises interest in low-loss array feeding systems. A charaderistic of spatial
feeding techniguesis the lack of well defined ports and reference planes for measuring
purposes. Further problems arise when analyzing the phase distribution inside such
feeding circuits. It is therefore no surprise that antenna designers try to explore any
form of symmetry (e.g. axial) as a guarantee of the digned phase distribution. For
experimental studies it is imperative to use methods where the amplitude and phase
values are derived onthe given spot of the array aperture. In this context, near field
datagain in importance

3.2. Radial line planar antennas

Many terrestrial and satellite communicdion systems require microwave planar
antennas with a 30 dB or higher gain, which is very difficult to achieve using an array
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with a mnventional circuit-type feeding network (e.g., a printed line crporate di-
vider/combiner network). This difficulty is due to the excessve losses generated by
the long microstrip transmisgon li nes and multiple power combining steps which form
the feeding circuit (Kabacik 1995. A lossin feeding by abou 4-5B makes the radia-
tor inefficient. This problem further aggravates at upper microwave and millimeter
frequencies (at the Ku-band). To overcome the problems of conduction losses in the
circuit-type divider/combiner, a feeding structure in the form of a radial guide has
been proposed and investigated by various researchers (Ando et a. 1985 Andoet al.
1988.

A radial guide with a central coaxial probe has been proposed as the feeding
network for an array of slots located in the upper wall of aradial guide. This type of
antenna, known as a radia line slot array (RLSA) antenna, has been succesdully
developed to receive DBS TV programs in Japan (Hirokawa et al. 1996). Another
radial line planar antenna makes use of a radial guide including a central coaxial
probe and a large number of peripheral probes arranged in concentric drcles. Two
parallel plates form the feeding network for an array with a airl, helix or microstrip
patch as the radiating element (placed above the top plate of the waveguide struc-
ture). In the course of our studies we @ncentrated on such a type of planar radial
antennas (Biatkowski, Kabacik 2001). As it can be seen in Figure 3.1, the array
comprises two circular plates and a large number of elements fed with short probes
penetrating ‘through hole’ the radial waveguide structure & their open ends. To pre-
vent propagation o waves which are non-uniform with resped to the guide height,
the height of the radial guide has to be set smaller than a half waveguide wave-
length. For that antenna, the usual design goa is to achieve aloss-free, uniform
(amplitude and phase) aperture il lumination. When adiieved, the il lumination all ows
each element of the array radiating in-phase the same anount of power. To achieve
such illumination it is necessary to differentiate alength of the coupling probes be-
tween elements.

Crucial to the described design procedure is the avail ability of an electromagnetic
model for the aoupling probesin aradia guide. An approximate model describes only
the interactions between the central probe and the probe under consideration. In the
presented studies, a radia transmisson line model has been established to oltain an
acarate design of aradia line planar antenna which takes into acourt el edromagnetic
interactions between all the probes. In order to prevent the occurrence of grating lobes,
the spacing between the elements (probes) must be sufficiently small, which increase
the mutual coupling. On the other hand, to neglect the evanescent wavesin the interac
tions between the rings, the spadng between the rings needs to be sufficiently large (a
guarter wavelength or more).

An acarrate modeling method for such feeding systems has been described by Bi-
alkowski and Kabacik (Biatkowski, Kabacik 2003). By assuming that there is no
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scattering and that the aupling probes gradually absorb the wave energy fed by the
central probe, the anplitudes of the excitation coefficients or the lengths of the probes
at an arbitrary tier can be determined. The model includes a cater feed probe and
acascade of P circular rings of coupling probes (Fig. 3.1). The probes are assumed to
be identical within one ring, but they may vary from one ring to another. Due to the
interactions of radial waves (incident, scattered and reflected) and the probes, voltages
Vi, Vo, ..., Vp are established across equivalent admittances YA;, YA, ..., YAs repre-
senting antenna elements in the rings. Asauming that ead antenna element sees an
identicd environment, these admittances can be made equal. Their values can be ob-
tained from measurements or simulations.

/ m 2Rci

COUPLING PROBES : RADIAL GUIDE

FEED PROBE

Fig. 3.1. Generic structure of the investigated radial li ne planar antenna
(Bialkowski, Kabacik 2001a; Biatkowski, Kabacik 2003).
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In arder to solve such a problem, a field matching method, similar to that described
in (Biatkowski, Varis 1993), for the radial guide structure of Fig. 3.1 is applied. Here,
the analysis is extended to the radial guide terminated at r = R, in an arbitrary wave
admittance YR, whil e the probes are |oaded in equivalent admittances YA;. It is assumed
that admittance YR, is experienced orly by the propagating TEM radia wave. Higher
order evanescent waves are asumed to see & infinite radial guide. The definition o
admittance YR, with regard to the TEM radial wave isintroduced as foll ows. By assum-
ing that for the propagating TEM radial wave the y-comporent of the dectric field E/(r)
and the @-comporent (azimuth pane) of the magnetic field are given by (3-1)

E, () =H? (kr)=Uod, kr)
H, 1) = [H kr) -Ug3, k) @1
0

where k is a wave number, j=+-1, H?, H®, J, and J; are Hankel and Bessel

functions of zero and 1™ order and U, is some kind d reflection coefficient, the wave
admittance YR, experienced by the TEM radia wave at r = R; isgiven by (3-2)

_ _ _ J H1(2) (kRz) -uU OJl(kRZ)
YR, =YR(r =R,) =—- 3-2
R R 2 RO (R,) Uyl (R,) (2

Due to the fact that YR(r = R;) used in the iterative processis assumed known, the
coefficient Up shown in (3-1) can be determined and is given by (3-3)

_YRr = R)HE (kR,) = X, H{? (kR,)

Do YR(r = Rz)Jo(kRz)_ XoJl(kRz)

(3-3)

where Xo = j/Z,.

By using the aove result the following expressions for the y-comporent of the
electric field in the vicinity of the central probe, the peripheral probes and at the radial
pasitions r =R, and r = R, are obtained when the axially symmetric TEM wave is
terminated at admittance YR(r = Ry) at r = R..

For the region close to the centra probe r = R, (radius of adisc at the inner end of

the central probe, which is used to improve operationa bandwidth)
AP (0)-U, 310 Jeoslk,hy)

00
‘EOn

E,(rUR)= ) B

m (3-4)
+M Z%C [HO (17)-U,36(0)] 3o(r oo,y

Iy is a distance between the paint of observation and a center of the radial line planar
antenna.
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For the region close to the peripheral prober;= R. (radius of adisc a the inner end
of peripheral probes)

Ey(rl DRC) = Z%A’I[H(()Z) (rnro)_un‘]O(rnro)]cos(kyny)‘]o(rnrl)
35
. 0 gon C M H (2) (r 2 |:| (2) a ( )
=~ *~n 0 nrml)_MUn‘]O(rnrO)D‘]O(rnrl) + HO (rnrl)lzpos(kyny)

Z B 4 O B

where { A} and{C,} are expansion coefficientsfor the field external to the g/lindricd
regions containing the central and the peripheral probes, and "> =k — (nn/B) °.

The first summation term in (3-4) and (3-5) represents the cntribution from the
central probe while the second term represents the contribution from the peripheral
probes. During cdculations infinite series in (3-4) and (3-5) are truncated. Ten to
twenty terms are sufficient to produce acurate results for typicd probesin a radial
waveguide. Coefficients U,, appearing in (3-4) and (3-5) are given as follows. For
n=0 coefficient U,=U,, as defined by (3-3). For n>0, U, is asaumed to be zero
meaning that higher order radia waves produced by the cantral and peripheral probes
have anegligible magnitude & r = R, andthus they are neglected.

The expressons (3-4) and (3-5) describe the dedromagnetic interadions between the
rings of periphera probes, the cetral probe and the probes locaed in region r > R, only
via the propagating axialy symmetric TEM radia waves. However, the interadions be-
tween the probes within the ring are acourted for by bah propagating and evanescent
radia waves. The @rrespondng @-comporents of the magnetic field at locaionsr =R,
andr; = R, are obtained by using the relationships, which are valid for the y harmonicsin
apadld-plate radia guide. Asauming that the field expansion coefficients { A} and{C.}
are known, the y-comporents of the dedric field o the propagating TEM radid waves at
r =R, andr = Ryare given by the foll owing expressons.

Atr =Ry

Eyrem(r =Ry = % = % [H (()2) (le)_UoJo(kRJ]

+M %0 [H (ko) U300 36 (R) (3-6)
Atr =R

EyTEM (r=R)= % = % [H éz) (kRz) -u oJo(kRz)]

(37)
M 2 [HE (Re)-UoJo (R 3, 0)

The voltage transmisgon coefficient VR,/VR; betweenr = R, andr = Ry isgiven by
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VR, _ Eyrem (r = Ry)

(3-8)
VR, Eyen(r=R)
Thewave amittance YR, = YR(r = R)) at r = Ry (ring 1) is determined as
H e (f =R
YR,=YR(r = R) = —2TEM (39
' Eyremr = Ry
where Ey ey (r =Ry) isgiven by (3-6) and Horew by (3-10)
Horem(r =R) = % é’.%[Hfz) (kR1)_U0J1(kR1)]
0 (3-10)

C O
#M 2 {HE ;) -3 o) (R
Without going into details of a number of mathematical conversions, the field ex-

pansion coefficients Aqg. and Cqy_ for the case when the periphera probes are termi-
nated in admittance Y, = YA, are

A = AV =1, =0) - A =0 =
Y+ZY1.
CoMo =0Vs =1)Ypo
M

Y, + ZYL- (3-11)

CoL =Co(Mo =1V, =0) -

The above expressions can be used to determine VR,/VR; and YR, = YR(r = R;) ((3-8)
and (3-9)).

To complete the analysis, the voltage ratio Vi/VR; also has to be determined. The
voltage ratio V1/VR; does not depend on presence or absence of intermediate rings and
thus it is more cnvenient to use. For configuration involving one ring of coupling
probes excited by the center feed probe, this voltage ratio is determined by cdculating
VR; using (3-6) under condition (3-11) andis given bythe following expresson (3-12)

M ViVo M [ R)-U, o (R
Y, + ZYlI (312

+ MCoy [HE (ko) ~U o0 (kto )] 3o (R}
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The @ove procedure demonstrated for ring 1 is repeded for dl the remaining rings
and leads to oltaining a full set of voltage ratios {V1/VR,, V2/VR,, ..., V,/VR;}. Having
determined ratios V,/ VR, for p= 2, ..., P, and by using adua values of VR, obtained for
the cacade of rings, voltages {V,} can be caculated using the following formula
Vo=VR,(VJ/VRy), p=2,...,P. The derived expressions for the fields, voltages and
admittances complete the processof anayzing the radia li ne planar antenna feed network.

A comparison between the full electromagnetic model and the gproximate model
for the magnitude of the reflection coefficient for the two spacings of the cavity wall
RD is presented in Figure 3.2. Even though a wall produces a strong reflection of the
incident wave, it can be seen that the differences arein the range of less than 0.05.

Having determined probes excitation voltages {V,} or couding coefficients {V,/Vo},
the radiation pettern of the array formed by P rings positioned at radial locations {ro.}
can be determined. Asauming that mutual cougings between the aray elements are
small and that the dements are @m-pdarized, the field radiation pattern can be obtained
using the pattern multiplication grinciple gplicableto circular arrays, as given by

Mp

FO,p) =1(6,p) ivp Zexp{j k[rop Sin cosfp—mA (pp)]} (3-13
=

m=.

where f(6, @ is the field radiation pattern of a single element and M,, A¢, dencte
anumber of elements and an angular spacing in the p-th ring and V, is the voltage
excitation coefficient for this ring.

Figure 3.3 shows the calculated array factor of a certain radial li ne planar antenna
as a function d the devation angle 8 (6= 0° represents normal diredion to the an-
tenna aperture). The aitenna onsisted of 90 elements arranged in five rings and gen-
erated linear polarization (Biatkowski, Kabacik 2003).

3.3. Spatial solid-state power combining

The spacelevel combiners of solid-state power and low-noise anplifiers are of
particular interest to the development of future millimeter-wave communicaion sys-
tems. Becaiuse of a gradual congestion at lower microwave frequencies, many future
wireless communicaion systems will migrate to upper microwave and mill imeter-
wave frequencies. With such high frequencies, the ommunication systems are limited
by the link budget (propagation losses takes a form 22+ 20log(R/A) [dB]). As the
range of the serviceareais small and the wavelength is short, the gplication of cylin-
drical antenna systems (or spherical ones) iswell suited bah indoor and autdoor. Such
systems are likely to be preferred in high-rate data transmisson in the so-cdled ‘air-
bursts’. The author investigated the space-level combining of solid-state sources at
millimeter frequencies in cylindrical antennas (Kabacik, Biatkowski 2001d).
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Fig. 3.2. Simulated input refledion coefficient for the radial cavity with ore cantral probe
and 20 peripheral probes: O thefull eledromagnetic model and — (- the simplified model.
Two locdions of the cavity perimeter wall RD = 37 mmand RD =39 mm
(Biatkowski, Kabacik 2003).
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Fig. 3.3. Computed array fador for five-ring radial-li ne planar waveguide aray
at five frequencies: 11.8, 11.9, 12.0, 121 and 122 GHz
(Biatkowski, Kabacik 2003).
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In order to avoid excessvely large bias voltages, which are required when traveling
wave tube (TWT) amplifiers are anployed, future millimeter-wave base station trans-
mitters will i ncorporate solid-state oscill ators and amplifiers. Solid-state devices are
lumped in form, their dimensions being only a tiny fradion d the operational wave-
length. As the generated power depends on the size of the solid-state devices, the re-
quirement for asmall size to wavelength ratio is one of the fadors that acourt for their
limited power cgpability at milli meter-wave frequencies. In order to achieve power lev-
els slitable for a proper operation of future milli meter-wave wireless gstems, individual
active stages have to be combined in clusters (Biatkowski et a. 2001B).

In general, spacelevel combiners make use of tile or tray configurations to ac-
commodate the active stages. Most of our attention has been given to space-level
power combiners that use transmit-type tile mnfigurations of patches. The reason for
this chaice is that these configurations are very cornvenient for integrating a large
number of active stages with antennas made by monolithic manufacturing techniques.
Since patch antennas radiate only on me side of the ground plane, two badk-to-badk
tile arays with a coupling arrangement between the two oppaite sides are required to
receive and transmit signals. Small holes or dlots in the groundplane an be used for
couping purposes. With such arrangement, the inner side of the tile array can receive
asigna and pess it to the adive stage. Following the amplification stage, the signal
can be delivered to the outer antenna for re-transmisson. The development of MMICs
on aganic substrates enable the use of flexible matrixes of MM IC circuits.

Apart from power combining structures which rely on danar active aitennas, the ar-
thor studied a cylindricd array with an ill uminating (feeding) system along the symme-
try axis of the cylinder. The generic concept of the structure is depicted in Figure 3.4.
The diameter of the g/linder is most likely to fall within 2 to 6 wavelengths. A grea
advantage of the g/lindricd surfaceis the mnstant propagation loss and plese off set
between the illuminating elements and the adive stages. A customized ill uminating
system — difficult to design — is required to produce atapered amplitude distribution
along the aid diredion (needed for vertical beam shaping).

An interesting emerging method which decreases the transmitting power makes
use of the Ultra Wide Band (UWB) moduation method at microwave frequencies
(Aiello, Rogerson, 20@). This methodinvolves the so-cdled time domain moduation
and produces sgnals which have & least 25% bandwidth at a relatively low center
frequency (UWB, Ultra-wideband Laboratory web page). When the transmitting
power is decreased by two o more orders, the requirements made on the axtenna
bandwidth are difficult to fulfil with active anplifiers. Furthermore, the antenna phase
response over the operational band must be investigated (which is ancther new chal-
lenge to antenna engineering). In case of UWB pulses the instantaneous bandwidth is
very large and antenna dfects are extremely important. It turns out that the paradigm
the transmit and receive antenna is equal in the frequency domain, is not any longer
valid in time domain (Sarkar, Salzar-Palma 2003. Consequently, the transmit and
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Fig. 3.4. Cylindricd array with a central ill uminating system
(Kabacik, Biatkowski 2001d).
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recive waveforms produced by the antenna are not equal in the case of very short
pulses (the transmit waveform is related to the second derivative of the transient cur-
rent in the antenna, while the received open-circuit voltage is approximately the de-
rivative of incident field on the antenna).

3.4. Inflatablelightweight arrays

Contemporary mobil e satellite mmmunication systems can not compete with ter-
restrial systems in terms of price and performance (shadowing, constrained indoa
penetration, etc.). Apparently small terminals are anong the prerequisites to gain wide
acceptance by the users. Small terminals must incorporate small antennas which fea
ture alow gain. For this reason, a greaer part of the link budget must be transferred to
the satellite segment. To accomplish this goal, consideration is given to spaceborne
antennas as large & %vera dozen meters (up to 60 meters). The focus is oninflatable
arrays made of severad membranes which support the printed circuits (Huang 2001).
After having been put into space, the structureis inflated with gas from a tank.

The measurement of the antennaraises srioustrouble. Firstly, the antennais ladk-
ing afirm structural support. The result is that, after deployment on the earth, gravita-
tional forces noticeably affed the geometry of the antenna (even though the weight of
the membranes is very low). Parabdlic flights are too short too suffice for structural
experiments with such antennas. Secondy, the antenna is large and obviously bulky
for testing. Since the antenna has a high gain and large dimensions, the near-field
scanning must provide avery large scanning aperture and reserve the same direction
of the gravitational forcesin the course of measurements.

In space @vironment (eath orbits), antennas must sustain temperatures as high as
+100°C to +160°C on their sun facing side (exact temperature depends on surface
color, thermal conductivity within the structure, etc). On a shadow side or during
edipse phases, antennas must sustain temperatures as low as —100°C to —150°C.
Good hea convedion between a spacecraft and the antenna dlow to avoid large tem-
perature extremes. Anyway, temperature gradient may exceeds 200 °C or even 300 °C
between sun facing and shadow side of antennas. When antenna is fixed to awall of
a spacecraft the gradient is much smaller. To reduce thermal gradient, athermal pro-
tection layer under the antenna is used. Multilayer thermal blankets consisting of
around 20layers which are bonded in a 1 mm thick flexible panel are extremely im-
portant for good thermal protection d spaceborne antennas. The author believes such
thermal blankets can beincorporated into inflatable antennas and ganar antennas (as it
is done with solar panels). However, large antennas still cause mgjor problem in space
technology.



CHAPTER 4

TEMPERATURE-DEPENDENCE OF MICROSTRIP
ANTENNA PERFORMANCE

4.1. Introduction

In the technology of lightweight and integrated arrays, extensive use is made of di-
electric materias to produce the array elements and the BFN subcomporents. How-
ever, the actual electricd parameters of the substrates may differ from those included
in the manufacturers’ specifications. Microstrip antenna designers generaly rely on
what the manufacturers say, athouwgh such specifications refer to standard environ
mental conditions only, negleding a number of factors that are of prime importanceto
an acarate evaluation a design of antenna arays. One such fador is the temperature-
dependence of the materials, particularly when they are to be used in highly integrated
structures (Kabacik, Biatkowski 1998c).

In his gudies of the diagnostics of antenna arrays, the auithor addressed the prob-
lem of how accurately the electrical properties of the material have to be determined.
Samples of many microwave substrates were measured in a specidized laboratory for
didectric analysis. The measurements yielded characteristics of the dielectric constant
and dssipation factor for temperature ranges equivalent to those occurring in the ma-
jority of airborne applications. Electricd performance and temperature-dependence
were simulated for a variety of microstrip antennas (Kabacik, Biatkowski 1999a). The
results suggest that the dtribution d the discrepancies between the design and adua
properties to the inacairacies of numericd analysis and geometry alone is not always
justified (Kabacik et al. 2000c). One of the main reasons for the occurrence of such
discrepanciesliesin negleding athorough analysis of the material characteristics.

Of the various materials used in microstrip technology, teflon, ceramic and pdy-
styrene laminates, dieledric foams, pdyimide films, kevlar-type printed bcards and
honeycomb compasites have found g@rticularly wide accetance In the wurse of our
diagnostic studies, we examined teflon-based |laminates, ceramic-based laminates and
guartz-fiber compasite substrates. Using a precisely controlled laboratory setup, we
oltained accurate temperature characteristics with different substrates offered by ma-
jor manufadurers (Rogers, 3M-Arlon, Taconic, CuFlon, GIL). On the basis of these
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laboratory data, the substrates were divided into four categories according to their
didlectric constant values and temperature dependence. We clled these categories A,
B, C & D andthey are discussed in Section 43 and 44.

4.2. Temperature-related problemsin integrated arrays

Only in some goplications microstrip and other printed antennas, are to operate in
an environment which is close to what is defined as standard conditions. In most ap-
plicaions, integrated antenna arrays are to work in harsh environments characterized
primarily by temperature and humidity variations. Large-scae integrated microwave
arrays are further thermally affected by the aljacent eledronic active stages. In space
borne arays, there ae additional constraints affecting hea dispersion.

In the murse of our study we foundthat two major problems had not been clearly
addressd in the antenna literature: the temperature-dependence of the dectricd pa-
rameters of the substrates and the discrepancies between actual values and those
quoted in the manufacturers’ specifications (Kabacik, Biatkowski 1998c). These
aspects are evidenced by the ammmon pradices regarding the design and development
of patch antennas where these problems are marginali zed or even neglected.

In atypicd approach to the design of microstrip antennas, the values of the dielec-
tric constant and disspation fador are assumed as they are quaed in the data sheds.
There, the didedric constant value (&) is generally alowed a certain tolerance range,
whil e the dissipation fador (tand) takes the highest posshle value. The manufadurers
usually emphasize the frequency-dependence and regled the temperature drift of the
material. Rarely do the data sheds provide the thermal coefficient of &, which is of lim-
ited vaidity (e.g.for 0 °C to +100°C). It is often the gproximate nature of the theoreti-
cd models or the CAD tods used in the design process and the inacaragy of the
processes of model construction that are blamed for the discrepancies between the pre-
dicted and actual performances of the antenna elements. This judgment is misleading
when the adua dectricd and ptysicd substrate parameters deviate from those of the
data shed or when they are both temperature- and frequency-dependent. It must be
adknowledged that the dectricd parameters of dieledric materials are difficult to meas-
ure acarately with rolli ng sheds at the running manufaduring system. This may be one
of the reasons why the manufadurers data ae often incomplete or incorrect.

4.3. Effect of temperature on the microwave substrate properties

In the present study, substrate measurements were performed under the supervision
of Prof. Hubert Kolodziej at the Laboratory of Dielectrics and Structure of Organic
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Compounds, Chemistry Faculty of the Wroctaw Universty. The laboratory has well-
establi shed fadliti es providing high quelity measurements for solid and liquid materids.
The materia samples were disc-shaped and hed dameters of 8 mm and 6mm for low fre-
guencies and microwave frequencies, respedively. It should be pointed ou that the meas-
uring acaracy is sgnificantly aff eded by the quality of sample preparation. Owing to the
large frequency span (test frequencies, 800kHz, 1 MHz, 1 GHz and 10 GHz), two meas-
uring methods and threelaboratory setups had to be used. The measuring system was cdi-
brated wsing standard pdypropylene or pdystyrene samples of known parameters.
Regardlessof temperature, the acairacy of the measurements was quite good, with errors
claimed to be smadler than 1.8 and 3% for didedric constant and dsspation factor,
respedively. Materias displaying very low losses (less than 0.00) coud be measured
with a poaer acaragy of the tand. Because of the anisotropy of many substrates, the
measurement axis had to be dealy defined. In the presented andysis, the measurements
were performed only in the z plane that was oriented d ong the laminate thickness.

The gplied measurement method requires determination d sample thicknesswith
high acarracy. Typically, thickness measurements are made & a room temperature,
before inserting a sample into the microwave heal. Strictly saying, the sample thermal
expansion and dielectric constant thermal effect can not be separated. However, ther-
mal expansion can be negleded if the value of thermal expansionis little. When ther-
mal expansion coefficient value indicates, that thickness variations may become
important, it is necessary to either make thicknessmeasurements at both extreme tem-
peratures (for in-between temperatures interpolation shoud be sufficient). Another
approad is to recal culate thicknessvariations with the known thermal expansion coef-
ficient of the material along the z-axis (sample thickness).

The investigated substrates were divided into four categories, A, B, C and D, ac-
cording to the temperature-dependence of the dielectric constant. Categories A and B
included teflon-glassmicrowave laminates. The substrates of Category A were charac
terized by dielectric constants deaeasing with temperature, with an approximately
constant slope gradient. Only when a phase transition in glass occurred, the curve be-
came stegper over a narrow temperature subrange. Note that the phase transition phe-
nomenoninvolves changes in moleaular thermal mohility, which is associated with the
transformations of the amorphous phase of the materials, from a glassy (low-mobility)
to a rubbery (high-mohility) state. Phase transition in glass occurs between 20 and
30°C andis accompanied by avariation in the dielectric constant and dissipation fac
tor and by an increase in the thermal expansion coefficient.

Category B laminates were dharacterized by a dielectric constant with a gradient
value differing remarkably in at least two large temperature subranges of the dielectric
constant plot. Regardless of this effed, the laminates experienced phese transition. It
is worthwhile to mention that Category B laminates had deledric constant values
which were amost independent of temperature in the lower subrange and showed
a naticeable temperature dependencein the upper subrange.
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The microwave laminates were made of woven or dispersed dassfibers and tef-
lon fillers. Although there is a wide spectrum of glass types, only some of them,
namely those having low losses at microwave frequencies (e.g. pyrex), can be used
for the manufacture of microwave laminates. All of the laminates tested belonged
either to Category A or Category B. Thus, good representative examples of Category
A were Ultralam 2000 and CuClad 250 LX laminates, whereas good representative
examples of Category B were RT/duroid 5880 and TLX-8 laminates. Unfortunately,
it is impossible to classify a given laminate & A or B on the basis of data sheets,
because the latter neither provide sufficient information about the chemical compo-
sition d the glass or material structure nor include the & versus temperature plot.
Category C and Category D materials were made of ceramic and quartz-fiber com-
posites, respedively.

The complete measured temperature dharacteristics of the dielectric constant for
the laminates representing Category A, Category B and Category C are published
elsawhere (Kabacik 1995 Kabadk, Biatkowski 1999a). Figure 4.1 presents dielectric
constant and dissipation factor plots for one example of Category A and one example
of Category B laminate, respectively. In ore of the instances, the measured delectric
constant values for Category A material ranged from 2.82at —60 °C to 256 at +80 °C
(9.7% change). There was a noticedle phenomenon d glass phase transition, ob-
served at 23 °C. (The occurrence of phase transition has not been mentioned in the
manufadurers’ specifications.) For one of the materias representing Category B, the
measured delectric constant ranged from 2.46at —60 °C to 2.45at +20 °C and 227 at
+80 °C (this means 8% change within the upper 60 °C interval).

It was tempting to treat the problem by comparing the measured dielectric constant
charaderistics with the values specified by the manufacturers. The cmparison re-
veded considerable discrepancies. The measured frequency-related variations in the
didlectric constant (in the considered ranges) for these laminates were lessnoticesble
—the change in the dieledric constant, as a function of frequency, was lessthan 0.15%
for material A and less than 05% for material B. The measured disdpation factor val-
ues for these laminates were @ther much lower than the ones quoted in the manufac
turer’s spedfication a complied with the data sheets only over a limited temperature
range.

Category C materias were laminates with a uniformly dispersed ceramic filler in
ateflon matrix. Typica examples of this category are RT/duroid 6010and AR100Q
The measured delectric constant value for one of the Category C laminates was
changed by 6.9%. There was a negligible variation in the dielectric constant with fre-
guency in the range of —60 °C to +25 °C and a dlight variation with frequency in the
higher temperature range, reading a maximum of 0.8% at +80 °C. Only for tempera-
tures below +10 °C did the dissipation factor comply with the value quaed in the
specification. At high temperatures, the dissipation fador differed significantly from
the orne included in the data shed (it was 5.2times the value dted in the manufadurers
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specifications at +80 °C). The measured characteristics did not show any tempera-
ture-related hysteresis, as these changes were independent of sample cooling or
warming in the course of data recording.
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Fig. 4.1. Measured temperature tharaderistics of the dieledric constant
and disgpation factor for one Category A and ore Category B laminate

(Kabacik, Biatkowski 1999a).
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4.4. Performance of microstrip elements
over largetemperatureranges

With the measured electrical parameters of the substrates, it is possible to simulate
the impedance characteristics of various microstrip antenna dements exposed to large
temperature variations. In the present section, ou considerations are focused on
adual-feed, aperture-couded microstrip antenna, which was designed for operationin
the downlink of a personal satellite communicaion system. The downlink frequency
band adopted for the purpose of the study ranged between 2483.5 and 2500MHz
(16.5MHz bandwidth with center frequency fo = 2491.75MHz). The dual-feed was
to provide flexibility in polarization selection (horizontal, vertical, dual or circular).

A generic view of the investigated antenna is shown in Figure 4.2 The antenna
consists of threedifferent dielectric layers, a groundplane and printed circuits. On the
top surface there is a square metal patch. Two orthogonal coupling slots are dched in
the ground pane. On the bottom surfacethere is a microstrip feeding circuit compris-
ing two separately excited microstrip lines and some spaceleft for the directional cou-
pler printed onathin delectric piece. In al the investigated cases, the patch substrate
was chosen to be 3.18mm thick (125 mils). The microstrip line and the feeding circuit
substrate were 0.76 mm (30 mils) or 0.51 mm (20 mil s) thick. Between the patch sub-
strate and the ground pane there was a thin bording film (40 um). Note that in aero-
spacecomposite engineering the term ‘bondng layer’ is also referred to as prepreg. In
spite of being thin, the bonding film generally raises serious problems when estimat-
ing the average dielectric constant and dissipation factor of the integrated composite
panel. All circuits were printed on 17um (0.5 &) copper foils.

In the investigations presented here, attention was focused onthe return loss char-
aderistic (S;; and S) as afunction of frequency, and specifically on the temperature
drift of the center frequency, defined in terms of the best impedance match (expressed
by return loss). Although the isolation between the two patsis a key parameter in the
design of dua- or circularly pdarized antenna dements, its temperature dependence
did na seem to deserve particular consideration. The reason is that for the dual- or
circularly pdarized antenna, there exists a trade-off between the return loss and isola-
tion when broadband operation is required. In such a cse, the return loss has to be
deaeased in order to achieve high feed isolation and, consequently, an increased po-
larization bandwidth. Nevertheless in the cases investigated here, which had at the
center frequencies maximized return loss the isolation ketween the orthogonal ports
ranged between 9.5 and 16.7 dB and they were moderately sensitive to temperature.

Impedance simulations were caried out with the Ensemble software padkage (An-
soft). The software involves a full-wave method and is siitable for analyzing printed
antennas that are manufactured in stratified planar dielectrics (on infinite ground
planes and infinite substrates). During calculations, the frequency step was set to
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port 2

Fig. 4.2. Corfiguration of adual-feed patch antennawith through-slot coupled microstrip lines.
Metal cladding: 0.5 az (17.5 pm) thick copper. Port 1 and 2 are locaed
between branch coupler and coupling apertures.

2 MHz (with a few justified exceptions, when it was 1 MHZ). The calculated results
were slightly affeded by the grid size (e.g., the cdculated center frequency was
2508MHz and 2492MHz for a coarse grid and fine grid, respectively). In the present
analysis, a constant temperature aross the entire antenna structure was assumed. In
practice, the temperature distribution inside the antenna structure can be non-uniform,
which makes a rigorous analysis troublesome.

Antennaswith laminates A, B and C

We considered severa antenna designs. For clarity, ead antenna design urder
study was denoted by three letters. The notation reads as follows: the first letter (L or
P) indicates the source from which the dedricad parameters of the substrate were
taken (L = manufacturers' data, P = our measurements). The second letter stands for
the patch substrate category (A, B and D). The third letter denotes the cadegory of the
feading line substrate (A, B and C). The return loss charaderistics calculated for an
LBB antennais siown in Figure 4.3 (the patch and microstrip line substrates belonged
to substrate category B). The lowest Si; (S,) value was -52 B at f, = 2492MHz and
the 10 B return loss bandwidth was 108 MHz. It seamed interesting to recal culate the
return loss characteristics of the LBB antenna by making use of measured electricd
parameters of the laminate (and leaving aside the dimensioning of the LBB element).
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Plots (b), (c) and (d) in Figure 4.3 present the results of such calculations for three
temperatures, respectively. The plots of the antenna return loss for the measured
& values show a onsiderable shift downwards along the frequency axis. The center
frequency at +20 °C amounted to 2384 MHz (being by 108 MHz lower than the
design value). The 10 dB return loss bandwidth of the antenna was 97 MHz (which
was associated with the decrease in the minimum return loss value). If the center fre-
guency of an actual antenna falls below the design value, this may be an indication
that the actual dielectric constant value of the substrate has been greaer than the one
asuumed in the course of design. In ou tests, the measured values of the dieledric
constant were generaly higher than the nominal ones. When temperature varied
between —60°C and +80 °C the drift of the canter frequency amouned to 84MHz and
was veral times the required operational bandwidth. The results imply that the de-
signed LBB antenna will not cover the required frequency band over the considered
temperature range. We also examined how the presence of the prepreg affeded the
return loss characteristics. The influence of the prepreg was fourd to be very small
resulting in afrequency shift around 2MHz only.

Figures 4.4 and 4.5illustrate the calculated return loss characteristics for the PAA
antenna and the PBB antenna, respectively (please note that dimensions of the PBB
antenna differ from those of the LBB one). In bah designs, use was made of adual
electrical parameters, as obtained from the measurements at +20 °C. The center fre-
guency drift caused by temperature variations was —42 MHz (at —60 °C) and +62 MHz
(at +80 °C) for the PAA antenna, and -2 MHz (at —60 °C) and +88 MHz (at +80 °C)
for the PBB antenna. The antenna bandwidth approached 7% and broadened dlightly
with temperature. For the PBB antenna, the fo frequency drift was only 22 MHz in the
temperature range from —60 °C to about +40 °C. A mgor portion of the drift occurred
at temperatures above +40 °C (due to the temperature-dependence of the dielectric
constant in Category B substrates).

Since the use of the same substrates for the patch and for the feeding network
may na necessarily provide an optimum patch design, we aso studied antennas
involving a combination of teflon-based (A or B) and ceramic-based (C) laminates.
Figure 4.6 showsthe plot of the S;; values cdculated for the PAC antenna (material C,
0.51 mm thick). The center frequency offset due to temperature was —42 MHz
at —60 °C and +50 MHz at +80 °C with respect to the center frequency value at
+20 °C. The impedance bandwidth approached 110MHz and increased dlightly with
temperature. The PAC antenna design was the first to comply with the return loss
requirement (10 dB) over the specified frequency band and over the entire investi-
gated temperature range.
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Fig. 4.4. Calculated temperature dependence of returnSgsandsS,,) of PAA patch antenna
(both substrates were made of material A), designed with the use of
the measured material electrical parameters.
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Antennaswith material D

Summarizing the results obtained in the previous subsection, we can seethat the
use of glassreinforced teflon substrates may be unacceptable in applicaions where
the antennas are expaosed to large temperature variations. Hence, it is worthwhile to
look for materials with electrical properties lessvulnerable to temperature. Advanced
agospace composite materials are promising candidates for consideration. There are
two principa categories of such compasites, one based onhoneycomb fillers and the
other one based onfibers (glassor quartz). The major advantages of these materias
can be detailed as follows: low weight, very wide temperature range of operation,
goodeledrical parameters, weak temperature-dependence of eledrical parameters and
small thermal expansion coefficient. The inner volume of the honeycomb compasite
panelsis predominantly filled with air. The temperature-stable dr properties moderate
the temperature-dependence of the antennaimpedance characteristics. In ou study we
also considered compasites made of dispersedly bonded quartz fibers (Category D
substrates). The drawbacks of the material were fragility, moisture ésorption, and
troublesome depasition of condctive drcuits.

quartz-fiber-composite
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Fig. 4.7. Meaured eledricd parametersin awide temperature range of quartz-fiber
based composite (material D) (Kabadk, Biatkowski 1999a).

One of the Category D materials recommended for use in microstrip antennas is
the quartz-based composite, which consists of short quartz fibers bonded together (the
fibers are randamly oriented). The development of this material was originally stimu-
lated by the needs of thermal spacecraft engineering. The measured dielectric constant
and the dissipation factor for this materia are plotted in Figure 4.7 for test temperature
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ranging from —120°C to +160 °C (which isin compliance with the condtions of open
spaceborne goplicaions, but not in deep spaceor atmospheric re-entry flight). Com-
pared to the materials of Category A, B or C, the didectric constant value of the
Category D material varied only dightly: from 1.718at —120 °C to 1.645at +160 °C
(4.3%). The disspation factor turned out to be ultra low, varying from 0.00043 at
—120 °C to 0.0005at +160 °C. Manufacturer’s data were unavailable, because this
material is marketed for other applications. It has to be alded that frequency had little
effed onthe measured values and that there were no phase transition phenomena.

Using the Category D material, a hew dual-feed microstrip antenna (PDB) was de-
signed (the thicknessof the Category B laminate being 30 mils). Figure 4.8 relates the
cdculated return lossto frequency, with temperature as a parameter. The maximum
return loss 56 B, was achieved at 20 °C. The computed S, at fo was always better
than 24 B within the entire operating frequency bandwidth. The ceter frequency
drifted with temperature from 2480MHz (—60 °C) to 2506 MHz (+80 °C). The PDB
antenna return loss was never worse than 156 dB over the entire operating tempera-
ture (—60 °C to +80 °C) and frequency band.

Having adiieved such promising results for the PDB antenna, we examined
aPDC antenna in which the 30 mils teflon-based laminate had been replaced by
a 20 mils thick ceramic laminate of Category C in the feeding line drcuit. An illus-
tration d the calculated return loss is in Figure 4.9. The center frequency is hifted
by 22 MHz only (from —16 MHz at —60 °C to +6 MHz at +80 °C), and the return
lossis even lower than that for the PDB antenna. It must be emphasized that the f,
frequency drift achieved for the substrate combinations B + D and C + D was gnall
(1% and 0.9%)).

Thermal expansion effect

So far we have described the temperature-dependence of the dectrical parameters
of the substrates and their eff ect on the performance of the microstrip antenna el ement.
However, there ae other substrate-related factors that affect the performance of the
patch antennas. One of them is the thermal expansion coefficient. Thermal variations
acount for a dight expansion or shrinkage of the antenna dimensions. A favorable
coincidence is when the effect of thermal expansion and that of the & temperature-
dependence of the substrate may compensate each other.

The thermal expansion coefficient in the x and y directions (paral € to the laminate
surface) generaly ranges from 14 to 48 ppn/°C. Thus, in practice, the effect of the
thermal expansion coefficient along the x or y axis is of little importance. Hence, in
the present case, with temperature variations between —60 °C and +80 °C, the expan-
sion in the x and y directions can be negleded. The values of the thermal expansion
coefficient in the z diredion for glassreinforced teflon laminates generally range from
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170to 280 ppr/ °C. For the value of 280 pprv/ °C, the thermal expansion of a0.76 mm
thick laminate (at +20 °C) results in a 3.9% thicknesschange — from 0.7430mm (29.25
mils) at <60 °C to 0.7728mm (30.43mils) at +80 °C. For a 3.18mm thick board, thick-
ness also changes by 3.9, bu the @rresponding thickness value is 3.109 mm
(122.39mils) and 3.3 mm (127.30mils) for —60 °C and +80 °C, respectively.

The thermal expansion coefficient of a quartz-fiber composite is approximately by
two orders smaller than that of many foam types used in antennas. The quartz-fiber
compasite has an utra low coefficient of thermal expansion, ranging from 4x10™’ to
7x107. With a 3.18 mm thick board, this expansion coefficient produces 0.01% thick-
ness changes, from 3.178 mm (125.19 mils) to 3.18013mm (125.20mils) at —60 °C
and+80 °C, respedively.

It is worth assessing how thermal expansion contributes to the overall antenna pa-
rameters. From the data of Table 4.1 (comparing the center frequency and maximum
return losswith and without inclusion d the thermal expansion effect) it may be in-
ferred that the dhange in the physicd dimensions of the antennais of little importance.
The frequency step used in the simulations was 1 MHz. The plots of the clculated
center frequency drift in Figure 4.10 ill ustrate the example of analysis when the ther-
mal expansion effect was included. As shown by these plots, frequency drift due to
temperature was 106 MHz for the PAA, 93 MHz for the PBB and 21 MHz for the
PDC antenna.

Table 4.1. Calculated center frequency and maximum return losswith
and without inclusion d thermal expansion effect.

Center frequency [MHZ]
return loss[dB]
Antenna with thermal expansion with ther mal expansion
effect neglected effect included
—-60°C +80°C —60°C +80°C
PAA 2450 2554 2449 2555
46 41 38 60
PBB 2490 2580 2489 2582
46 44 32 35
PDB 2480 2506 2478 2507
41 24 53 24
PDC 2476 2498 2477 2498
29 35 27 37
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Fig. 4.10. Center frequency, defined in terms of the minimum value of S;; (S;)),
versus temperature for antennas: PAA, PBB, PDB and PDC (Kabacik, Biatkowski 1999a).

4.5. Design guidelines

The results obtained allow the formulation o some genera design guidelines. For
microwave laminates, the actual dielectric constant and disgpation fador values often
differ from those listed in the data sheets. What is more, in al of the investigated cases,
the measured deedric constant value was greder than the one spedfied in the data
sheds. In generdl, the manufadurers’ specifications proved to be valid ony for alimited
temperature range. Hence the values provided by relevant data sheds are inadequate
when the substrate is expaosed to large temperature variations. This deficiency is due to
the temperature dependence of the dieledric constant of the microwave laminates sud-
ied. In consequence, the dedrical characteristics of the microstrip antennas which in-
volve layered dielectrics are mnsiderably influenced by temperature. Two o these
charaderigtics, resonant frequency drift and the return loss may raise serious concern.
A caeful selection of the substrate digledrics which are least sensitive to temperature is
aprerequisite to acompli sh a satisfadory antenna design. It has been shown that replac
ing the fealline substrates with ceramic ones can minimize temperature-related varia-
tions in the antenna performance Further improvement can be achieved using quartz-
fiber composites as a patch substrate. Investigations into the thermal expansion of the
substrate have demonstrated that this phenomenonis of minor impaortance



CHAPTER 5

NEAR-FIELD BI-POLAR ANTENNA MEASUREMENTS

5.1. Scanning methods and major related problems

So far, in near-field antenna measurement systems anning has been performed
on spherical, cylindrical or planar surfaces. With the spherical grid it is possible to
measure a omplete 3D radiation pattern. Cylindrical and ganar scanning surfaces
provide far-field resultsin the 3D format, though within a much narrower spatial angle
as compared to the spherical system. But even then, the ¢ylindrical and danar systems
make it possible to determine the most important properties of the radiation petterns
(e.g. main bean, primary sidelobes). The cmmbination of these surfaces in one scan-
ning system with the dm to enlarge the view angle nowadays is becoming a hot re-
seach subject. However, it is difficult to achieve cnsistent results provided by
different scanning techniques.

Although there is a wide selection d sampling point grids for the scanning sur-
faces, the most frequent chaice includes fundamenta grids (redangular, pdar, sphericd
and spira formats. The state-of-the-art interpolation algorithms enable the transposi-
tion of the nonuniformly scanned data onto other formats). Irrespective of the grid
form, a key isdale is the allowable spacing between two adjacent sampling points as
less dense samples result in a smaller input data files. The formulas in agorithms of
the near-field to far-field transform computation are dosely related to the arrangement
of the sample paints. In order to improve nea-field data processing, there ae three
challenging tasks for mathematicians to fulfill — more generalized transform methods,
time-domain transform theory and faster convergence of results.

Table 5.1 summarizes the mgjor fedures of the scanning systems which are mostly
in use nowadays. Spherical scanning requires larger anechoic chambers than do ather
methods. Two of the most popuar scanning systems are shown in Figure 5.1. The
azimuth over elevation or the devation over azimuth AUT revolving makes use of
atwo-axis positioner and are less gace demanding than is the scanning system with
a hemispherical strut. Changes of antenna orientation with resped to the gravity force
direction wsualy require afirm structura part of the AUT. Cylindrical scanning is



64 Reliable evaluation and property determination of modern-day advanced antennas

AUT PROBE
(FIXED)

ELEVATION
AXIS

AZIMUTH
AXIS

system with azmuth over elevation antennapositioning

MOVEABLE PROBE

A
|
1
1
1
: PROBE CARRYING
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system with a hemisphericd strut for probe movement
Fig. 5.1. Two most common scanning systems used in the sphericd method
well suited for applicaions in the tests of surveillance radar antennas (Astrium Tedh-
nical Information). Planar scanning suffers from the narrowest view angle dlowing

measurements of the main bean and the dosest sidelobes. Of the major advantages,
the modest room requirements of the planar system and efficient data processng
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methods are the most frequently quaed assets. With the plane-pdar scanning system
it is possible to obtain scanning areas larger than that of the anechoic chamber floor or
awall behind the scanner. Even though the view angle of the probe can reach +70°,
the accuracy of measurements is restricted by the norrided radiation pattern of the
probe (beamwidth and dopes of the beam). It shoud not be missed by the investigator
that for the far-off broadside angles, the probe crredion may suffer from excessve
inaccurades.

Table 5.1. Mgjor charaderistics of five principa scanning methods.

Scanning Azimuth Elevation Space AUT positioning
range range required

Sphericd 360° 180C° large rotation around two
axes

Cylindricd 360° +40° large fixed, or AUT revolves
around one &is

Planar Cartesian < #40° < #40° medium fixed

Planar polar < +50° < +50° small rotation around one &is

Planar bi-polar < +60° < +60° small rotation around one &is

Presently, time isaues do not raise serious concerns in processing measured near-
-field data. Standard processing of a single data file takes up to ten minutes with con-
temporary computers. Thus, the computation time is not likely to be adrawbadk even
if many files have to be processed (but it was a problem in the 1970). A fador which
gains importance is the time needed for scanning, when multiple beam or multiple
frequency data must be recorded. Of particular desire is the shortening of the measur-
ing time for multifrequency data aquisition within one scanning cycle. The time of
sampl e taking by the microwave receiver is an important limitation to data acquisition
speed. There ae no more than a dozen frequencies that usually raise the interest of
antenna investigators (in RCS hundeds of frequencies are of interest). It is not often
feasible to run multiple measurements for various beam pasiti ons during one scanning
cycle because of the transition processes in the drcuits of the BFN. That is why more
attention should be given to faster scanning methods. In the majority of contemporary
facilities with a single-frequency mode, data aquisition takes three to sixteen hours
(so scanning in the single-frequency mode of a twelve-beam antenna at eight frequen-
cieswould take éout a month of uninterrupted measurements).

Bi-pdar scanning has a reputation of being suitable for a broad range of applica
tions. Research onthe hi-polar method dates back to the mid eighties. At that time, the
Radio Physics Reseach Institute in Nizhny Novgorod receved an inqury regarding
radiation pettern measurements for a reflector antenna with a diameter close to 40 me-
ters. The gplication d this antenna was in radioastronomy and the aitenna wuld be
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measured on-site only (Belov et a. 1987. Such radioastronamicd antennas can be par-
tially measured using spaae radiation sources. In that case, the point was to measure the
pattern with an eath based system in abroad angle. The adogtion d the nea-field tech-
nigue was an olvious chaice, bu an acceptable scanning method and relevant far-field
transform algorithm as well as sftware were lading. In order to perform scanning, the
scientists working under Dr. Yurii Belov proposed the use of alarge @nstruction crane.
In such away, they invented a new scanning methodwhich soongained alot of interest.
Presently, the method s referred to as the bi-pdar one (Williams, Rahmat-Samii 1991,
Rahmat-Samii et al. 1992. A spedfic feature of the methodis the exclusive use of rota-
tional movement during data aqjuisition. Owing to the use of the nstruction crane,
the scientist could provide alarge scanning aperture. As the AUT was pointed ze-
nithaly, the interferences propagating along the ground surface oud have been miti-
gated (the space radiation floor was much below the test signal level). Unfortunately, the
system of Nizhny Novgorod has never become fully operational. So far, three laborato-
ries making use of the bi-polar concept have been developed worldwide:

 Radio Physics Research Institute, Nizhny Novgorod, 1986(Dr. Y urii Belov and

histeam),
» University of Californiain Los Angeles, 1991 (Prof. Yahija Rahmat Samii and
his students),

* Wroctaw University of Technology, 1996 (Dr. Pawel Kabacik and his team).
In in-doar application, the bi-polar method was first used at the University of Califor-
nia in Los Angeles (their scanner has an arm abou 1.6 meter long). The UCLA
research team developed the system up to its full operational cgpabilities within afew
yeas. They adopted threedifferent methods for the computation d the far field results
(Williams et a. 1994; Yaccaino et . 199). In Europe, the bi-pdar method attraded
the interest of severd ingitutions. The reseach team headed by Dr. Pawet Kabacik
developed afully operationa bi-polar system at the Institute of Telecommunications
and Acoustics, Wroctaw University of Technology (Kabacik 1992b). The scanner
and all the software were developed in-house. Outstanding results in the interpola-
tion theory have been achieved by Prof. Bucci’'s team of the University of Naples
(Buca eta. 191). Their Optimal Sampling and Interpolation (OSl) agorithms
derived for nonruniform sampled eledromagnetic field can be used in many disci-
plines of applied eleadromagnetics (Bucci, D’ Elia 1994b). The Katholike University
of Leuven, Belgium also undertook research supported by the European Space
Agency on the interpolation algorithms for applications in near-field laboratories in
the 1980s.
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5.2. Other major types of
near -field electr omagnetic measur ements

In contemporary engineeing, nea-field measurements are gplied to a broader
group d problems than antennas only. Nea-field electromagnetic measurements are
used to determine radiation intensity in terms of both power density and field strength.
The results are used to set warning signs or establish restricted zones in the proximity
of the radiation sources. Other applications are in occupational medicine. Sooner or
later such measuring procedures take the form of recognized standards. It goes without
saying that when a parameter becomes a regulatory isue, its datus receives closer
attention amongst manufacturers and users.

Of the major electromagnetic measurements in the near field, worthy mentioning
are those of the electric or magnetic field comporents in the vicinity of transmitting
antennas or high power devices (Trzaska 2001). The engineering staff often weas
miniature sim detedors as preventive measures sgnaling when the radiation level
exceeds the safety or warning limits, bu from time to time thorough measurements are
caried aut in order to verify whether or not the safety standards are met. In the course
of such experiments, the spedfic dectromagnetic field comporent is measured at dis-
crete points. Measurements are performed for selected frequencies, which may be
spread over a wide range. The method povides direct results which may require a-
justment by a cdibration procedure. Fundamental technical problems are linked to the
probes. In arder to avoid weighting of the results obtained with the waves propagating
from different directions, the probe should have an omnidirectional pattern (Babij,
Bas®n 1986). After this issue has been overcome, there may still be some ambiguity
due to the polarization issues. Troublesome is the definition of the polarizaion vedor,
which might have been differently defined off the main cut-planes. Last but not least,
the correctness of the measuring procedures requires reference electromagnetic
sources, which must generate precisaly known radiation.

In the 199Gs, the widespread use of cellular phores directed public attention to-
wards human exposure to handset radiation. This gave rise to another category of
nea-field electromagnetic measurements. The fear of undesired side-effects from
mobile phores inspired many investigations. Thus, the energy absorbed by human
tissues, expressed as the Spedfic Absorption Rate (SAR), became a ommonly ac
cepted measure of exposure. The SAR values can be computed with the FDTD
method, wsing an anatomically redistic model of the heal, hand or nedk, or a more
elaborated human bod/ model (1 mm resolution of tissue). The sophistication of nu-
mericd analysis can go so far that even tissue aoaling caused by heat transfer due to
blood circulation can be included (so the calculated rise in temperature induced by
electromagnetic energy absorption is not overestimated in a pessimistic way). It must,
however, be enphasized that while FDTD human tissue models need na be modified,
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antenna and terminal models have to be austomized for each simulation run. In order
to validate the simulated results and verify the cmpliance of the terminal with the
permissble upper limits of the SAR, the handsets undergo tests. The dectricd com-
porents of the field are measured in the nodes of the dense 3D rectangular grid. The
test volume is inside the human phantom filled uniformly with a special fluid (repro-
ducing average dectrical properties of the human bady). The probe can be placed at
an arbitrary spat inside the phantom. The duration of data aquisition wually varies
from 4 to 12 houws, preceded by a cdibration pocedure. Thereafter the results are
averaged and the SAR distribution is determined. With that technique the probes, the
composition d the fluid and cdibration are critical technical isaues.

The interactions due to the proximity of the human body influence the shapes of
the radiation patterns of the terminal antenna. It is advisable that the results be investi-
gated in the 3D format. Fast 3D measurements of the terminal radiation pettern require
systems using several dozens of probes (fifty or so) (Iverson et al. 2000). The probes
are mourted ona semi-circular or a drcular low-profil e strut, and the whde strut re-
volves gepwisely around the measured dbject. Owing to the use of a sequential 1:N
switch between the probes, the measuring time is short. These data may then be trans-
ferred to the far field. The wide bandwidth of the probes is of prime importance
A good example of other eledromagnetic scanning systems devel oped for engineeing
purposes in the 1990s isthe inspedion d integrated circuits and printed boards.

5.3. Advantages of the bi-polar scanning method

The primary advantages of the bi-polar method are the integrity and the small
space requirements of the scanner owing to the exclusive use of the rotational move-
ment (Fig. 5.2. The AUT is placed onthe turntable, and the probe is mourted at the
end d the revolving bad and forth arm. Thus, the microwave signals are transmitted
over rotary junctions (revolving axes are more anvenient than trandation axes for
microwave signal transmisgon). The varying layout of cables — unavoidable in the
course of trandation — affects the inserted phase shift in the signals transmitted
through the cables. The integrity of the scanner construction bads up the reduction o
the reflected wave level onthetest site. The goertures of the measured antenna and the
scanning areamust be parall €. These planar apertures can be oriented horizontally or
vertically. However, the horizontal arrangement is preferred as the weights of the re-
volving elements are then well balanced (so small motors are sufficient). Since the
anechoic chamber floors are usualy larger than their wall s, the scanning area aranged
horizontally can be possibly the largest available in the given chamber. One or two
telescopic columns (pedestals) alow the adjustment of the spacing between the an-
tenna and the scanning apertures over a wide range of values. The height of the tele-
scopic columnsis adjusted prior to measurements.



Chapter 5. Near-field bi-polar antenna measurements 69

SCANNER ARM

PROBE HEIGHT

PROBE

PROBE |AXIS
I ﬁ
AUT HEIGHT
==

TELESCOPIC
COLUMN

TELESCOPIC
PEDESTAL
OF AUT

TURNTABLE

MASSIVE FIXTURE

Fig. 5.2. Kinematic system of the bi-polar scanner.

Other advantages of the bi-poar methodwhich are worth mentioning:

(i) the scanning aperture aeaof paar systemsis larger than the aeain the redan-
gular planar system involving a scanner of the same outline dimensions, so the valid
angle of the results is comparatively wide, limited by the beamwidth na by the view
angle of the probe (in normal case up to £60°),

(it) the scanning aperture areamight be larger than the aea of the anechoic cham-
ber floor (increase up to 160%),

(i) the scanner can be quickly dismantled and removed from the test site; in this
way the anechaic chamber can be used for far-field measurements or other measuring
set-ups can be installed,

(iv) owing to the zenithal pointing of radiation, the outdoor use of the method
makes it possible to reducethe adverse dfect of refleded waves,

(v) it ispossible to develop a portable scanner allowing short deployment time,

(vi) the antenna maintains its position with respect to the direction d gravity force;
ahorizontal AUT positionis preferred in laboratory models often involving simplified
or ‘ad hat' structural support.
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To establish a more balanced insight into the cgabilities of the bi-polar method, alist
of some major drawbadks inherent in this technique should be mentioned. The uncon-
trolled z-axis movement of the probe with respect to the antenna plane crrupts con-
siderably the acuracy of phase measurements which are essential. The pardleism of
the dectricd axis is more difficult to maintain in a probe revolving system than in
atrandation system of probe movement (e.g. planar redangular). A convenient
method d far-field transform makes use of interpolation and FFT computation. How-
ever, the FFT data must be in a Cartesian (square aea), not in a polar format (circular
area). Two approaches are available to overcome this inconsistency — the square must
be smaller and encompassed by a drcle, or the drcle must fit into a larger sgquare.
When Cartesian data must fill the square encompassed by a larger circle, the result is
that no more than 64% of the drcular scanning area ca be dfectively used for far-
-field computation. The remaining portion of the scanned surface with data is trun-
cded. The measured data cen be processed without any truncation, if the drcular
scanning area is entirely kept inside asquare filled with the FFT input data. In that
case, the pads outside measured data ae filled with zeros.

5.4. Conventional bi-polar grid

With any planar scanning system it is possible to acquire the field sample at any
point within the operationa range of the scanner. Thus, the scanning grids take vari-
ous forms which may considerably differ from the most common shapes. But the ac-
quisition d dataonan odd gid o the ssmpling pointsis not a wnstructive gproach.
It is known that the procedures of atransform to the far field can be applied to samples
arranged orly on few grid formats. Furthermore, the sampling grids should explore
natural features of the scanning systems and provide results in a possibly short time.
Worthy recommendation are those grids where the scanner determines the sampling
point coordinates with small errors, of a systematic nature rather than of arandom one.
In order to reduce alverse effed of probe positioning, averaging of samples aajuired
in two-way probe movement over the same ac may be cnsidered in the bi-polar
method. Mixing withou averaging the data acquired for different diredions of the
probe movement is not recommended and in such a case significant errors corrupt
details of radiation petterns.

The shortest scanning times with the bi-pdar scanner can be adieved when the
samples are a@uired during periodic revolution of either the AUT or the arm. Then,
the other axis revolves gepwisely (small increments) in the murse of the scanning
processuntil the circular areais completely measured. The cnventiond bi-pdar grid
is shown in Figure 5.3. The sampling points are placed on the intersections of the acs
and concentric drcles. In the most common scanning procedure, the probe mourted at
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Fig. 5.3. Conventional bi-polar sampling grid where samples are aquired during
successve revolvings of the am (arm continuous tilt over AUT revolution).
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the arm end travels above the AUT following the ac trgectory, while the AUT re-
volves gepwisely by small angular increments (during ead pause in the AUT revolu-
tion, the samples are recorded along one arc). In order to save time, samples must be
taken when the probe fly by through sampling point. The other approach (Figure 5.4)
in which the AUT revolves while the arm is tilted to the outermost circle by a small
angular increment (during ead pause in the probe movement, the AUT revolves by
afull angle and sample are recorded at the grid nades).

The return travel time of the ac (a forth and back tilt which ends at the point of
origin) usualy falls between 20and 40 seconds (normally atilt angle ranges from 20°
to 6C), while asingle full angle return revolution o the AUT takes 100to 200semnds.
The number of arcs (ranging usually between 150and 600Q is considerably larger than
the number of concentric rings (generally from 30to 80) in anormal sampling grid. It
is therefore hard to decide which of the two scanning methods shoud be recom-
mended. When data ae recorded duing probe traveling, the synchronization d sam-
ple taking moments becomes critical.

In a conventional bi-polar grid all arcs meet at the central point of the grid. That
iswhy the closer to the grid center, the larger the density of the sampling points. As
it can be inferred from the data in Table 5.2, sample density variations on the grid
are large. From the theoreticd point of view, the minimum alowable density of
points equals 4 samples/A? on a Cartesian grid. In such a cae, al the points must
be uniformly distributed on a rectangular grid (the sample density is further in-
creased due to oversampling, the ratio of which normally varies between 11 and
1.3). Any grid of apolar form with a mnstant number of points at each concentric
ring shows a large redundancy. Our approach to overcome this drawbad is de-
scribed in Section 65.

Table 5.2. Density of samples for various distances with respead to the center point of
the grid when a permissble spadng is the half-wavelength.

Diameter of the| Distancewith Parameter s of the sampling grid
sampling grid respect to local density of | radial spacing | normal spacing
[A] the grid center points between points| between points
[\ [samples/\?] I\ I
40 1 98 0.0225 0.45
10 10 0.225 0.45
20 5 0.45 0.45
120 1 296 0.0075 0.45
20 15 0.15 0.45
40 7 0.3 0.45
60 5 0.45 0.45
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Duration of measurementswith the bi-polar scanner

A typicd diameter of the bi-polar scanning aperture ranges from 20 to 100wave-
lengths. The adual diameter depends on the valid angle and onthe spacing between the
probe andthe AUT planes. The duration o data aquisitionis primarily influenced by

(i) therotational speel of the arm,

(i) the diameter of the scanning aperture,

(iii) the angular margins needed to accderate and stop the arm.

On the basis of our experience, it isjustified to say that the angular speed of the 1.5to
3 mlongarm seauring a smocth traveling of the probe is not greater than 6%/sec. The
choice of the angular speed and angular margins is atrade-off between several fadors.
In order to establish favorable conditions for accurate phase measurements, it is of
prime importance to maintain a planar trgjectory of the probe. Another important issue
is sample recording and averaging in the microwave recever. The knowledge of how
the ingtant values are incorporated into the formulas for the averaged values at the
microwave receiver becomes essential when setting the speed of the probe.

Accurate measurements can be performed anly when the recording system avoids
mixing the data acquired for different directions of the probe movement. When the elec-
tromagnetic fidd is sampled during two-way movement, the recorded values become
aternately smaller and greater every second arc. Thisis due to the small displacement of
the sample taking spot, irrespective of the accuracy of synchronizéion (the dfect is the
most distinct on the lobe dopes). In arder to di minate this systematic ator, it is advisable
to acquire data only during the outward or inward movement of the probe, or to average
both values. As a result of one-way sample acquisition, the measuring system must re-
main idle during half of the sampling time. Reliable numerical smoothing o the recorded
values, which dlowstheidletimeto be avoided, requires thorough studies.

The datalisted in Table 5.3 give the ideaof the measurement durationin ou fadlity.
When arthogonal field comporents are to be recorded with a single-polarized probe,
the valuesin Table 5.3 must be multiplied by two.

Table 5.3. Measuring time for data aqyuisition at the Bi-polar Laboratory,
Wroctaw University of Techndogy (vaid angle up to £50°% conventional bi-polar grid).

Diameter of Number of arcs Measuringtime | Overall measuring
scanning aperture for onearc time

[cm] [sec]

146 428 38 4h 37min
151 395 39 4h 17min
271 700 47 9h 08min
258 336 47 4h 25min
128 165 38 3h 26min
205 443 43 5h 19min
384 900 57 14h 15 min
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5.5. Bi-polar near-field systems:
basic technical considerations

Of the various technical issues involved, threeare of fundamental importance—the
allowable ranges of antenna parameters, the limits of the frequency range andthe valid
angle of far-field results.

Allowable ranges of antenna parameters

The dlowable ranges of the antenna parameters not only influence the choice of
the scanning method bu also determine the mechanical specifications for the scanning
system. Before the design process garts, the values of the following antenna parame-
ters should be specified:

(i) the minimum radius of the sphere encompassng the aperture of the AUT,

(if) the smallest redangular box where the tested antenna can be padked,

(i) the maximum weight of the antenna,

(iv) the frequency range, and

(v) the permisdble angular range for the antenna beam pointing.

The bottom level of the sidelobes and the null depth are dso important.

Limits of frequency range

The 2 to 20 GHz frequency range neaded by most of the near-field laboratoriesis
covered by the majority of the marketed microwave equipment. It is worthwhile to
consider the potential extension of this gandard frequency range. Below 2 GHz,
awavelength is longer than 150 mm, and the minimum reasonable size of the scan-
ning area exceeds 5 meters. The measurements of antennas operating between 800 and
2000MHz are nowadays needed due to the @ntinuing developments in mohile mm-
municaion and radar. Below 800 MHz, the use of nea-field laboratories is rarely
advised. What can not be missed is the fact that at these low frequencies the antenna
properties are remarkably influenced by the site of installation, ky the properties of the
sail, by the vehicle and ather neaby antennas. Another shortcoming is the need for
large and expensive asorbersin the anedhoic chambers operating below 1 GHz.

The upper frequency limitsin near-field systems can be ascribed to the short wave-
length (above 20 GHz it beaomes sorter than 15mm), so the sample spacing is small
and the phase measurements suffer from poarer acasracy. What is more, the recorded
phase values are significantly corrupted by positioning errors, to say nathing of the
equipment acairacy. Around 40GHz, many absorbers loose their properties and cease
to work as absorbing materials. At such high frequencies antenna research is focused
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primarily on impedance characteristics and power efficiency, less consideration being
given to the sidelobes in the radiation pattern (rare utilization of these frequencies and
large propagation losses lead to weak interferences). At milli meter waves a compad
and far-field technique ae preferred methods of radiation pattern measurements.

Valid angle of the far-field results

From the mathematical point of view, computed far field data are organized in
amatrix form. However, each element of the matrix must be assgned to the spherical
coordinates prior to the presentation of the results. After such assignment, it is neces-
sary to sort out the spatia angle within which the far field data can be regarded as
acarate; this angle is referred to as a ‘valid angle’. Owing to the truncation effects
that occur close to the eldges of the scanning area the valid angle is narrower than the
maximum view angle of the probe. Only spherical scanning can provide avalid angle
which equals the full spherical angle and does not raise anbiguity as to how the far
fidd results should be assgned to the spherical coordinates. The most common way of
estimating the valid angle in planar scanning systems is depicted in Figure 5.5. This
simple method proves in practice and shows a good accuragy, bu the results close to
the valid angle limit must be caefully treated. An additional validation in the limit
areashould be advised. Some of the validation methods rely on the comparison d the
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Fig. 5.5. The most common method d predicting the range of the valid angle
in the nea-field planar scanning system.
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results obtained for different AUT-probe spacing. Usually inter-facility comparisons
provide plenty of inspiring conclusions but involve many logistic issues due to the
nee of transporting the reference atenna. However, couping between the AUT and
the measuring system is different in each facility.

5.6. Scanner for the bi-polar system

Engineering recommendations for the bi-polar scanner

For the sake of maintaining an urchanged dstribution o the waves propagating
inside the anechoic chamber, we must try to avoid considerable displacements of the
AUT inthe course of measurements. In order to maintain the quality of the quiet zone,
the probe, not the antenna, must travel during nea-field scanning. Only in spherical
scanning it is passible to kegy bah the probe and the AUT on the same spat during the
scanning process In the mgority of techniques, the AUT pointing varies due to re-
volving around ore or two axes.

In the bi-palar scanner, the probe and the revolving mechanism are mourted at one
end d the am (Fig. 5.6. The am is mournted onthe turntable, which is placed atop
asupporting column. The rotational axes can be made of highly acarate robatic mod-
ules or elements of precise mecdhanic. The use of such somewhere-else developed
comporents keeps the scanner costs at a moderate level. The experience gained so far
shows that the development of a stable am requires the gplication of advanced com-
paosites or some engineaing methods. A common method of determining the wordi-
nates makes use of angle measurements at two major scanner axes. That is why any
deformation d the am directly affedsthe accuracgy of the sampling grid. More expen-
sive methods of probe locaion must rely on linear measurements between the probe
and the well-developed reference points. In this context, the laser interferometer has
one impairment: the optical ray must be reflected back to the light source gerture.
Only if the mirror moves along a straight line, the issue is not troublesome. However,
if the probe travels along an arc, the specific pointing of reflection is hard to achieve.
It is of paramount importancethat the plane in which the probe travels be parallel with
resped to the plane of the AUT aperture. Specid attention should be given to dynamic
phenomenons such as oscill ations and yawing of the probe.

In the course of our research onarray diagnostics we came to the mnclusion that
a scanner with two telescopic columns would be best suited for our needs. One of the
columns would be apedestal for the AUT, and the other one would support the probe-
carying scanner arm. Owing to such scanner kinematics, we adieved a valuable
flexibility in the adjustment of the AUT-probe spacing with nofurther constraints on
the height of the AUT locaion. The spacing between the sampling points usually
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ranges from 10 to 100mm (1.5to 15GHz). In ou laboratory the probe travel speed
must be set to values which enable recording no lessthan five samples (two complex
comporents) at X-band frequencies. Thus, the arrespondng trandation speed of the
probe generally does not excead 80 mmy/s.

o | i & @ . 7

Fig. 5.6. Photograph of the 2.7 meter high and 3.3 meter long bi-polar scanner
developed under the research presented in this monagraph.

Critical technical issuesrelated to the bi-polar scanner

According to our experience, the following technical problems must be regarded as
critical when developing a high-quality bi-polar scanner:
« achievement of a planar trgjedory of the probe, without yawing or horizontal os-
cillations,
* precise courter-rotation of the probe needed to maintain the same dedricd axis
orientation of the probe and the AUT,
* accurate determination of instantaneous probe @ordinates in the course of scanning,
¢ low RCS and marginal influence on the electromagnetic coupling to the AUT,
* negligibly short delays of synchronization pulses generated by the scanner con-
trol unit.
A planar probe trajectory is a prerequisite to accomplish accurate phase measure-
ments. One of two most dominant phase error sources are deviations of the probe
movement observed along the z-axis. At 10 GHz, a 3 mm offset from the ideal probe
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trgjectory can produce phase arors up to 4C°. When the arm is longer than 2 meters,
special engineering efforts must be made to keep the probe onits tradk. The firm — but
massve — arm can be aacelerated upto slow speed only within an angular range typi-
cd in this £anning method, even though a high paver motor is used. In consequence,
the measuring time beames extended by at least 60% compared to that of a low-
weight arm traveling at a speed of 4 to 6 °/sec. Composite materials are recommended
for arm development. Low-weight arms are generally stabili zed with a proper profile
of the am or with guys or other dielectric ropes (inside or outside the arm). In ou
research, it was only the third design of the am that met our basic expectations. The
generic concept of the light (but strengthened) arm is shown in Figure 5.7. The total
weight of the arm is kept low and there is no counterweight due to the use of a high-
torque turntable. Another concept utili zes li ghtweight compaosite materials and gener-
ally calsfor greater costs.

PROBE AXIS
(ARM COUNTERROTATION)

ARM AXIS

Fig. 5.7. Stabili zation d the probe mourted at the end d the low-weight
and flexible am suppated with threeropes (guys).

A tough accuracy of the probe courter-rotation is a must as otherwise uncontroll ed
leakage of signals between the orthogonal comporents of the eectrical field will make
the recorded data useless If in the murse of measurements the dectrical axes of the
probe do ot follow the instantaneous electrical axes of the AUT, the orthogonally
poarized field comporents corrupt each other. The tests of antennas with high puity
podarization (high ratio of co-polar to crosspaar comporents at the principal axes)
suffer particularly from the angular misalignment in the wunter-rotation of the probe
(even errors smaller than 0.1° result in a strong corruption of weak crosspalar field
componrents). For some types of dual-polarized probes, there ae quite acurate formu-
las of the radiation pettern. These expressons can be used in the numerical procedures
of probe courter-rotation. However, the theoretical ‘rotation’ calls for main-
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taining an accurate angular pasition d the probe with resped to the AUT. Otherwise,
the procedure does not eliminate the inaccuracies normally encourtered in mechanical
courter-rotation.

In the bi-pdar method, the AUT must be rotated by a 360° angle aad, in conse-
guence, at least the sidelobes (or even the main beam if tilted off the main geometrical
axis) pass through the walls and ceilings of the anechoic chamber. When the wall in-
cident waves are poorly absorbed, the spatial distribution of the radio waves varies,
thus changing the anditions of the AUT measurements (the probe receives not only
direct but aso varying refleded and scattered signals). Furthermore, the intensity of
the reflected signals depends on the polarization d the incident wave. The result of
this undesired effect is depicted by the plots of Figure 5.8, which presents the excita-
tion coefficient values of the first sample taken at al arcs. If the described eff ect were
absent, the amplitude and phase would have @nstant values. It must be clarified that
the presented variations are associated only with the angular position of the AUT and
can not be attributed to the temperature drift of the eguipment or the rotary junction

properties.

150 T I. - T T T
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relative amplitude
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Fig. 5.8. Variation of amplitude arc number values for the first sample & all arcsrecrded for
the full revolution of the AUT (azimuth angle). The plot reveds 10% change of the amplitude value.
At the same time, the phase values of these samples varied by up to +6°.

The anechoic chamber at Wroctaw University of Technology was constructed in
1993 with absorbers purchased in Belgium. The diamber has no air-condtion since
beginning of its operation. Uncontrolled air condition is a mgor shortcoming as locd
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climate features high humidity — many rains. Humidity is high as there ae five major
rivers and severa canals in the city (the nearest two rivers pass barely 300 meters out-
side the building with the dhamber). Thus, decay of absorbing properties progresses
quite quick in absorbers, mostly due to the residual moisture kept inside cels of the
foam materials. The reflectivity increases with frequency (the MC-8 phese aray was
measured at 5 GHz, whil e the other arrays were tested between 9and 11.5GHz). The
properly maintained chamber shoud ensure refledivity na worse than 40 @ at 5 GHz
and 44dB at 10 GHz (for 3 meter transmisson length). Unfortunately, our anechoic
chamber has much poaer reflectivity properties currently. Routine checks are not
caried on, it last chedks two yeas ago indicated, that refledivity might have
dropped below acritical level 20 dB in some spats (5to 10GHz).

M echanical alignment

Prior to data recording, the geometry of the scanner must be chedked and its ele-
ments must be correctly aligned with resped to the reference plane. This is a time
consuming procedure which usually takes from two to five days. Once the AUT and
the probe have been mourted their weight deforms the geometry of the scanner be-
yond the admissble tolerance Thus, the medhanical alignment must compensate the
major misalignments prior to the ingtallation of the AUT and the probe; after the com-
pletion d the probe and AUT mourting, afine tuning of the scanner geometry must be
performed. Alignment is a austomized procedure for each scanner type. While elabo-
rating the medhanical aignment procedure for the bi-pdar scanner, we should not
missthat

« the revolving axes of the AUT, probe and arm nust be parallél,

» therevolving axis of the AUT must be orthogonal to the scanning plane,

« deformations due to the weight of the probe and AUT must be compensated,

« the polarization planes of the AUT and the probe must be kept at the same angle,

 ead actual turn o the AUT and the probe must equal 360°,

« the alignment procedure shoud not be wrapped into a plentiful iterations.

An efficient means of performing medhanical alignment is the use of opticd instru-
ments (narrow-beam light sources and mirrors). Opticd elements are mourted to the
adapters for the AUT or the probes. In order to deted the undesired drifts or mis-
alignments of the microwave equipment, it is recommended that the last recorded arc
repeats the first one (the same angular coordinate).
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5.7. Microwave equipment

Signal source

The pictographic scheme of the basic microwave ejuipment needed in the antenna
test near-field system is gown in Figure 5.9. There ae two main devices — a signa
source and a microwave receiver. An attenuator and a directional coupler are the main
passive microwave acessories and they are used to properly feed the reference signal.
A signal source generating up to +20 dBm output power is sufficient for the majority
of measurements. If the measurements are performed a a single frequency (CW
mode), remote control of the sourceisnat required. The spectral purity and stability of
the test signal is what primarily courts, regardlessof how many frequencies are meas-
ured during one scan procedure. In some types of generators, small abrupt changes of
frequency or amplitude which occur from time to time & the output signal impair
afew hour lasting measurement (variation of frequency is usualy associated with that
of the anplitude). Occurrence of such microjumps is known in various types of gen-
erators — in a temperature-compensated crystal oscill ator follows a wld soak (in order
to notice microjumps, recrding d an ouput signal over severa hours is needed).
Sweegpers are particularly vulnerable to such undesired jumps. As a result, the re-
corded probe excitation coefficients remarkably change in-between two conseautive
arcs or even samples. Examples of those highly undesired eff ects are ill ustrated by the
plotsin Figures5.10and 5.11. Both the plots are mnstructed by taking the first sample
of eath arc in the actua bi-pdar datafile. The noticeable discontinuities in the plots —
even though they are small when expressed in decibels — makes utility of the recorded
results questionable. Another possible source of these undesired abrupt changes is the
impaired functioning of the microwave reciver.

Since the execution of multi-frequency measurements within one scanning proce-
dure implies challenges to the microwave ejuipment, such mode is €ldom used in
nea-field laboratories. In order to make the multi-frequency mode time-efficient, the
signal source must be periodicaly tuned to the required measuring frequencies at the
sampling points (usually no more than 25frequencies). As the processng time at the
reciver is relatively long, the initial phase value is of negligible importance. How-
ever, the microwave recaver requires a cetain time to lock its Phase Lock Loop (e.g.
250ps) in order to lock its circuits and measure anplitude/phase value. In the other
periods between conseautive sampling points thereis plenty of idle time in the normal
single-frequency mode. Therefore when the microwave system is tuned in a osclic
mode, data on more frequencies can be recorded. Furthermore, if the offset in the @-
ordinates of the sampling points in the grid is acceptable, the multi-frequency mode
can be much easier to implement. Ancther form of multi-tone measurements is the
time-domain method, attrading attention die to its wideband capabilities and
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Fig. 5.9. Pictorial scheme of the microwave equipment and the data a@uisition system used in
atypicd nea-field laboratory.
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Fig. 5.10. Recorded amplitude taken for the first sample (locaed at the grid center) of
361 and 296 arcs of two different bi-polar grids.
The plots reved effect of microjumpsin the recorded values.
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Fig. 5.11. Recorded phase taken for the first sample (located at the grid center) of
173 and 296 arcs of the different bi-polar grids.
Both plotsreved effed of microjumps.
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improved immunity against the alverse effed of refleded signals (Hansen T. 1997).
Measurements with multiple carier signals generated at once are not considered very
much yet. However, with the advent of broad uses of the OFDM systems, such a method
may gain popularity.

In modern designs it might happen that an antenna includes a complete cmmuni-
caion or radar signa source In such circumstances, the fina tests and diagnostics
must utilize an internal signal source. On ore hand, the quality of such signal sources
is generally high bu, on the other hand, the lack of a reference signal implies the use
of statistical methods to verify the recorded near-field samples or picking up a signal
radiated by the antenna (the designer of such antennas shoud remember that the spare
output coupled to the internal sourceis of great help in antennatesting).

Microwave receiver

The microwave receiver measures the anplitude and plese values of the probe ex-
citation coefficients, which are determined with respect to the reference signal. Usu-
aly the receiver has a few miniature frequency downconversion modues deployed
outside the mainframe (MI-Tech web page; Agilent web page). It is well known that
in the synthesis of the antenna radiation petterns the phase plays a more important role
than does the anplitude. This means that phase variations influence the radiation pat-
tern far more profoundly than the amplitude changes do. Thusit is not surprising that
for the cmputation of the far-field results the recorded phase values must be of high
acaracgy (Janse van Rensburg, Hindman 2000Q.

To cope with the probe and reference signal measurements, the receiver must have
at least two channels. Three diannels are required to serve measurements involving
a dual-pdarized probe. The upgrade of the receiver to the threechannel standard and
the probe to the dual-polarized standard raises the equipment costs by at least €50,000.
Asthe microwave calesinsert considerable losses at high microwave frequencies and
in the millimeter range, the receivers are ejuipped with deployable mixers (downcon
verting units) operating remotely from their main unit. Mixers are placed closely to the
probe andto the directional couder which feeds the reference signal.

In the wurse of the author’'s near-field studies, use was made of the following
three microwave receivers:

» Scientific Atlanta SA 1795 (presently M| Tedhndogies),

 Agilent Technologies HP 8530 tased onHP 8510,

* Orbit AL-80005 (its production has been discontinued) (Orbit 1998).

It is worthy to say that these models are anongst the most common in advanced an-
tenna laboratories. Instead of the microwave receiver, a vedor network analyzer can
be mnsidered for application (reduced cost solution and limited application range).
However, in such a case frequency downconversionis generally impaossble to perform
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outside the mainframe. Thus, the losses of the test signals transmitted at the RF not at
the IF frequency become the main impairment to the potential of the system. Other
concerns are the details of the reference dannel functioning (entirely inside the ana-
lyzer) and the way in which the CW mode is exeauted (vedor analyzers are primarily
for a sweep mode operation). As the microwave bridges (an integral part of the veaor
network analyzers) are wstly and bulky, the utilization d the network analyzers in
nea-field systems adds further troubles.

Phase measurements of grea acaracy are major problems at millimeter waves.
A lossof accuragy is due not only to the capability of the microwave receiver but also
to the arorsin positioning of the probe. For these reasons, the development of phase-
less measurements has been investigated for two decades. The retrieval of the phase
values relies on amplitude measurements on two scanning planes, differently spaced
from the AUT (Y accarino, Rahmat-Samii 1999; Bucci et a. 1999).

Sample taking moment and its synchronization

As the probe travels in the murse of measurements, the sample taking moment
must be externally triggered. Furthermore, the trigger synchronization must not be
affeded to short delays occurring at the primary system interface — IEEE 488. Such
delay spreads are due to the nonfixed bus access and processing time. In order to
eliminate these aror sources, the scanner control unit shoud be eguipped with a mod-
ule which traces the instantaneous coordinates of the probe and the AUT. The subsys-
tem shoud operate in the badkground d the main processes and should trigger the
receiver ontime (for ead o the predefined coordinates) even over a dedicated syn-
chronization line (arranged ouside the primary IEEE-488 corntrol bus). Short ad-
vancements in triggering can be aso adopted for the sake of better accuragy (such
time alvancement could approach 1 ms).

Averaging of measured data

For better acarracy, the communicaion and microwave test equipment commonly
involves averaging. The averaging fador is set from 4 to 32 in the mgority of in-
stances. In nea-field measurements, a basic impairment to averaging is the change of
the probe excitation due to the probe movement above the radiation source The larg-
est changes of amplitude occur on the slopes of the main beam, aroundthe nulls and
on the slopes of high sidelobes. Fortunately, in the nea-field region amplitude varia-
tions are much small er than in the far field. Phase values undergo large dhanges in the
sidelobe region (at least few times 36(° over severa first sidelobes) and aly small
ones in the space above the main beam (lessthan 90°). Unfortunatdly, the receivers
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handle only one measured value (elementary sample) at a moment, so averaging must
be extended in time needed to acquire severa elementary samples (a receiver for the
aquisition of many elementary samples in paralle is extremely difficult to construct
even with complex cali bration methods).

The modern vedor network analyzers released by Agilent Technologies process
one frequency poaint in 35microseconds. Our AL-8000-5 recever handles up to 10M®
elementary samples a seand (1 ms processing time for a sample). However, we dis-
covered that when the averaging fador is greater than 16, it might happen that some
values of the recorded elementary samples are wrapped up into calculation of two
consecutive samples that are complete different in terms of their value. Figure 5.12
clarifies this drawbadk for three averaging fadors. The lack of relevant documentation
and the unwillingness of the manufadurer to clarify such technical parameter, did
push usto study the problem in more detail on aur own.

AF - Averaging Factor AVERAGING WINDOW

imported imported from previous window

—>a g K
AF=M+K I @ AF=M
elementary values [ AF=8 ] AF=8
measured \- AF=4 B AF=4
by the receiver NENEEENENEE NN AEREEEE TR R EE
rate 1000/sec t rate 1000/sec t
sample sample
triggering triggering
pulse pulse

Fig. 5.12. Ambiguity of averaging for different averaging fadors and sample windows
(troubles with averaging fadors greder than 8).

5.8. Probes of eectromagnetic field

Primary probe parameters

The dectromagnetic field radiated by the AUT is smpled with probes moving on
the grid of the near-field scanning system. If the AUT is to operate in the receiving
mode only, the probe must transmit a signal. The measured dscrete values, referred to
as probe excitation coefficients, are the product of the electrical field produced by the
AUT (including the dfect of undesired refleded waves) and the probe dharacteristics.
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The voltage & the probe port must linealy depend on the strength of the ill uminating
electric field. This lineaity must be provided over a moderate dynamic range of the
electric field strength. As the probes are passive devices, the fulfillment of the linea-
ity condtion is not difficult to achieve, if the test signal is a carier sinusoidal wave.
The basic technicd specification d the probe includes

« freguency range,

» width of the main beam,

« quality of signal discrimination autside the main beam,

» pdarization purity andisolation between orthogonal ports,

« definition of polarization planes,

» weight and dimensions,

» mourting flange.

High-quality probes are expensive elements of the near-field measuring systems. The
probes are of electrical type and have been designed to provide alinear relation be-
tween the incident eledric field strength and the output signal of the probe. Measure-
ments of only one field comporent are sufficient when the field scanning surface
suppats vedor wave solution. Fortunately, planar surface is among six such surface
shapes. As the dedric field measurements are much more cnvenient than magnetic
fidld measurements, the preferred choice in near-field laboratories are electric field
probes. The sufficiency of measurements of only one dectromagnetic field comporent
isdiscussd in Section 6.3 (Far field determination with vedor Kirchhd integrals).

The probe is to feal the input mixer of the receiver through a waxia cable. The
bandwidth covered by ead probeis narrow —from 5 to 10%. The probes do ot raise
problems with the dynamic range. A highly desired dual-pdlarization operation are
difficult to achieve. In the dual-pdarized probes a tough tolerance of the phase bal-
ance between the orthogonal portsis critical.

In the nea-field tednique, there is no real to calibrate an absolute value of the
signal at the probe output (this is ancther reason for denating the sampled output sig-
nal as the probe excitation coefficient). Some mismatch between the probe and the
free-spaceproduces backward reflections of the waves inciding the probe. Because of
the superposition of the back-reflected and direct waves, a standing wave is generated.
As the distance between the probe and the AUT center varies in the wmurse of scanning
(e.g. a planar one), the sampled values are alversely influenced and their unwanted
moduation follows the envelope of the generated standing wave.

View angle of the probe

The view angle & the outermost sampling paints is larger than the valid angle of
the far-field results. However, the view angle imposes requirements on the beamwidth
of the probe. The chaice of the dlowable view angle depends onthe AUT-probe spac



Chapter 5. Near-field bi-polar antenna measurements 89

ing and the size of the scanning aperture. These problems are more troublesome &
lower than higher frequencies. Figure 5.13 illustrates the undesired effect which ap-
peas when the waves radiated by the AUT are nat correctly measured by the probe
due to the excessively large view angle. As aresult wedak, direct waves are corrupted
by the refleded and scattered signal s taking strong enough values.
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Fig. 5.13. Corrupting effed of alarge view angle & which the probe overlooks the AUT.

The omnidiredional radiation pattern will equivalently sum up a direct wave and
reflected waves — without any weighting. Needlessto say that such a feature of the
probe impairs accuracy of the measured values, which shoud include only the dired
signal. It is a great advantage when the shape of the radiation pattern can significantly
contribute to the suppression d al the incident signals other than the direct one. An
ideal probe should have adirective main beam and sharp slopes at the beam as if it
were a cut of a part of a sphere. The main beam of the probe should extend orly over
the required view angle. Owing to such a shape, the spatial filtering out of the interfer-
ing wave would be dficient. In red probes discriminating waves incident out of the
main beam by at least a dozen dB is regarded as advantageous. When defining the
technical specifications of the probe it is hard to overestimate the importance of the
poarization properties. For the dorementioned two reasons, the monopde or wire
probes have never foundacceptancein near-field antenna measurements.

Anideal probe shoud have only a main bean focused within the specific view an-
gle, bu no sidelobes. Of the several major aperture antenna types featuring a directive
main beam, hans and open-ended waveguides (low-cost option) have gained primary
attention. When daborating the technical spedfications of the probe, the following
isaues deserve consideration:
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(i) the AUT should always remain within a main beam in the course of the scan-

ning procedure,

(if) dominant reflected and scattered waves should be spatially filtered because of

the low directivity of the probe (regardless of wave polarization),

(iii) it is necessary to achieve a high pdarization puity, at least in the two princi-

pal cut-planes,

(iv) very low badkward refledions of the incident waves shoud be provided.

Premium probes take the form of pyramida horn antennas. The frequency range in
which the probes are made varies from about 800 MHz to 40GHz. But each probe wver
no more than 10% bandwidth. Few firms gecidized in probe manufacture have acurate
CAD/CAM toals at their disposal (off shelf products are unavailable). It is worthy to say
that these tools have been elaborated continualy for three decades. It is therefore not
surprising that the agreement between calculated and measured results isimpressive. The
most important probe manufadurers are M1 Technologies (formerly Scientific Atlanta)
(MI_Tech web page) and TICRA — Danish company founded in 1972 (Ticraweb page).

Top quality probes are expensive and their cost ranges from € 45,000to 95,000
A large portion of these astsis accounted for by the cdibration procedure. Probes are
cdibrated by the manufacturer for the foll owing parameters:

» amplitude and phase radiation petterns in two principal cut-planesfor al ports,

 axia ratio at the main electrica axis, main beam slant angle and polarization

propertiesfor al ports,

» amplitude and phase balance between orthogonal ports,

* antennagain.

Since some portions of the dectromagnetic waves are reflected by the probe badkward
to the AUT, a standing wave is generated in the measuring zone. The standing wave
can be easily observed when measuring the probe ecitation values for different dis-
tances between the probe and the AUT. In the planar scanning, the dfect must be sup-
pressed as much as posshle, as the distance between the probe and AUT varies, so
measured val ues must be moduated by the standing wave phenomenon.

Open waveguide probes are low-cost items (price below € 1000). They feature
awide bean (£45°), but their polarization properties are moderate (particularly off the
principal cut-planes). When neaded, the range of the view angle is moderate or small,
and the use of horn antennas manufactured as feeals for the refledors can be consid-
ered. Their radiation petterns should be improved by corrugations (corrugated feed
horns) and therefore the sidelobe level and spill over radiation should be suppressed.
The cost of the feeds is only several times the cost of the open waveguides thus, it is
still a low cost solution. Their use is limited dwe to narrow radiation petterns. Such
corrugated horns are often designed for operation with two o more padlarizations.
However, they generally do nd provide good plase and amplitude balance between
their ports. Ancther serious disadvantage is the difference in the radiation pattern
shape for diff erent ports.
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5.9. Automatic data acquisition and system operation

Since the number of measured data is overwhelming, the nea-field laboratory
must be etirely computerized. Before the alvent of the powerful microprocessor
technology, the computer techniques were the primary limitation to the devel opment
of near-field antenna test systems. Bi-poar data files usually comprise from 3000to
50000samples, each consisting of two or four numbers. It is widely agread that the
development of the software neaded by data acquisition and data processing from
scratches takes no less than 8 man-yea. The major modues of the software are:

1. Control of measuring procedures

2. Interpdation, including normali zation and merging of the measuring files, if

necessary

3. Computation of the far-field transform

4. Corredion procedures, such asthat of probe or polarization correction

5. Visudization of far-field results, including assignment of spherical coordinates
Furthermore, for the purpose of antenna diagnostics it is necessary to develop addi-
tional specialized modues, e.g. for the computation d microwave holography.

For the sake of a well-organized file management, we introduced six primary cate-
gories of files denoted by the extensions (Kabacik et a. 20e):

(i) measured data (*.msr),

(ii) normali zed measured data (*.nrm),

(iii) interpolated measured data (*.int),

(iv) datatransformed to the far fidld (*.far),

(v) farfield datawith inclusion of probe correction (*.fpr),

(vi) haographic imaging data (*.hgl).

All files have arigoroudly defined format. The file headers contain about thirty lines
of parameters, followed by data organized in lines. In arder to simplify the file reading
with a variety of programs the ASCII format is used, even though this format in-
creases the size of the file. A typica size varies between 5B and 400 kB, bu some
files with measured data are larger than 1 MB.

5.10. Our bi-polar scanning system

The bi-pdar antenna test laboratory was designed and developed entirely in house,
under three research projects with the aithor as the principa investigator (Kabacik
2003a). The scanning system operates in the anechoic chamber of the Ingtitute of Tele-
communications and Acoudtics. Figure 5.6 presents the system and microwave equip-
ment ready to operate (the computer isin a @ntrol room of the diamber). The scanner
can be dismantled in two hours and installed in ancther chamber within two days (me-



92 Reliable evaluation and property determination of modern-day advanced antennas

chanicd aignment may take three days). The dimensions of our 10-yea old anechoic
chamber are 5.25x5.25x2.70 m (width, length, height) measured between the tips of the
absorbers. In order to reduce the @sts of the anechoic chamber we used absorbers which
differed in size. The anechoic chamber was anayzed with the opticd ray tracing methad,
which reveded that the waves incident in the crner and edge areas are reflected twice
before they reach the quiet zone. Thus, the absorbers in these areas can have poorer re-
flectivity. In engineaing terms this means that they can be smaller (the largest absorbers
are 66 cm and the smallest are 20 cm high). The dhamber has been entirely shielded with
athick metd foil.

The fundamental technical parameters of our system are asfollows:

« frequency range: 1-20GHz,

« diameter of the scanning circle: 800cm,

« diameter of the AUT: 280cm (max),

» maximum AU T-probe spacing: 180cm,

« dlowable AUT weight: 160 kg,

e arm length: 270 cm,

» tolerance of the AUT position readout: +0.03,

« tolerance of the arm position readout: +0.006° (360000 quedrature pulses per

ead revolution).

All coordinates are clculated with the angular converters in ou scanner. Since the
arm length is 270 cm, the resolution of the angular converter conrected to the arm
must be small (the AUT angular converter does not require such resolution). The con
trol unit of the scanner is centralized and the operation d the scanner is performed
through the IEEE 4882 contral bus. (Currently a distributed control unit is being de-
veloped.) For triggering the receiver, a dedicated synchronization line is organized and
the triggering pulses are generated by the scanner control unit. The computer which
exeautes the measurements enables remote cntrol of the AUT parameters. It can be
helpful when phesed arrays or other advanced antennas have to be measured. In ou
laboratory, we use the AL-80005 recever and several signal sources (depending on
the test frequency). The averaging factor is usualy set to 4 a 8.

The subject of the bi-pdar nea-fidld measurements was treated in a generic way in
the Ph.D. dissertation of Dr. Marek Barylak (2001) who wrote the Thesis on optimiza-
tion d near-field scanning gids. Fifty pages of about total eighty, presents mainly
information on rear-field principles and dscuss of sampling surfaces. Unfortunately
this dissertation was not stored at the University library, thus the author had only lim-
ited opportunities to read it for some weeks in 2001. Dr. Barylak took apart in the
work on mechanica alignment of our bi-polar scanner and contributed to the first con-
trol program exeauting measuring procedure (1996-1997). He left the Institute for
good in summer 1998.1n his Thesis he presented only one plot with a far-field radia-
tion pettern. The plot was reprinted from the author paper which reported ealy results
obtained with ou bi-pdar system (Kabadk 1997). The @ove mentioned far-field
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pattern was computed with the aibic spline interpolation method. As the third order
spline functions display important shortcomings, the author ceased interest in their use
in 1997 .Therefore, the presented monograph hes little common with Dr. Barylak Thesis
—only a half page text on cubic spline interpdation covers a @wmmon technicd point
(part of sedion 6.2. All results showed in this monograph were omputed with Optimal
Sampling Interpdation. Furthermore, the scanning system consists of new major com-
porents and rew control & data processing software presently (a new scanner arm,
anew arm carying column, anew 6.5 meter long scanner frame, a new probe rotator,
a state-of -the-art red-time control computer and completely new software making use of
new algorithms).

5.11. Examples of recorded data

All data presented in this Sedion were recrded with our measuring system. For
the samples measured in the near field, the dynamic range of amplitude variations is
much narrower than that observed in the far-field radiation petterns. Phase values un-
dergo large changes in the sidelobe region, except the angular range of the main beam.
The amplitude values recorded for the samples acquired along one arc are included in
Figures 5.14 and 5.16 for the EX and EY fiedd comporents. The frequency was
9.03GHz. The phase values of these samples are shown in Figures 5.15and 5.17. The
microwave receavers return the phase value in the moduo 380° format, so the phase
jumps in these plots are to be ascribed to the modue format. Phase urwrapping (un-
folding) can be performed if necessary.

Thefirst samplesin each arc ae aquired for exactly the same paosition d the AUT
with respect to the probe. The sample is located at the enter of the grid and the po-
larization plane of the probe is parallel (for the EX comporents) or perpendicular (for
the EY ones) to the polarization dane of the AUT. Thus, the values of the first arc
sample should remain the same regardiess of the arc number. The observation of the
variations in the value & the first sample in ead arc gives an insight into the drift of
the microwave equipment or other similar disadvantageous phenomena (e.g. changes
in the reflected wave distribution in the scanning zone). The data shown in Figures
5.18and 5.19are plotted with the value of the first sample (amplitude or phase) in the
specific files of measured data (RMB-64 a TPA-256 antenna array).

The measured data a@uired onthe whale scanning grid are shown in Figures 5.20
and 521. The radiation source was a 256-element (16x16) TPA-256 array with afixed
beam (4.(° to 48° beamwidth depending on the ait plane). Visualization with the 3D
format suits well the anplitude data, while the phase dataimages are hard to read (due
to the moduo 360° standard). The EX comporent indicates that the antenna had ore
main beam, bu the occurrence of asmall slant angleis possible.
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Fig. 5.14. Measured amplitude of 48 samples arranged along one ac with
anormal sample spadng of 0.4, (EX field comporents) at 11.25 GHz.
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Fig. 5.15. Measured phese of 48 samples arranged along one ac with
anormal sample spadng of 0.4A, (EX field comporents).
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Fig. 5.16. Measured amplit ude of 48 samples arranged along one ac with
anormal sample spadng of 0.4A, (EY field componrents).
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Fig. 5.17. Measured phese of 48 samples arranged along one ac with
anormal sample spadng of 0.4Aq (EY field comporents).

95



96 Reliable evaluation and property determination of modern-day advanced antennas

310 T T T T T T T T T

300F .

2901 .

2801 .

270F .

2601 .

2501 .

relative amplitude

240 - q
2301 .
2201 .

2101 .

200 1 1 1 1 1 1 1 1 1
20 40 60 a0 1000 1200 140 180 180 200

EX-comporent, f=9030MHz

150 T T T T T T T T T

100+ .

relative amplitude

50 .

O 1 1 1 1 1 1 1 1 1
20 40 &0 a0 1000 1200 140 1860 180 200

EY-comporent, f=9030 MHz

Fig. 5.18. Recorded amplitude values of the first sample in ead arc of
the sampling grid comprising 194 arcs (the radiating source was the RMB-64 antenna).
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Fig. 5.19. Recorded phase values of the first samplein ead arc of
the conventional bi-polar grid (the signal source was the TPA-256 antenna;
EX and EY data taken at various scans).
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Fig. 5.20. Measured raw amplitude values for the samples locaed on the standard bi-polar grid
(EX-field comporents). Sample spadng nho greder than 0.451, (12 mm at 11250 MHz)
at the edge of the scanning circle (radius 75 cm). Spadng between the probe
andthe AUT (TPA-256) plane, 81.2 cm. Reaording time, 4 hours 20 minutes. Averaging fador, 4.
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Fig. 5.21. Measured raw phase values for samples|located on the standard hi-polar grid
(EY-field comporents). Sample spadng no greaer than 051, (13.3 mm at 1125 MHz)
at the edge of the scanning circle (radius 82 cm). Spadng between the probe
andthe AUT (TPA-256) plane, 59 cm. Reaording time, 4 hours 20 minutes. Averaging fador, 4.
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Fig. 5.22. Measured raw amplitude values of the em field radiated by the MC-8 phased array,
for samples locaed onthe standard hi-polar grid (EX-field components). A beam scanned by 7° off
the principal geometricd axis (broadside diredion). Sample spadng no greder than 0.4A, (24 mm)
a the aedge of the scanning circle (radius 95 cm). Recording time, 5 hous 30 minutes. Averaging factor, 4.

Fig. 5.23. Measured raw amplitude values of the em field radiated by the MC-8 phased array,
for sampleslocaed onthe standard hi-polar grid (EX-field components). A beam scanned by 21° off
the principal geometricd axis (broadside diredion). Sample spadng no greder than 0.4A, (24 mm)
a the alge of the scanning circle (radius 64 cm). Recording time, 3 hous 30 minutes. Averaging factor, 4.
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The images in Figures 5.22 and 5.23 depict the amplitude (without normalization)
of the measured samples aaquired for the phased array antenna for two beam pasitions:
the broadside beam and the bean tilted by 21°. The radiation source was an 8-element
(linear) MC-8 phesed array operating with linealy poarized waves at 5000MHz. The
images $ow that the aray is likely to be of linear type, as the recorded amplitude
values are aranged in a strongly asymmetricd manner (much wider along one ais
than along the orthogonal axis). Furthermore, the expeded sidelobe level is likely to
have been suppressed in the aray. The main beam appeas to be well formed. As the
far-field radiation pettern develops when the observation pant moves apart, the nea-
field data recorded for different probe-AUT spadng gve the ideaof how the ampli-
tude pattern is evolving.



CHAPTER 6

SPATIAL SAMPLING
AND NEAR-FIELD DATA PROCESSING

6.1. Sampling criterion

Introductory remarks

The commonly known sampling criterion that establishes the fundamentals of
communication theory founded by pioneering works of Shanonand Wiener states that
a band-limited signal s(t) can be determined without any lossof information, when its
discrete values are sampled over uniform time intervals T, and Ts is dhorter than
V(2fmax), Where fra is the upper frequency limit in s(t). This principle is known as the
ShanonCriterion and the minimum sampling rate 1/(2f.x) is cdled the Nyquist rate.
A full reconstruction of the sampled field is possible when the chosen sampling inter-
vals are such that an aiasing problem with their multi plied spectra can never occur (in
the given domain). If the sampling rates were too slow, then periodical foldover re-
gions would occur within the multiplied spectra, where some portions of the aljacent
lobes would add and as a result the fidelity of the signal form would be lost. A signal
can be remnstructed accurately from the sampled spectra, irrespedive of whether the
analyzed lobe is arranged in the original or in the inverse order. For sufficiently nar-
row bandlimited signals it is acceptable to determine sampling rates smaller than the
lowest frequency of the signal, as the foldover regions will not occur due to the mar-
gins left between the multiplied spectra. When undersampling is feasible, the quantity
of binary data may be reduced by many orders in the murse of digital signal process
ing. The permissble undersampling rates are cdculated with a simple inequality de-
rived from the spectrum analysis of asampled bandlimited signal.

In some instances, analysis of the field phenomenon concentrates on spatial-time
signals, and then the determination d sampling intervals in the spatial domain instead
of the time domain becomes indispensable. The determination d the spatial sampling
criterion onthe given scanning surfaceis vital for the nea-field measurements of the
antennas, because only methods operating with a discrete set of measured points have
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a pradical meaning (Joy, Paris 1972; Bucci, Franceschetti 1987). It is worth noting
that the spatial samples can be regarded as a set of point sources generating an elec
tromagnetic field identical with the origina sampled field ouside the surface which
encompasss all the point sources.

Electrical engineers are generdly less familiar with the aiterions for spatial sampling
of the dectromagnetic field than with the well-known time domain sampling theory.
Furthermore, the spatial sampling theory must address both uriform and nan-uniform
sample arangements on various aurfaces. In conventiona analysis, consideration is
given to bandimited signals. However, when antennas are measured with ultra-narrow
pulses, a wide spedrum of test signals must be taken into acount, which makes the
reconsideration of the permisgble sampling intervals unavoidable (Hansen T. 1997%.

In the most simple case of a plane wave signal propagating in hanogeneous, loss-
less media, the electromagnetic field can be fully described at any point of observation
with one-paint data only. However, to enable the determination of the field at an arbi-
trary point, the time and point coordinates must be given. For other wave forms, more
elaborated approaches must be established. The principle with which we can derive
the maximal spatial separation of the samples obeys the rule that foldover lobes in
multi plied spectra are never allowed to occur.

Sampling on an arbitrary planar grid

Without bothering with the fully 3D sampling arrangement at the moment, let us
consider the sampling surface & being a plane oriented coincidently with the direction
of spherical wave propagation. Then, the wave signal can be sampled instantly without
any information loss provided that the sampling points are spaced no farther than
a half wavelength corresponding to the highest signal frequency. It is obvious that in
the time domain such spacing is equivalent to sample intervals not greater than a half-
period d the highest signal frequency (this observation is consistent with the Shanon
Criterion). Please note that when the arrier signal is sampled and wse is made of
areference thannel, the recorded phase shift value is the same, regardless of the sam-
ple taking moment. Thus, the samples recorded sequentially (‘point after point’) by
ameasuring system with a reference channel will be equivalent to those acquired in-
stantly at all points by a measuring system with noreference channel.

In a generali zed approach, onthe basis of the sampling theorem and Fourier Trans-
form analysis (Papoulis 1977), it is known that the replacement of the ntinuows
function J(r") (expressing current or field strength) with discrete surface currents
obtained in the course of sampling on the Cartesian grid (with sampling intervals Ax
and Ay in x and y) produces a periodic replica of Us with the following intervalsin the

Fourier space k' (the prime denotes two-dimensiona vedors) (HansenJ. 1988,
Sec 7.34]:
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Ak, = 2m/A X (6-1a)
Ak, =2m/AYy (6-1b)

The periodic Us replicais compased of a series of lobes. The main lobe is centered at
k' equal to the projection EO of the ideal plane wave propagation vedor IZO onto the

Cartesian pane (xy-plane). Other replicas which enter the visible region are responsi-
ble for the occurrence of undesired grating lobes and for the foldover between the

lobes. The visible space limits are defined by the condtion |E'|s k (where k is

awavenumber k = 217Ao). Only if al lobes other than the main ore remain in the in-
visible space, the replica Us representing the sampled signal will reconstruct the origi-
nal J«r") current or field without any lossof information. (It is worthy to mention that
a similar problem with grating lobes is frequently faced in antenna arays and in sam-
pling of bandlimited signals.) The undesired lobes will fall outside the visible region

of the Fourier space K, irrespedive of the propagation veaor IZO when Ak, =2k and

Ak, >2k. The two inequalities lead to the following criterion for the permisgble inter-
vals between the sampling pointsin x and y:

Ak =2 5ok =22% (6-23)
AX A
Ax<? (6-20)
2
Ak, = 2% > k=220 (6-39)
Ay A
Ay< % (6-30)

These formulas imply that the spacing between the sampling points can not be greaer
than a half-wavelength if the plane wave gproaches the xy-plane from an arbitrary
direction. In nea-field measurements, this permissble spacing is known as the half-
-wavelength criterion. Only if the plane wave propagates perpendicularly to the source
plane (kg =0), the replicas remain out of the visible region for Ak, >k and Ak, > k.
Consequently, the permissible spadng equals one wavelength in x andy. The spacing
can be larger than a half-wavelength if limited occurrence of grating lobes is all owed.
Such a cae occurs when the spatial projedion d the grating lobes passes off the
measuring probe. Then, the grating lobe is unable to remarkably corrupt the sampled
values when pointed far off the probe field of view in the outermost zone of the scan-
ning aperture.
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Sampling on polar and spherical grid

In pdar and spherica grids, the introduction of angular sampling intervals seems
to be feasible, asit can be inferred from the nature of the plane wave spectrum distri-
bution. In that approad, larger scan radii of the scanning surface do nat require
agreaer number of sampling points as it would be with the half-wavelength criterion.
In pdar and spherical coordinates, the following criteria were propcsed and are used
for angular sample incrementsin the aimuth (A¢) and elevation (A6) angles

(6-4)
2(a+A)

where aisaradius of the minimum sphere for the antenna.

Even though, there is a lack of mathematical proof, the (6-4) criterion is widely
used in measurements. Then, the number of the sampling points is considerably
smaller (e.g.for Ap=32 mmand a=270mm, the number of samplesin phi and theta
is 119, giving the overal number of samples 14,161; at the same time the half-
-wavelength criterion gives the number of samples equal to 549 onthe perimeter of
the scanning sphere having a radius R = 1400mm, and this may result even in atota
number of 301, 401sampling paints).

Ancther approach which leads to similar results is the one described in Sedion
4.4.3 d (Hansen J 1983). The highest significant wave mode eisting in the field radi-
ated by the aitennais given by

N =ka+10 (6-5)

The minimum number of samplestaken in afull anglein bah azimuth (¢) and ele-
vation (6) diredions is 2N + 1. Thus the greatest permissble angular increment Ag
andA@ isthen

27

T
Ap=A0= =— 6-6
¢ 2N+1 N (6-6)
After smple conversions, (6-9) gives
i3 A
AP=AB= = (6-7)
2}\"a+10(= 3p 2a*3

The studies showed that assuming an N value greater than the one given by (6-5)
leads to inclusion modes (harmonics) which are very small, mostly below the noise
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level. Increasing the N value can be justified oy when the arrent distribution does
not establish a well-defined minimum sphere. In many cases it is not obvious what
size should be actualy assumed for the minimum sphere. A dense oversampling is not
advisable as it does not enrich the information about the radiated electromagnetic
field. In pradica near-field measurements, the oversampling ratio is small and ac
courts for a 10-20% increase in the number of samples.

In pradical near-field measurements it is necessary to know a minimum spadng ro
between the tested antenna and a scanning surface It is worthy to mention that
aminimum sphere of the probe must remain ouside the rq limit surface all the time
during scanning. Distance ro can be evaluated by deriving a sufficient number of
propagating modes which are included into sampled fields. A sufficient number of
terms for convergence of a series representation of spherical wave functionsis for all
practica purposes given by the empirical rule N = [kro] + ni. According to Hansen, if
the fidld pant is more than a few wavel engths from the minimum sphere and four digits
in the field computation are sufficient, an obvious choiceis n; = 10. The same reference
says, the value kro between 15and 22is sufficient for pradical measurements. Thus, the
minimum scanning distance ro can be derived as 15< kro = (217A) ro < 22. Hence rq
shoud na be smaller than 2.2wavelengths.

6.2. Interpolation techniques

I nter polating non-unifor mly placed samples

The major reason for applying interpolation to the processing of near field datais
the desire to take alvantage of the benefits offered by the FFT andin that way to es-
cgpe from al those lengthy and abundant numerical integrations needed to compute
the far-field petterns with nea field data. When involving the FFT, the computation
time can be reduced by afew orders (Rahmat-Samii et al. 1980) (FFT can be applied
when the data matrix size N is different from the power of two). The transformation
between near and far field is the most effective for the rectangular format of data a-
ranged on aplane. For this reason, the cnversion of the data in the bi-poar format
into the Cartesian oreis highly beneficial. However, the interpolation method and the
selection of the interpolating values (exact recrded samples) strongly affect the accu-
ragy of the transform method as a whole. Another interpolation-related issue is the
nonuniform sample arangement in the bi-poar grid and the two-dimensional ar-
rangement of samples which are complex numbers. The probe excitation coefficients
are complex numbers and can be presented either in the real/imaginary or in the ampli-
tude/phase formats. Our microwave receiver returns the amplitude and phase values.
In the poar format, the phase values are nonlinear (moduo 36)°), but it is possible to
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unwrap the phase and restore li nearity. However, this mathematica processis difficult
through presence of phase discontinuities and fast changes in the far sidelobe region
(Carball o, Fieguth 20032.

Last but not least, the interpolation techniques might turn out to be of utility inim-
proving the visudizaion o the far-field results. The resolution of the far-field results
is improved in nea-field laboratories with the zero-fill method (adding zero-pads to
the FFT inpu matrix). However, when far field data are needed in an arbitrary cut-
plane, the interpolation performed over the transform results yields a more acurate
radiation pattern plot. Since the data points are nonuwniformly spaced, particularly rec
ommended for such apurpose is the OSI method (Ferrara et a. 2001).

Several interpolation methods were mnsidered and three of them gained primary
interest in our studies:

(i) the splinefunctions,

(ii) thefour-paint Lagrange interpolation,

(iii) the Optimal Sampling Interpalation (OS).

The spline functions operate with data in the linear vedor format. Methods (ii) and
(i) work with input data around the given interpolation nale (of the first surrounding
tier, the second org, etc.).

A spedfic fedure of interpolating the samples arranged in the pdar format is
a better acaracy in the center than in the edge regions of the grid due to the following
reasons.

(i) at the grid center interpolation is performed with densely padked sampling

points,

(ii) phase variations, which are low and small i n the main beam region a in nea
field above the antenna goerture, become rapid and large over the sidelobes
outside the antenna gerture,

(iii) the fields are usually stronger in the center of the grid and wedker at the far
out sidelobes.

Redundhncy at the grid center exists unlessthe bi-pdar grid is modified by thinning
(described in Section 6.5. Regardless of the method wsed, the validation of the inter-
poated results sould be performed as a routine step in data processing. A checking
procedure should evaluate the differences between exad and interpolated values, as it
might happen that the interpdation urexpectedly fails—locally or globally — to foll ow
up the measured data with a satisfactory fidelity.

Vector splineinterpolation

At the beginning of our study, we made use of the third-order spline functions (cu-
bic spline functions) (Kabadk, Maksimiuk 19978. We dose this method realling
the satisfactory experience gained in aur ealier research. However, the spline method
makes use of one-dimensional input data, and is far from being an ogimum approach
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to theinterpolation of planar data. Asthe interpolationis performed on panar data, the
spline functions must be clculated twice (along the x-axis and, thereafter, along the y-
axis). The interpolating algorithm involves two steps. the choice of the interpolating
nodes in the bi-polar grid for each interpolated linear vedor (row or column of the
rectangular grid) and the determination of the spline function coefficients. In the
course of interpolation, we minimized the vedor to vedor distance defined by the
following measure

M

d(v,2) = Z(Vij _Zj)2 (6-8)
IE

for every i wherei = 0, ...,N.

In ou procedure, the spacing (Vi —Z;) must not be greéer than 1/ 4\/5/\0 for every |
(for majority of cases this spadng is much smaller). In the given interval [a, b] having
apartition u; wherei =0, ..., N, and up= a, uy= b, the interpolating function is always
a third-order polynomial. The spline interpolation requires that the unknowns in the
set of linear equations be found.

Four-point Lagrangeinterpolation

A major advantage of the Lagrange interpolation formula is its ssimplicity and
straightforward appli cation to two-dimensional planar data. The method makes use of
four sampled values in the proximity of the interpolating node. Weighting coefficients
are clculated from ratios of the distances between the sampling and interpolated
points. The distances can be epressed in terms of linear or angular measures as
shown below:

f((p,p) :MM f((pl,pl)
@@ PP
+Mﬂf(¢l’p2)
Q=@ P~ P

+MMf(¢2’pl)
O —@ P~ P,

+ P74 PP f (@, 0,) (6-9)
Q=@ P>~ Py
where f(@, p) is one out of four sampled values taken in the vicinity of the (¢ p)
point, andf(¢, p) denates the interpolated value.
The valuesin (6-9) are mplex and are represented in the real/imaginary format.
The dgorithm was implemented in the polar near-field system (Gatti, Rahmat-Samii
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1988. Making use of the sampled values gattered aroundthe interpolating node is the
most reasonable selection method. However, the weighting algorithm applied here is
one of the simplest possble and daes nat ensure control of the gproximation error.
Variations of the electric field of the aitenna ae aswciated with abrupt changes.
Neallessto say that the propational method d calculating the weights does not en-
able such abrupt trends to be followed-up acairately. In order to overcome this draw-
badk, small er distances between the points can be suggested. However, the decrease of
sample spacing is neither a wise nor a recommended approach in the measurement
technique that operates on large data files. Furthermore, it was observed that incresse
of the sampling paint density does not reduce interpalation errors.

Optimal Sampling Interpolation (OSI) of
non-uniformly spaced samples

More suitable for the processng of the antenna fields are the algorithms of optimal
reconstruction (Bucci et al. 1994a; Williams et al. 194b; Kabacik et al. 2000a). Fur-
thermore, the OSI method does nat require greater sample density than the ones de-
termined by the sampling spacing criterion. The method which has foundthe widest
accetance is the Central Interpoation Scheme (Bucd eta. 199). Owing to the
elaborated use of the Dirichlet and Tschebyscheff sampling functions, the OSI method
yields interpolated values with great accuracy (Bucd, D’Elia 1994b; Bucci et d.
1998h. The understanding of the best approximation is in the sense of the Least Mean
Squares (LMS). Since the sampling functions must be formulated for a given coordi-
nate system of exad values, nontrivial efforts are required when making use of the
method. Presently the OSI method supports the cardinal coordinate grids, including
the plane-pdar grid. Please note that with the formulas for the plane-pdar grid it is
possible to interpolate datain the bi-palar grid.

The geometry of paint locaionin the interpdation procedureis sownin Figure 6.1.
The interpolating values are taken in the nearest proximity around the interpalation
node (which isin the Cartesian system).

For geometry of Figure 6.1 following normalized description o sample location
was introduced

-P
¢= d
(6-10)

acd
r

n= =@sind

m

where p is a radial distance of the point under consideration and d is a distance
between AUT and the scanning plane with bi-polar samples.
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Fig. 6.1. Geometry of the bi-polar points and description of their coordinates.

In the interpolation procedure we applied the general equation

n=ng+p [Jm=my(n)+q 0
EEm= > O E(fn,nn,m)Gn(n—nn,m)g?(f—fn) (6-1)

n=rlg=p+1 F=m (M-q+1

Indexes { no, Mp(N)} denotes the nearest sample to the observation point (&, i) interms
of normali zed coordinates. Q(¢&) isaproduct of the sampling function and the weight-
ing function appropriate for the line n = const, wherein 6,(n) is given by the sampling
function times the weighting function applied for the observation line £ = const. The
interpolated value is obtained in two steps: firstly by interpaating the values along the
lines ¢ =&, and then by computing the final values along the line ) = const. In the
considered case the interpalating functions of (6-11) are given by

Q(&) =sinc(x,wé) ¥ (£)

(6-12)
6,(m =Dy, (M)./x, ()
In our laboratory the calculation explores the formulas established for the dataiin the plane-
pdar coordinate system. For computation @y either the Dirichlet or the Tschebyscheff
Sampling Function may be applied. The Dirichlet Approximate Spheroidal Function
(DAPS isgiven by
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sinh[(2N +1)sinh™ \/sinz(qq)lz) —sin®(p/ 2)] sin(@,/2)

SN (@) =— —— : : (6-13)
sinh[(2N +1)sinh 1(sm((po/2))]\/sm2((p0/2) -sin®(@/2)
The Tschebyscheff Sampling Function (TS) isexpressed as
T % cosp/2) é_lg
NE os@,/2) =
Sn(@)= 0 3 5 (6-14)
T -1
Fod@/2) 1
@ = PAQ (6-15)

The ¥ can take aform of the Approximate Spheroidal Function (APS or the Sam-
pling Window function (SW). Both are defined by equations (6-16) and (6-17) respec

tively
o sinh[nuhw/l— ﬁ% Asﬁ
sinh@rup)\/l— ﬁ%Asﬁ

v=(x.-D/x, (6-16)

wherein s is the rectilinear abscissa (x-axis coordinate of the point) normalized to d.
As = 17(x-w) is the sampling rate. In order to control the truncation error, As must be
sightly larger than the minimum one i.e. T¢w (w is the band of the gproximating

function).
coshfcuhwfl— S
?(s) = E/‘)Asg (6-17)

coshgup)

The OSI interpolation methodis also applied to the Singular Vaue Decomposition
(SVD) technique. The application isto determine the uniformly reconstructed samples
in some antenna problems. The OSl is used in order to determine the solution which is
the best approximation of the linear equation system

Ax =b (6-19)

where b is a vedor of the known nonumformly spaced samples, and x is a vedor of
unknown values to be cculated which are uniformly arranged. The number of ele-
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mentsin b can be greater than, a equal to, the number of elementsin x. With the OSl
expansion elements ay,, of matrix A are determined as follows

B = Oy (’7k -¢m)DM~(f7k _q’m) (6-19)
where Qy isthe Dirichlet functionand D, isthe Tschebyscheff function.

Inter polated near-field data recorded in our laboratory

The acuragy of the interpolation algorithm is a aitical isue to the overall far-fied
results. In this Sedion, ill ustrative examples of interpolated data processed in the course
of the studies with our computer codes are presented and dscussed. The discrete values
interpolated with the spline methodwere in good agreament with the original ones, asit
can be inferred from the plots in Figure 6.2. The exad data presented the radiation pet-
tern in the H-plane ait. A remarkable discrepancy between the interpdated and exad
values was observed at two pdnts located between —85° and —9(°. The interpdation
procedure started with those paints and terminated onthe oppdite side of the radiation
pattern. It shoud be noted that the discrepancies occurring at the surface elges deserve
closer than just margina attention, and that this ort of discrepancies are likely to occur
in ather interpaation techniques as well due to truncaion. What is an edge point in the
grid d measured samples can become an inner value after zero padding (in the FFT
method, zeros are fill ed at the outskirt of the scanned areg).
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Fig. 6.2. Interpolated values computed with the spline method,
1° intervals between interpolated pants (Kabadk, Maksimiuk 1997b).
solid line— exad values, crosses — interpolated values
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In the spline technique, the interpolating coefficients are mmputed with all ele-
ments of the input data vedors which span from one alge to ancther. Thus, distant
samples are wrapped upinto the computation o the interpolated values. A more rea
sonable gproach should concentrate on nearby samples and neglect the distant ones
asirrelevant.

The remaining interpolation plots were cmputed by the OSI method implemented
in ou data procesgng software. Figures 6.3 through 6.7 show the interpolated ampli-
tude values of the field recorded with our bi-polar system above the 16x15 cm, planar
RMB-64 array (the measurements were & 9030 MHz). The plotted data showed that
the quality of linear polarization was not very high. During scanning, the @-pdar
field comporents generated by the antenna were obtained in the EX plane, while the
cross-poar comporents were in the EY plane of the scanning system. Closer inspec
tion of the interpolated values allow us to conclude that the interpolation algorithm
handed accurately the sidelobe mncentration regions which are particularly difficult
to process Our research showed that the results obtained with the OSI method are
most acaurate of all three interpolation techniques analyzed.

The TPA-256 array consisting of 16x16 elements (33x33 cm) was four times as

large & the RMB-64 antenna and thus had a narrower main beam and more sidelobes.
Figures 6.8 and 6.9show the interpolated amplitude values in the rectangular coordi-
nates of the field recorded 224, above the TPA-256 array. The antenna was measured
at 11250MHz in such a way that the c-polar field componrents were consistent with
the EX plane and the crosspadar field comporents were aranged along the EY axis
(on the principal axes of the system). As is evident from the surfaceplots in Figures
6.8 and 6.9,the OSlI method poved its goodacarracy and remnstructed the main fea
tures of the radiated field. The surface plots of the recorded phase values are hard to
real in the printed version, as the microwave receivers return the numbers in the
moduo 360 format and the phase undergoes rapid and large changes within the
sidelobes. To visualize the phase values in areadable form it is grongly advisable to
use mmputer animation or print several plotsfor various points of view.
Multi-beam and scanned-beam antennas have their beams pointed off the broadside
direction, so the strongest intensity of the radiated field is outside the central region o
the grid. In these circumstances, some setbacks of the interpolation method may
emerge. We tested the OSI method by recording the sampled field values in front of
the 8-element linea MC-8 phesed array (Kabacik 1995b, Ch. 6).The interpolated am-
plitude surfaces for severa bean positions are shown in Figures 6.10 through 6.14
The dx and dy spacing in the Cartesian grid was 24 mm (0.351,), and the scanning
plane was 52 cm (8.64¢) above the AUT. In some of these plots there is noticedle trun-
cation d the data acrossthe main beam because of the scanning aperture truncetion.
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relative amplitude

Fig. 6.3. Interpolated (with the OSI method) 3D amplitude surfaé&dfeld components radiated
(at 9030 MHz) by the 8x8 element microstrip RMB-64 ar&ganning aperture radiuss 51 cm;
AUT-probe spacingd = 46 cm (13.8,); dx anddy spacing in rectangular grid, G4
increment of concentric rings in bi-polar grid, A,4Averaging factor of recorded data, 4.
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Fig. 6.4. Interpolated (with the OSI method) 3D amplitude surfaéXdfeld components radiated
(at 9030 MHz) by the 8x8 element microstrip RMB-64 ar&ganning aperture radiusz 51 cm;
AUT-probe spacingd = 46 cm (13.8,); dx anddy spacing in rectangular grid, Q4
increment of concentric rings in bi-polar grid, &,7Averaging factor of recorded data, 4.
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Fig. 6.5. Interpolated (with the OSI method) 3D amplitude surfagXdfeld components radiated
(at 9030 MHz) by the 8x8 element microstrip RMB-64 ar&ganning aperture radiuss 78 cm;
AUT-probe spacingd = 70 cm (21.1,); dx anddy spacing in rectangular grid, Q4
increment of concentric rings in bi-polar grid, &,9Averaging factor of recorded data, 4.
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Fig. 6.6. Interpolated (with the OSI method) 3D amplitude surfaéXdfeld components radiated
(at 9030 MHz) by the 8x8 element microstrip RMB-64 ar&ganning aperture radiuss 78 cm;
AUT-probe spacingd = 70 cm (21.4,); dx anddy spacing in rectangular grid, Q4
increment of concentric rings in bi-polar grid, A,4Averaging factor of recorded data, 4.



relative amplitude

Chapter 6. Spatial sampling and near-field data processing 115

25l

100

150

100

-200 S50 -100 -50 %Dm

Fig. 6.7. Interpolated (with the OSI method) 3D amplitude surfa&Xdfeld components radiated
(at 9030 MHz) by the 8x8 element microstrip RMB-64 ar&ganning aperture radiusz 78 cm;
AUT-probe spacingd = 70 cm (21.4,); dx anddy spacing in rectangular grid, @4
increment of concentric rings in bi-polar grid, &A,9Averaging factor of recorded data, 4.
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Fig. 6.8. 3D surface of amplitude values interpolated with the OSI method, in front of
the TRA-256 microstrip planar arrayscanning aperture radiusz 60 cm;
AUT-scanning aperture spacing, 59 cm (2g)5dx anddy spacing in rectangular grid, 0.4
radius increment of concentric rings, £,411250 MHz). Areraging factor of recorded data, 4.
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Fig. 6.9. 3D surface of amplitude values interpolated with the OSI method, in front of
the TRA-256 microstrip planar arrayscanning aperture radiusz 60 cm;
AUT-scanning aperture spacing, 59 cm (22)5dx anddy spacing in rectangular grid, Ay
radius increment of concentric rings, &, {11250 MHz). Averaging factor of recorded data, 4.
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Fig. 6.10. Interpolated amplitude surface in the Cartesian fodxatdy = 0.35) of
the EX field components, calculated with bi-polar data scanned on the plane 52 agh (8.6
above the MC-8 phased array for the broadside position of the (fear000 MHz).
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Fig. 6.1. Interpolated amplitude surface in the Cartesian fordxat ¢ly = 0.35\,) of

the EX field components, calculated with bi-polar data scanned on the plane 52 &g (8.6
above the MC-8 phased array for the beam tilted by 84° 5000 MHz).
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Fig. 6.12. Interpolated amplitude surface in the Cartesian foaxatdy = 0.35) of
the EX field components, calculated with bi-polar data scanned on the plane 52 agh (8.6
above the MC-8 phased array for the beam tilted by(£26°5000 MHz).



118 Reliable evaluation and property determination of modern-day advanced antennas

60
40

20

Y [cm]

-20

-40

60

-50

B0 &0 -40 -20 0 20 40 60 a0

X[cm]

Fig. 6.13. Interpolated amplitude surface in the Cartesian fodxatdy = 0.35) of
the EX field components, calculated with bi-polar data scanned on the plane 52 agh (8.6
above the MC-8 phased array for the beam tilted by (13°5000 MHz).
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Fig. 6.14. Interpolated amplitude surface in the Cartesian fodxnatdy = 0.354,) of
the EX field components, calculated with bi-polar data scanned on the plane 52 agh (8.6
above the MC-8 phased array for the beam tilted bif 7 5000 MHz).
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6.3. Fundamentals of near to far-field transform

As the near-field technique creates a lot of difficulties, there is no neal that eat
member of the research team be well competent in the theory — there ae several more
areas demanding proficiency. But at least one tean member shoud passessa versatile
knowledge of the theory on which the near-field technique is based. Since the nea-
-field method is an indirect approach, the measured data do not provide insight into
the antenna parameters and follow up data processing becomes indispensable. There
are two general approaches making use of the FFT for the computation of integralsin
the far-field transform:

(i) plane-wave spedrum,

(ii) convolutiona expression of the probe fields and the AUT fields.

The plane-wave spedrum isidentical with the far-field E comporent radiation pattern.
The concept of plane-wave spedrum mekes it posshble to eassy understand the devel-
opment of antenna radiation pattern in the far field. In particular, the derivation of the
far-field transform for the planar rectangular scanning is well supported by the plane-
wave spedrum theory.

Near field and far field of antenna radiation

The strength and spatia distribution of the field radiated by any antenna evolves
with dstance from the source and the radiation pettern takes a practically stable shape
for sufficiently large distances from the field source. For smaller distances between
the antenna and the observation point, the following types of distinctive different re-
gions dhould be introduced: reective, nea field and transition, the latter being fol-
lowed by the far field zone. So far, the readive region has been considered as useless
in terms of antenna measurements. It occupies a space ajacent to the atenna struc-
ture, where propagating reactive field componrents vanish quickly. However, there ae
works aiming at establishing nea-field reactive-field transformation (Appd et d.
1998.

The antenna can be cmnsidered as a whale radiation source outside its minimum
sphere, i.e. the smallest one that encompasses the entire antenna structure. The first
region extending outward from the minimum sphere is called the near-field region
(actualy, awell established rea field starts between ore to threewavel engths outside
the minimum sphere). Talking about the near field makes snse in the case of antennas
which are gproximately at least 0.3A, large.

Intuitively the far field can be described as a zone where the shape of the radiation
pattern does change negligibly. In order to establish a versatile definition of the far-
-field region it is assumed that the point of observation is in the far fidd when the
phase offset between the waves generated by the alge parts of the antenna goerture is
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small and does not exceal the permissible maximum value. The most widespread use
definition takes the value of the maximum phase variations 178 (22.5°). Such permis-
sible phase difference leads to a onclusion that the far-field range extends from the
Rayleigh distance R expressd as R= 2D%A (where D is the largest antenna dimen-
sion). But this Rayleigh dstance is too small to properly evaluate the depth of the
nulls and the sidelobe levels in antennas with suppressed sidelobes.

For antennas with low sidelobe levels or for those involving advanced beamform-
ing methods (non uriformly ill uminated reflectors or fed elements), greater far field
distances are postulated (Kabacik 19958. In such instances, the assumption that the
phase variations will not be greater than 6° usualy satisfies the designer’s require-
ments (Kabacik 1998) and the far field distance R can be expressed as

R=>5DA (6.20)

Such R values must be neaessarily applied to the sidelobe and rull depth measure-
ments (the antenna main beam, however, can be evaluated with shorter ranges). Typi-
cd symptoms of an underestimated far-field measuring range ae: an increased level
of the sidelobes, shoulder-like distortions of the main beam, smoaothened nuls, or
sidelobe mergers.

Plane wave propagating in lossless unbounded isotropic media

The electromagnetic field generated by an arbitrary source @an be described by
spherical waves; the total far field of any antennais a spherical one. The objective of
plane-wave-spedrum analysis is to describe how the spherical wave in the far field o
the antenna transforms from the plane waves propagating in the near field (in the plane
wave, the surface of a constant amplitude or phase is planar) (Kerns 1980; Rudduck
et a. 1973; Johnson et a. 1973 Li et al. 2001). Perhaps the first published major work
onthe concept of an angular plane-wave spectrum was by Booker (Booker, Clemmow
1950. The plane-wave scattering matrix establish an excellent framework for deter-
mination of mutual coupling between two antennas (Y aghjian 1982).

Nea-field analysis is based on the aperture integration method or on the plane
wave spectrum approach. It turns out that the electromagnetic field in the proximity of
the antenna radiating structure shows plane wave properties. Without being troubled at
the moment by the problem of what kind of charge or current distributions are neces-
sary to establish the plane wave which propagates in lossless unbourded isotropic
media and coincides with the (¢ i 6,) diredion, it is worthy to study in more detalil
the plane wave properties and the phenomenon of its propagation (Stratton 1941;
Booker, Clemmow 1950. Basically, the electromagnetic field of the plane wave is
described by its electrical E, and magnetic H, comporents expressed as functions of
three dimensional coordinates andtime. For the (¢, 6o) direction d propagation:
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E, = E,e*’ (6-21a)

Hy = Hog'" (6-21H)

where

ko = —ksinf, cosg,X — ksin@, sing,y — kcosf,Z (propagation vedor)

k =2n/A, (freespacewavenumber).

It is interesting to evaluate the dimensions of the space in which quasi-planar waves
propagate in the antenna vicinity. Without gaing into detail sit can be said that such space
is similar to the minimum sphere of the given antenna. For the short dipole, the radius of
a quasi-planar zone gproaches 4.8A, (HansenJ. 1988, Sec. 7.2). The amplitude and
phase nonuniformity along the x-axis (X < 3.8A¢) is0.001 dB and 0.04°, respectively.

The understanding of the plane wave spectrum produced by an arbitrary antennais
illustrated in Figure 6.15 The waves have different direction of propagation. The
spherical field generated by the source is a superposition of these plane waves. Inte-
gration over the spatial spectrum producethe far-field radiation pattern o the radiation
source. It must be noted, that the insufficiently large separation between the scanning
and the AUT planes, led to a small number of spherical wave comporents, which de-
creased the resolution and accuracgy of the measurements.

E(8. ¢. r) = superposition of all plane waves

Fig. 6.15. Plane wave spedrum propagating outside the gerture radiation source

Far-field determination with vector Kirchhof integrals

Knowing the current distribution, it is possible to determine the properties of an-
tennaradiation at the given observation pant. When the dectromagnetic field compo-
nents in the near field are known and the current distributions at the antenna aperture
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are nat, other methods of radiation pattern determination must be developed. There are
techniques which rely on acceptable goproximations of the fields recorded in the prox-
imity of the antenna structure. One of these techniques is the Field Equivalence Prin-
ciple. In electromagnetics it proves powerful when equivalent problems, yielding the
same solution within a specific scope, are formulated. When adopting the equivalence
principles, the field outside an imaginary closed surface (such as §) is obtained by
introducing suitable dedric and magnetic aurrent densities onto surface S (Yaghjian
1984H. The introdwced densities must satisfy the boundary condtions. Intuitively, the
approach can be explained with reference to the Huygens's principle gplied to continu-
ous field sources. The Huygens's principle states that each pant of a primary wave front
can be regarded as a new source of a secondary sphericd wave, and a secondary wave
front can be viewed as the envel ope of these secondary spherica waves.

Let usasume to be &le to measure the dectric and magnetic fields on an arbitrary sur-
face S encompassing the measured antenna (Y aghijan 1986). The fidds outsde S can be
expressed at any arbitrary point of observation by integrating the dectric and magnetic
fields tangential to S(Kottler-Franz formula). Our measuring system should be sengitive to
different field comporents, so it is possble to provide aspecific fied type such as tangen-
tial or radid. The dectric far fidld ousde S—which isresponsible for the radiation pettern
— can be derived in terms of the so-cdled vector Kirchhaf integral. The vector Kirchhof
integral sets a wrnerstone for the far-fiedld computations with the integration method (an-
other method makes use of the plane wave spectrum). In near-field measurements, Scan be
chosen as a scanning aperture, sincein engineering there is generaly no reed to require that
Shbe atirely closed. Although the Kottler-Franz formula and vector Kirchhof integral are
smple in form, they need measurements of both tangential eectric and magnetic fields on
the entire S and thisis a serious drawback. Anather impairment is the involvement of sur-
face integration, which uses considerable computer resources andtime.

It would be profitable if the vector Kirchhof integral could be derived using either
the tangential dectric or the tangential magnetic field. Then, the measuring equipment
would record ore physicd quantity only. Preference shoud be given to the dectric
field as the measurements of the magnetic field comporents are much more trouble-
some. By utilizing the dyadic Grean's function G it is possible to relate the outside
electric field to the tangential electric field on the closed surface S The problem can
be solved when it is possible to find the G function. If the shape of S supports the or-
thogonal vector wave functions of MxN, the dyadic Grean's function G can be pro-
vided in a mnvenient form. In such a cae, G isgivenin terms of M and N. There ae
three cardina coordinate systems which suppat the MxN vedor wave solutions: pla-
nar, cylindrical and sphericd. Three more ordinate systems support such vedor
wave solutions but they are difficult to implement in a scanning system (elliptic cylin-
der, parabolic cylinder or spherein the cnical format). With the vector Kirchhof inte-
gral and dyadic Green's functions, the following equation for the planar coordinates
can be written for the non-probe rrection transmission formula
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E(xY,2)= 2—171 J’ f T, (k. k, )€™ e*e" Y dk dk, (6-22)

—00 —00

Thisis valid when assuming that the tangential eectric field is measured with an ideal
probe. Unfortunately, such probes do not exist — real probes have nonuniform direc-
tive and polarization properties. That is why the measured field must be crrected for
the non-ideal performance of the probe if accurate pattern results are to be adieved
not only within a fragment of the main beam (Joy et al. 1978). In panar scanning the
probe remains along the same direction, usually coincident with the z-axis, which is
paralel to the main geometrical axis of the AUT. Thus, the probe is pointed exadly
towards the antenna only at the center of the scanning surface. Correction in planar
scanning primarily compensates the directive radiation pattern o the probe. The vec-
tor response of the probe by is expressed by the transmisson formula which incorpo-
rates the probe rrection term then takes the form

— 1 % %= — o
b(x y,z)= o J' J'R(kx k) 0 (K, k) €7 d* Y dk, dk, (6-23)

—00 —00

In the cae of spherical scanning, there is aless svere neal for probe crrection, as
the probe is aways pointed towards the AUT.

For nonreciprocal antennas, the radiation pattern properties can be determined by
nea-field measurements with probe transmitting and test antenna receiving. Generali-
zation d transform techniques enabling adoption of arbitrary nea-field geometry
emerged as an interesting research subject few years ago (Sarkar, Taagha 1999).

Reasonsfor applying the FFT

It is worthy to recall that the Fourier Transform is widely applied to the synthesis
of aperture aitennas. For nortuniform line-sources (current distribution along the
length 1), the space factor is a finite Fourier Transform relating the far-field pattern to
the current distribution (Balanis 1997,Ch. 7].

Computation of far-field results involves integration which must be regarded as the
most time cnsuming task in numerical data processing. A wise way of overcoming
this trouble is the use of the Fast Fourier Transform. In order to materialize this ideg
the integrals are derived in the form of FFT. In consequence the computation time
bewmes dhorter by a few orders. The use of the FFT for the computation of integrals
in the far-field transform is feasible in both theoretical approaches: plane-wave spec
trum and convolutional expression d the probe fields and the AUT fields. A Fourier
transform is highly oscillatory, which makes it more difficult to integrate numericaly
than the lessvarying coefficients of Jacobi—Bessd integrals. Another issue is that the
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FFT origin must be set to the arner of Cartesian data, while the maximum radiationis
usually in the center of the Cartesian grid. However, the shift theorem of the Fourier
transform makes it possible to shuffle the results of FFT and recover the proper ar-
rangement of the radiation pattern values (by transforming the indices of the result
matrix).

6.4. Far-field transform computation in our laboratory

The development of the software needed for data processing is out of reach for
an average skilled reseach team. Teams with at least good scientific background
spent approximately four man-yea to develop computer far-field transform pro-
grams. That is why many laboratories turn to already developed software. The
cheapest known to our team is a computer program, for 1000 USD, for the far-field
transform in the Cartesian grid (Stubenrauch 1996). More reliable products cost
around 20,000 USD. In our laboratory we use the software exclusively developed
within our research work.

Far-field transform in the bi-polar method

Severa methods can be utilized for computing the far-field transform in the bi-
polar technique:

— interpolation/FFT,

— expansion methods (Jacbi-Bessl or Fourier—Bessel),

— quesi-Fast Hankel Transform (FHT).

In ou research, it was the Interpoatio/FFT method that received paramourt at-
tention. One of the two primary advantages of the Interpolation/FFT methodis a very
short computing time. It is also well suited for phased array and multibeam antennas.
The Jacohi-Bessel and Fourier—Bessel methods make use of data in the original poar
arrangement of the samples. In the expansion methods, near-field dstributions are
expanded into dauble series of expansion functions. These should be dosen in order
that a simple analytical expression exists for the integrals to be calculated. In the Fou
rier—Bessel method, the expansion functions are Bessel functions. Orthogonalities of
the functions sould contribute @ least to the improvement of the accuracy of the
method. In the Jacohi—-Bessal method, the expansion must be apadynomial and the
functions must be orthogonal in the xy plane with aweight function ore. Althowgh the
Jambi polynomials fulfill these requirements, the analytical expressions for Jacobi
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poynomials do rot allow afast computation. The reaursion expressions are more €fi-
cient computationally and do na cause numerical difficulties. In the expansion meth-
ods, the choice of the expansion center isvital, if rapid convergenceisto be achieved.
The choice is optimal when the expansion center corresponds to the peak of the main
beam in the radiation pattern. That is why the methods involving the expansion center
are not a favorable choicein the far-field computation of antennas with off broadside
beams. The acuracy of the two methods depends on the number of coefficientsin the
expansion series (Yaccarino etal. 1994). In the Fast Hankel Transform (FHT) the
nea-field is expanded into the aimuthal functions cosng’ and sinn¢g’. The Hankel
transform can be evaluated as the Abel transform, followed by the Fourier transform.
In some instances, the Abel transform can be computed with the FFT algorithm. The
FHT method reeds an interim step to handle the uniformly spaced samples.

Data truncation and adjustment of data recorded on
circular grid to squaregrid

Influence of truncation is observable in Figure 7.12 comparing the radiation pat-
terns obtained with two near-field systems: at the Technical University of Denmark
and ou laboratory. Our bi-polar system suffers from data truncation. In such a cae
the sidelobes at the edge of far-field pattern, become lower than they adually are.
Indeed, the sidelobes obtained with the spherical nea-field system (which dces scan-
ning on a full sphere) are dlightly higher than those provided by bi-pdar system at
edge of the valid data area

In order to avercome the problem of data truncation, extrapolation o field ouside
the scanned area ca be applied. We consider application of the method described by
Italian researchers to estimate the outside samples (D’Agostino et a. 20@). The
methodrequires acquisition of alimited number of extra samples.

In the bi-polar methodthe scanning areais circular, while the FFT methodcdls for
data in the rectangular format. To solve this inconsistency, the square Cartesian grid
can be circumscribed by the drcular aperture. The square area ca be filled with zeros
outside the circular scanning area In ancther instance (Fig. 6.168), the parts of the
outermost rings of the bi-polar grid are truncated. When the square is inside the drcu-
lar area only about 64% of the total scanning area might be utilized in far-field com-
puting. In order to avoid acquisition of redundant samples, the scanning areacan be
set to a square insteal of a circular shape (by trimming ead arc length). Fortunately,
the choice of the approach dees not deaease the angle of view in the far-field results
at both principal cut-planes. Outside the near-field results extrapolated values can be
added and in that way truncation drawback is mitigated. The technique is addressed in
Sedion 7.6.
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SCANNING APERTURE

(BI-POLAR SYSTEM)

/ Extrapolated data

FFT input data

Scanning aperture
(bi-polar system)

Redundant data

Fig. 6.16. Two pcssble transitions to a square data aeafrom the drcular data aea
in the interpolation/FFT transform method

Deter mination of spherical coordinatesin the far-field results

The matrix of the far-field results is the same & the matrix of the inpu values
(near-field data plus zero pads). As shown in Figure 6.17,the asignment of the far-
field data to the spherical coordinates is expressed in terms of the angle of view with
resped to the origin o the coordinate system in the canter of the AUT. In order to
figure out the permissble angle at which the far-field results can be regarded as redli-

able (valid argle), the geometrical analysisillustrated in Figure 5.5is used.
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p=0°
6=90°

Fig. 6.17. Determination d sphericd coordinates in the far-field results of
the bi-polar measuring system.

6.5. Thinning of the bi-polar sampling grid

Sampling point redundancy in polar grids

As the scanning time is long and any further speeding up d the probe movement
faces limits related to the acaoracy of the sample taking process other approaches
towards a reduction d the measuring time must be taken into consideration. Particu-
larly promising is the suppression of the sampling point redundancy in the grid center
(Williams et al. 1994a; Kabadk et al. 20008). Anather approach involves the spira
grid (Williams et al. 1999. Even though the spadng criterion (6-4 and 6-7) relaxesthe
requirement for sample spacing at the outer rings, the number of sample arcs gill must
be large (the 6-4 or 6-7 criterion wually sets the outermost sample spacing within
a half wavelength and awavelength). Redundant paints are oncentrated in the bi-pdar
grid center (please refer to Figs. 5.3and 5.9. It is worthy to pant out that the redun-
dancy of the sampling paints roud na be viewed exclusively as adrawbadk, since

(i) alarge sample density in the central grid zone often covers a region d the

strongest electromagnetic field,

(ii) the utilization d a redundant grid might be beneficia to the scanning system

(compensate some of its $ortcomings).
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Some of the grid pdnts can be reduced if the nea to far field transform does nat pro-
cedal al the paints on the measured grid. For example, the Jacobi-Bessl and Fourier—
Bess transforms do na permit missng any paint from the origina scanning grid. But the
Interpdatiorn/FFT method— implemented in ou laboratory — feaures alot of flexibility in
that resped (Willi ams et al. 1994b. The interpdation agorithm applied in ou system is
described elsewhere (Bucd, D’Elia 1994h). Owing to the interim interpdation step, the
number of the bi-pdar samples may be reduced and in this way redundancy is sippressd.
Withou changing the angular spead d the probe am and the AUT, the thinning o the bi-
pdar scanning gid hesthe potential for shartening the measuring time even by 40%.

Thinning of the polar-grids

Whil e investigating the thinning methods, we cnsidered scans in theta (arm tilti ng)
with stepsin ph (AUT revolving) or scansin ph with stepsin theta. We arived at the
conclusionthat the first approacd is more beneficial and we propcsed a differentiation o
the ac lengths as depicted in Figure 6.18 (Kabacik etal. 199&). Arcs of trimmed
lengths are grouped in identicd clusters, ead comprising even K number of arcs (K
being an arc index). Generaly, the acs within eadh cluster are grouped in pairs which

Fig. 6.18. A thinned grid with areduced number of sampling points used in aur bi-polar nea-field fadlity
(the K value and thinning coefficient yis defined as well). Sequence of sample aquisition used in
our laboratory isill ustrated with blad and white dots: recorded pdnts are denoted with blad dats,
while thase to be recorded are white (Kabadk et al. 1998b).



Chapter 6. Spatial sampling and near-field data processng 12¢

have the same length. The sequence of sample aquisition used in ou system is also
presented in the Figure. The idea of time alvantages obtained with that approach can
be drawn from Table 6.1. As it can be seen from the data itemized there, the reduction
of the measuring time may read 265 minutes as compared to the originally needed
445 minutes (measuring time reduction by 41%). It is worth noting that further minor
improvements can be acomplished by allowing nonuniform angular steps between
the acs. The use of a spiral trgjectory of the samples is another way of reducing the
redundancy in the bi-polar grid, but the method does not necessarily shorten the meas-
uring time.

Table. 6.1. Time needed to complete scanning on a drcular bi-polar aperture for
some values of the ac index (K) and the thinning coefficient (y).
For K =1 and y= 0 the grid does not involve ay thinning.

K y Time
[min]
1 0 445
2 05 335
4 0.65 265
8 05 302

6.6. Deter mination of polarization properties
in far-field results

When the radiation pettern properties are considered dff the principal cut-planes,
different definitions of the padlarization plane can be introduced. A thorough definition
of the antenna palarization properties in various coordinate systems was proposed by
(Ludwig 1973). The use of three definitions of co- and cross-palarization propertiesis
substantiated by the varying orientation d the polarization danes of the probe with
resped to the AUT in each of the three cardinal scanning systems.

Analyzing the distribution d the phase shift between the EX and EY far-field re-
sults, the type of AUT polarization can be determined. Studying the phase advance-
ments, it is possible to clearly distinguish the |eft- and right-hand circular polarization.
Last but not least, the dant angle of the linear polarization plane can be straightfor-
wardly evaluated.
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RADIATION PATTERN MEASUREMENTS

7.1. Probe used in the measurements

The major probe-related impairments influencing the accuracy of the nea-field
method are the shape of the radiation petterns and the quality of the polarization
properties. Dual-polarized probes are much more expensive than single-pdarized ores
but they have the advantage of eliminating errors which result from the inaccuracies of
the repeatability of the probe pasitioning. It is due to the excessive asts that dual-
poarized probes are less commonly found in laboratories. Carefully designed,
cdibrated dual-pdarized probes are regarded as being best suited for nea-field
scanning, bu their price is high. As such costs are beyond the budget of many
research projects, attention has been drected to the less expensive illuminating feeds
of reflectors. However, the most common choice is a waveguide section goen a one
end a alow-gain han antenna.

A typicd probe utilizing an open waveguide is described pictorialy in Figure 7.1.
Such probes are used by our laboratory. The waveguide sedion should be long enough
to alow propagation at least two and a half waveguide-wavelengths signal (our probe
for the C band hed a 205 mm long waveguide section which is equivalent to 34A, at
5 GHz). The measured radiation petterns of our open-waveguide probes for operation
in the X-band are plotted in Figures 7.2 (E-plane) and 7.3 (H-plane). The width of the
probe beam measured at a 3dB drop is narrower in the H-plane (x30°) than in the
E-plane (+40°). It shoud be noted that the probe-AUT spacing increases as the probe
travels out of the bi-polar grid center. It may occur that the probe will operate in its
nea field for the sampling points positions close to the grid center. In such instances,
the width of the probe beam is broader than the one observed in the far field. When the
probe reaches the outskirts of the scanning circle, the distance with respect to the AUT
is usualy far enough to consider the probe & operating amost in its far field. Thus,
the use of the far field radiation is reasonable enough to determine the dlowable view
angle of the probe. The beanwidth value of the probes described by the plots in
Figures 7.2 and 7.3makes their use preferable with view angles not much greder than
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30°. These plots revea aso that the signals received through the badklobe are 18 dB
or more below the maximum of the main bean (what is further increased by absorber
panel aroundthe probe).

Fig. 7.1. Probe consisting of an open-end waveguide sedion for operation in the X-band.
The dhamfer form of the front side of the waveguide wall sis neeled to reduce wave scattering.

As the phase of the sampled datais an important factor aff ecting the calculated far-
-field results, the phase dharacteristics of the radiation pattern must not be negleded.
The phase characteristics of the antennas change slowly within the main beam. As
long as the drop in the directivity is lower than 10 dB with respect to the peak of the
main beam, phase variations are small. The amplitude drop by 2 dB is paraleled by
amost negligible phase danges. Normally, the aoss-polar and co-pdar field
comporents corrupt each ather at the waveguide to the caxial adapter in the open
waveguide probes.

In ou laboratory, we tried to use acorrugated feed han of the X-band reflector
antenna which was priced below € 3,00Q The photograph of the feed purchased from
Taiwanese Victory Industrial Corporation is giown in Figure 7.4. The feed operates
over the 1 GHz band centered at 11.2GHz. The impedance match is good and the
isolation between two patsis not worse than 35dB.

A major shortcoming is the narrow beam of the radiation petterns for X and Y
podarizations and this cen be atributed to the rrugation in the horn, which has
tapered illumination amplitude of the reflector. The measured radiation patterns for the
two principal planes at both ports are plotted in Figures 7.5 through 7.8. Since the
beam for port X is+15° wide, the scanning range is limited to narrow view angles. The
beam is also narrow at another port, and radiation pattern shape shows a naticeable
frequency-dependence.
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11400 MHz, E-plane
Fig. 7.2. Meaured radiation pettern of the single-polarized probe made of
a110 mm long WG-90 waveguide sedion.

90 30

11400 MHz, H-plane

Fig. 7.3. Measured radiation pettern of the single-polarized probe made of
a110 mm long WG-90 waveguide sedion.

13¢
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Fig. 7.4. Dua-polarized probe, made of antenna feed, for operation
in the 10.7-11.7 GHz frequency range (VIC, Taiwan).

The difference in a shape of radiation petterns between ports 1 and 2is remarkable.
The explanation gave doser examination d diff erences between cougding of the X and
Y portsto the horn. The signal couded to the Y port has much bigger losses than that at
the X port mourted at the end d a straight waveguide sedion directly fadng the horn
inpu. Indeed, the achive files with relevant cdibration cbta of these measurements,

11701 MHz, E-plane

Fig. 7.5. Meaured radiation pettern at port 1 (X) of
the dual-polarized probe.
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11800 MHz, H-plane

Fig. 7.6. Meaured radiation pettern at port 1 (X) of
the dual-polarized probe.

11800 MHz, E-plane

Fig. 7.7. Meaured radiation pettern at port 2 () of
the dual-polarized probe.
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270

11800 MHz, H-plane

Fig. 7.8. Meaured radiation pettern at port 2 () of
the dual-polarized probe.

show that the signal level was almost 20 dB weaker at the Y port, than at the X input.
The consequence was that the dynamic range of the Y port radiation pattern
measurements was only 10 dB above naise.

7.2. Probe corrected measurements

Figure 7.9 depicts the difference in the shape of the radiation pattern between the
ideal and real probe. As it can be inferred from the plots of Figure 7.9, sphericd
scanning requires a narrower view angle for the probe than does planar scanning. The
broader is the probe view angle during scanning, the more desired becomes an
acaurate probe correction procedure due to the non-ided probe pattern.

To eliminate the adverse influence of the nonideal directivity patterns of real
probes, the near-field results need to be recdculated with ether the theoreticd or the
experimental corredion method The probe @rrection procedure is carried out with
the results of the far-field transform. The advantage of the experimental methodis that
the details of the probe structure need not be exactly known. The series of the
correction coefficients required to compute the probe-correded results are basicdly
obtained by measuring the radiation pattern of the probe in two principa planes.
During this measurements, two identica probes are used, at the transmitting and at the
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reciving side. Needless to say that the agplication of two probes is not aways
affordable or feasible, so the experimental method has been implemented in a few
laboratories only. It shoud na be missd that the method compensates even little
detailsin the characteristics of the actual probe (e.g. small asymmetry).

RADIATION PROPERTIES OF THE PROBE

= REAL

Fig. 7.9. Differencein the radiation pettern between an ided and ared probe.

In the theoretical approach to the probe rrection, the equalization of the
adverse tapering is lely caried out with analytical formulas or numerical
modeling of the probe. In arder to perform one of such analysesit isindispensable to
aqquire acurate geometrical and dmensioning data describing the probe. The
analytical formulas for the radiation pattern of the open-ended waveguide have been
derived by Yaghjian (Y aghjian 1984; Repjar et al. 1988). Since in our laboratory use
was made of waveguide probes and the accuracy of these analytical formulas had
been well proved, we decided to use them in our procedure of probe corredion. The
presented method povided good results for the X-band waveguide but, urfortu-
nately, we faced some problems when computing the corredion for the C-band
measurements (the expression for the open-ended waveguide yielded doubtful
values).

In the theoretical probe correction, the compensation process is performed in the
spatia spectrum. If use is made of a dual-podarized probe, correction consists in
solving a straightforward set of equations (Paris 1978; Joy et d. 197). With singe-
polarized probes, the probe wrrection formulas take the form
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where:

k= E1
A
Ey(r — ) = E(6) cosgg, - E,, () sings;
Es is the radiation pettern of the probe determined for the €, padarization vedor

and Anx(6, @, Any(6, @ are the cmporents of the spatial spedrum derived by the
Interpalation/FFT transform method.

7.3. Polarization correction

Our calculations performed with the theoretical method have shown that a tough
maintenance of the polarization plane orientation for the probe is of absolutely
critical meaning. This is so because even a slight polarization misalignment of the
actual probe results in the ledkage of energy between two orthogonal field
comporents (especially undesired when the power of one comporent is much
smaller than that of the other one). The goa of the polarization correction is to
recover a proper assignment of the measured valuesto the X and Y field components.
Anillugtration d the principles of signal leakage between the orthogona comporents
of the recorded probe excitation coefficients is in Figure 7.10. Probe polarizaion
correction can be handled either theoretically or experimentaly. As yet we have not
implemented any procedure of probe polarization correction. In ou investigations
into the polarizaion alignment we focused ona predse counter-rotation d the probe
in the scanner, thus trying to prevent significant signal leskage between X and Y
comporents.
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Eipta(X) = EX + P, EY
or
Ea(Y)ZEY + Py EX

Fig. 7.10. Signal |e&age between orthogonal

ports (X and ) of the probe which mostly
corrupts far-field results in crosspolar /\ EY
pattern and for low-level sidelobes. EX

7.4. M easurements of fixed beam arrays

Measur ements of the 8x8 microstrip arr ay

The 64-element microstrip array (RMB-64) operating around 9 GHz was measured
a our laboratory for various parameters of the sampling gid and distances to the
probe. The antenna was placaed ona larger grourd plate than was the printed circuit
aone. The extended ground date is to provide well established conditions for the
formation of the radiation pettern and to reduce the scatering of the surface waves
from the alges of the ground.Figure 7.11 shows the RMB-64 antenna during tests at
our laboratory. At the end d the scanner arm, there is a single-palarized probe, made
in the form of an open-ended waveguide. X-band frequencies impaose reasonably
tough condtions on the test of the measuring system. The geometrical accuracy
required at these frequencies is high, and the microwave ejuipment operates with
a short wavelength. Furthermore, the spacing between the sampling points establi shes
sufficiently challenging conditions for the verificalion d the systemrun.

The radiation petterns measured for two spacings between the sampling points in
the grid are depicted in Figures 7.12 through 7.14. The results show that the major
features of the radiation patterns, such as the shape of the main beam, the number of
sidelobes and their level, or the null pointings, are in a dose agreament with the
design values and furthermore, are in a good agreanent with those obtained with ather
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Fig. 7.11. Photograph d the RMB-64 array
during tests with our nea-field system.

o = bi-polar WUT
Wroclaw
10 — spherical TUD
g Lyngy
3
-:;; -30
) -40
-50
B0 -5 2
teta [deg]

Fig. 7.12. Far-field E-plane radiation pettern (co-polar) of the RMB-64 array (linea polarization)
measured at our nea-field laboratory (WUT) and at the Sphericd Nea-Field Antenna Test System
at the TUD, Lyngby, Denmark (referenceplot). In the bi-polar scanning, spadng between the probe
and the RMB-64 planes was 700mm (21.1A, at 9030 MHz), sample spadng, 0.4A,. The reference
radiation pattern was obtained with a highly accurate TUD spherical system (Kabadk 2003a).
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antenna measuring systems (Kabadk 20033). The reference data were obtained with
ahighly acarate spherica nea-fidd fadlity operated by the Technical University of
Denmark, Lyngby. The fadlity is part of the laboratories of the European SpaceAgency
andis regarded as their validation measuring system. The far field data obtained for the
RMB-64 array at that laboratory have been publi shed el sawhere (Kabadk 1992).

The pattern in Figure 7.14 was derived from the measured data when the sample
spacing was set to half wavelength and is in a good agreement with those obtained
with a smaller sample spacing (the sample spadng in Figures 7.12 and 7.13being
0.4Aq). However, the ladk of even small oversampling in the near-fiedld data sampled at
half wavelength produced ripples in the radiation pattern plots at the third and farther
sidelobes. There ae dso abrupt, though small, perturbations at the secondsidel obes.
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Fig. 7.13. Far-field H-plane radiation pettern of the RMB-64 array (linea polarization) measured at
our nea-field laboratory. Spadng between probe and AUT, 700mm (21.1A, at 9030 MHz).
Sample spadng, 0.4A,. Radius of scanning aperture, 78 cm. Data acquisition time, 8 hours 15 minutes.

In spite of some distortions in smoathness the major points of the derived H-plane
pattern are consistent with the reference data measured at the ESA facility. The
passible explanation for the distortions mentioned is the incomplete summation d the
EXand EY field comporents (particularly important at the H-plane).

One of the basic methods for verifying the acuracy of the near-field laboratory is
the comparison of the far-field results which have been dbtained with the near-field
data scanned for different probe-AUT spacings. The radiation pattern presented in
Figure 7.15 was derived for the RMB-64 array with an amost 1 meter distance
between the scanning plane andthe AUT. The results are mnsistent with those shown in
Figures 7.12and 7.14 The levels of the sidelobes are somehow underestimated. Even
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Fig. 7.14. Far-field E-plane radiation pettern of the RMB-64 array (linea polarizaion)
measured at our nea-field laboratory. Spadng between probe and AUT,
700 mm (21.1A, at 9030 MHz). Sample spadng, 0.5A,. Radius of scanning aperture,
78 cm. Data aqyuisition time, 6 hours 40 minutes.
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Fig. 7.15. Far-field E-plane radiation pettern of the RMB-64 array
measured at our nea-field laboratory. Spadng between probe and AUT,
945 mm (28.5) at 9030 MHz). Sample spadng, 0.45A, at scanning circle elge.
Radius of scanning aperture, 105 cm. Data aqyuisition time, 10 hours 40 minutes.
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thowh the sample spadng was st with a small oversampling fador (0.451), the
measuring time gproadied 11 hows. Comparing the three plots obtained for the
E-plane of the RMB-64 antenna, it can be said that our laboratory provides far-field
results which are independent of the adual probe-AUT spadng. Such consistency of the
far-field results vali dates the implementation d the nea-field methodin ou laboratory.

The near-field technique is sensitive enough to detect even dight changes in the
AUT (e.g. asmall failure of the feeding system, or a broken radiator). We experienced
that one morning when ou bi-pdar fadlity detected a small distortion in the
64-element array (X-band, fixed broadside beam) instantly within the dedk procedure
routinely held before scanning starts. What indicated that something went wrong was
the value of the probe excitation coefficient at the center of sampling gid different
that it was before. This value was aways chedked prior to scanning. The explanation
for that distortion was in a scratch across one of the microstrip lines feeding basic
clusters consisting of four antenna dements. A scratch probably made by a serviceman
unintentionally whil e working on a main the day before.

Measur ements of the 16x16 microstrip array

The 256-element microstrip array (TPA-256) — which is shown in Figure 7.16 —
was developed in ou earlier studies and urderwent meeasurements at our near-field
laboratory. The number of elements of the TPA-256 was chosen so as to dotain the
gain required in DBS applications. Asthe main beam of the array is narrow (around 4
in both principal cut-planes), the antenna causes another kind o challenge for the
measuring system.

Fig. 7.16. Photograph o thelinearly polarized TPA-256array (31x 33 cm)
mourted on an extended ground plate (70x 70 cm).
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The radiation patterns of the TPA-256 antenna measured with our near-field laboratory
arein Figures 7.17and 718 for the E-plane and the H-plane, respedively. The number
of sidelobes, their maximum painting and the spherical coordinates of the nulls are in
good agreement with the values obtained with another measuring system (far-field test
range). Since the RMB-64 and the TPA-256 arrays make use of aredangular e ement
grid, the most important sidelobes are aong two principal cut-planes; the sidelobes
along the diagonal planes are lessimportant. However, being composed o the cross
pdar field, the sideobes aong the diagona planes are often greaer than the sidelobes
which consists of the w-polar fiedd comporents. The patterns determined with ou
measuring system are in good agreement with thase measured drectly with the far-field
method at the Telecommunication Reseach Laboratory in Gdansk, Poland (this fadlity
uses the time-domain techniquein the far field).
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Fig. 7.17. Far-field E-plane radiation pettern of the TPA-256 array (linea polarizaion) measured at
our nea-field laboratory. Spadng between probe and AUT, 590mm (22.1A at 11250 MHz).
Sample spadng, 0.4, at scanning area elge. Radius of scanning aperture, 59.8 cm.

Data aquisition time, 7 hours 30 minutes.

Results abtained at various probe-antenna spacings are often compared in order to
verify correctness of antenna near-field systems. Figure 7.19 shows the plots of the
far-field results for the TPA-256 antenna, when the probe-AUT spacing has been
increased by 222 mm (8.3Ag) with respect to the spacing chosen for the measurements
presented in Figures 7.17and 7.18.

Verification of our system acairacy is comparison between Figures 7.17 and 7.19
(within the valid angle). These Figures were taken for the almost the same para-
meters, bu only spadng between the scanning plane and the antenna gerture was
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Fig. 7.18. Far-field H-plane radiation pettern of the TPA-256 array (linea polarizaion)
measured at our nea-field laboratory. Spadng between probe and AUT,
590 mm (22.1A, at 11250 MHz). Sample spadng, 0.4, at scanning area &lge.
Radius of scanning aperture, 59.8 cm. Data aquisition time, 7 hours 30 minutes.
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Fig. 7.19. Measured E-plane radiation pattern of the TPA-256 array (linea polarization).
Spadng between probe and AUT, 812 mm (30.4A, at 11250 MHZz). Sample spadng,
0.37Aq a scanning circle eldge. Radius of scanning aperture, 75.5 cm.

Data aquisition time, 10 hours 20 minutes.
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different. Spacing was 590mm (22.1A, at 11250MHz) and 812mm (30.4A,) for data
presented in Figure 7.17 and 7.19,respectively. Both radiation petterns are remarkably
similar — the far-field pots for the TPA-256 antenna obtained with our laboratory
display consistency irrespective of the probe-AUT spacing.

7.5. Measurements of arr ayswith a scanned beam

The results of measurements of phased arrays or other complex antennas are
seldom reported in the literature. The main reason is that such antennas are designed
under costly research projects, so their development involves a lot of efforts. Although
the analysis of the radiation pettern properties for such antennas does not always need
a omplete 3D format, it is necessary to examine the radiation pattern shape in at least
several cut-planes. Such flexibility in providing the results is offered normally by the
nea-field technique. Furthermore, the near-field technique ensures a high acaragy,
which is desired in phased array tests. Because of bean tilting, the valid angle
required for the near-field system must be much geater than the one needed in
broadside antenna measurements.

In ou laboratory, we measured the radiation patterns of the 8-element linear array
cgpable of scanning the beam in the H-plane to 13 positions within £45° (this array,
referred to as MC-8, was developed in aur earlier studies and is described in more
detail in Sedion 8.5. The measured radiation patterns for several beams in the scan
plane ae plotted in three Figures 7.20, 721 and 722. The valid angle approached 4C
in the case considered. As it may be concluded from the radiation pettern in Figure
7.22, ou |laboratory provided accurate results for the main bean when the scan angle
was not greater than 30degrees.

In all i nstances the results obtained with the near-field system was goodin terms of
the beam poainting for various san angle. For comparison purposes, the MC-8 was
measured with a simple far-field system. A close agreament between results was
obtained in terms of the main beam shape. An excellent agreament was in terms of
null pointing angles, irrespedive of the scan angle. The measured level of sidelobes
was below —20 dB in both measuring systems, which complies with the design values.
However, some major discrepancies were observed in the shape of the sidelobes and
the near-filed system provided results with irregular shape of sidelobes. The main
ressons Lem to be the undesired scattered waves and insufficiently acairate counter-
rotations of the probe during measurements. Such inaccuracy produced ledkage of the
field between two polarizaion planes, as it was mentioned in Section 7.3.

Measurements of antennas with a beam tilted doff the principal geometrical axis
pose increased demands on the dlowable level of refleded signals propagating inside
the anechoic chamber. Since the AUT must revolve aourd its axis during scanning,
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Fig. 7.20. Far-field radiation pattern (H-plane) for a broadside beam of
the MC-8 phased array. Spadng between AUT and probe planes,
520 mm (8.7Aq a f =5000 MHz).
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Fig. 7.21. Far-field rediation pettern (H-plane) for the MC-8 phased array with
its beam scanned to 21°. Spadng between AUT and probe planes,
520 mm (8.7Aq a f=5000 MHz).
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Fig. 7.22. Far-field radiation pettern (H-plane) for the MC-8 phased array
when the beam was scanned to 33°. Spadng between AUT and probe planes,
520 mm (8.7Ap at f =5000 MHz).

the main beam is not pointed at one spat al the time. In consequence, the distribution
of reflected signals undergoes significant variations when the attenuation of reflected
waves is moderate or poa. Undesired signals can become important, particularly in
the zones where direct signals are wed. The recorded values of the excitation
coefficients are ansiderably corrupted and far-field results are characterized by low
acaracgy in far sidelobe regions. The problem is even more serious with crosspolar
field comporents (small signal power) than co-podar field comporents (stronger
signal). Shortcomings due to poor absorption are a nightmare for many users of
anechoic chambers. Sincerely saying, the chambers are nat always thoroughly chedked
after the construction of the chamber has been completed. The scan angle, defined as
the peek of the main beam, is usually derived with a high acairacy irrespective of the
problems with anechoic chamber quality.

7.6. Truncation error

Due to truncation of a sampling surface, some portion of the radiationis missed in
poar and cylindrical scannings. Limited scanning area seams to be of little alverse
effed when directive antennas are measured. However, neglecting antenna radiation
close to the limits of scanning areaand autside it increases errors around the valid
angle. Far-field results derived with truncated near field data show such spedfic
inaccurades as lower level and smaller number of sidelobe than actua ones, poaly
developed nulls and uravoidable incorrect data on pdarization purity. Figure 7.12
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presents far-field radiation pattern dotained in our and in a reference laboratory for
same RMB-64 antenna (the spherica near-field system does not suffer from truncation
error). The results obtained with two measuring system are in good agreeament.
However, it is noticeable that outermost sidelobes in our results have lower level than
these obtained with the spherical system. Such dearease of outermost sidelobe level
must be primarily attributed to the truncation effect.

In order to overcome this drawbadk the data should may be artificialy specified
outside ascanning area. The most valuable method is extrapolation d data. Recently
developed extrapolation techniques of electromagnetic field produce results which are
highly accurate (D' Agogtino et a. 2003). Such extrapolation techniques were unavail able
until Italian researchers led by Prof. Bucci developed sophisticated interpolation and
extrapdation agorithms utilizing the Dirichlet and Tschebyscheff sampling functions.

With such acairate extrapolation methodks, it is possible to enlarge aset of input data
taken into the far-field computation, thus the problem with truncation is ifted to the
much farther angular regions. Usually, the datain bi-pdar scanning are cllected within
no more than +50° (view angle). An applicaion d recetly developed extrapdation
method is comfortable, asit cdls for sampling an electromagnetic field radiated by the
AUT inasmal number of additional paints within the scanning aperture itself.

Estimation of the samples outside the drcular scanning areap < R on the scanning
plane, needs knowledge of the near-field samples onthe K rings at radii pk, uniformly
distributed in the interval [p(&,), R]. On ead of these rings, the samples are a&imuth
angles mAgrin, Where Agin is the a&imuthal spacing between the samples on the last
outside ring to be estimated. Fro each of the points to be estimated, p urknown outside
samples are dways involved in evaluation of reduced field at the point P(é,¢) located
onaradial line. Thereduced field is estimated by

ng+p

FE9)= Y EC9(E-&)Dy (-4, (7-3)

n=ng - p+1

where the intermediate samples F(&,, ¢) are given by:

My +p
EEn@)= Y F (ntnn)2u, @ Gnn)Duy (@) (7-4)

m=mg - p+1

For each of the estimated pdnts, K equations can be formed and the values can be
determined with the OSI expansion

Ax=b (7-5)

where b is a sequence of the known terms, x is the sequence of unknown outside
samples E(&,, @) and Aisthe Kxp matrix whose dements are given by

An =92y (E(py) —¢,)Dy(E(py) —€1) (7-6)



CHAPTER 8

MICROWAVE HOLOGRAPHY AT OUR LABORATORY

8.1. Microwave holography in the bi-polar method

Since the near-field measurements need elaborated techniques and the
development of the laboratory involves many efforts, it is strongly advisable to extend
the range of deliverable results beyond the radiation petterns. As the far-field results
oltained with the near-field method have a3D format and comprise anplitude and
phase data, it may be epeded that the signal processing methods will make it
possible to compute more information onthe actua parameters of the antenna. One of
most attractive caabilities of the method is the computation of the badkward
projedion on an arbitrary plane, basically using the inverse Fourier Transform. Such
technique is called microwave hoography (Rahmat 1985 Jurkin et a. 2000). With
this method, we can determine the values of array element excitation (when the focus
plane of the badkward projection lies in the aray plane). Furthermore, we can
instantly sort out afailed element in the aray provided that the resolution achieved is
fine enough to distinguish urambiguously the dementsin the array aperture. Accuracy
of microwave holography on the planar surfaceis influenced by a variety of factors
(Rose, technicd information).

As microwave holographic imaging has been preferred in the tests of advanced
medium- or small-sized arrays (e.g. phased arrays), the most desired scanning method
is the one that offers a wide valid angle. A mgjor technical impairment is that the
resolution at the element level can not be easily asaured when there is a subwavelength
element spacing. It must be said that the longitudina and latitude resolution dotained
shoud na be worse than the pairs of array elements (i.e. the resolution along the
principal planes). In microwave hoography, phase values can be nverged into
geometrical parameters, which enables the evaluation of the actual reflector shape.
One of the mgor advantages of the interpdation/FFT method implemented in ou
laboratory consists in that there is no reed to define the expansion center, which must
be wnsistent with the diredion of the maximal radiation. When phased arrays or other
electromagnetic systems radiating off the main geometrical axis are to be tested, the
selection of the expansion center easily beames ambiguots.
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Ancther interesting use of the near-field holographic technique is in phase
alignment. The application of this procedure to radar antenna arrays was recently
described elsewhere (Patton, Yorinks 1999. The atthors reported how to provide
acoherent summation d the microwave signal power of all the waves radiated by the
elements of the phased array in agiven dredion. For this reason, the compensation of
the manufacturing inaccurades is unavoidable and must be performed after the
integration d the aray. To reduce mmplexity of diagnosis s/stems many eff orts have
been undertaken in order to develop experimental methods relying on amplitude only
values (Bucci et a. 200).

With ou computer programs, it was posshleto produce holographic images which
disclosed the following four parameters:

 the amplitude for the EX field comporents,

* the phase for the EX field comporents,

 the amplitude for the EY field comporents,

 the phasefor the EY field comporents.

Eacdh image type provides valuable information, directing our attention to details
which may have been unndiced in other pictures. Since the magnetic field
comporents represents surface arrents, the wnversion to the H, and H, field
comporents can be advised in order to better evaluate surface currents. However, E,
and E, values are good enough to give aright ideaon dstribution d surface currents.

For the linearly poarized AUT, the EX and EY field comporents are remarkably
different along the principal axis. For the circularly polarized AUT, there is a n/2
phase shift between the EX and EY field comporents, the EX and EY amplit udes being
of comparable magnitude.

The diagnastic cagabilities of the test system developed in the wurse of our
research were verified with avariety of antenna arrays (Hossa, Kabacik 200Q Kabadk
2003). With some arrays, we face the crucia problem of where the holographic
image shoud be focused, because the adual top surface of the dementsis not clealy
defined. This lad of clarity is often due to the presence of the radome and to the use
of stadked patches which feature anon-negli gible thickness

Figures 8.1 through 8.15show the holographic images obtained with the near-field
data scanned at our laboratory and computed with the software developed in the
course of our research. The hoographic image of the amplitude distribution for the
64-element planar array (RMB-64) is presented in Figure 8.1 The image discloses
significat differences between the EX and EY field comporents, which is an
indication that the RMB-64 generates linear or strongy €lli pticd pdarization (phase
inspection may solve this ambiguity). The phase image for the EX field comporents
(consistent with the polarization dane of the aray) isillustrated in Figure 8.2. All the
images are focused onthe top dane of the antenna elements.
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Fig. 8.1. Amplitude holographic image focused onthe surfaceof the printed circuits of
the RMB-64 microstrip array (f = 9030 MHz) (Kabadk 2003a).
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Fig. 8.2. Phase holographic image for the RMB-64 array (f = 9030 MHz)
which isfocused onthe surfaceof the printed circuits (Kabadk 20033).
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Fig. 8.3. Holographic images (EX and EY amplitude a 11,250 MHz) disclosing a periodic geometry of
the TPA-256 antenna. The resolution (~5 mm) alows the distinction of only basic aray clusters
comprising 2x2 elements (31x28 mm areg. The spadng between the scanning and the antenna gertures
was 27.8 Aq. Both pictures prove that the TPA-256 consisted of the upper and lower half which adually
were fed with some unbalance
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The hdographic images of the magnitude distribution (EX and EY) disclosing
aperiodical geometry of the TPA-256 array are included in Figure 8.3. The TPA-256
array consisted of 256 patch eements which were fairly uniformly fed by the wrporate
feading network, printed together with the redangular antenna dements on the same
side of the substrate. The array was linealy pdarized, hed a 1125 MHz center
frequency and a subwavel ength element spadng (dx = dy = 20.36mm = 0.76A).

The size of the pixels of which the presented image is compased approached S5mm.
For comparison, the dimensions of the aitenna dements were gproximately 9x12 mm.
As it can be inferred from the images in Figure 8.3, the adieved resolution made it
possbleto dstinguish dataat the level of the 2x2 element clusters. However, the quality
of the pictures was insufficient to allow analysis at the dement level. Unfortunately,
aspadng shorter than the wavelength impases physicd constraints and, consequently,
impairs the resolution d the hdographic image. The achieved resolution reveded some
magjor features of the array geometry, as well as disclosed the adual nonunformity of
excitation distribution tetween the dements. The image dlowed us to distinguish
clealy the outline of the entire antenna gerture (the alges were sharply depicted). The
TPA-256 dimensions read from the hdographic image were 340x330 mm, whereas in
the antennamode the dements were aranged within a320x320mm area(12A).

The mmparison d the signal levels between the EX and EY field comporents suggests
that the TPA-256 was adually linealy pdarized. Furthermore, the image reveds that the
array comprised two semi-arrays and that they were asymmetricdly fed by the power
divider next to the wnnedor in the @rporate feading network. A redanguar mesh of the
array is discanibly visble in the phase hdographic images included in Figure 8.4. The
evaluated phase distribution deviates ssmehow from the perfedly uniform arrangement.
Interesting observations can be made on the basis of defocused images. The picture
obtained for an intentionally defocused image with an offset equal to +40 mm (1.54¢
above the aray) shows that the deformation o the amplitude undergoes less abrupt
changes than does the deformation d the phase due to defocusing (Figure 8.5).

8.2. Detection of blockagesin the antenna aperture

For the purposes of demondration, in some of owr experiments, seleded antenna
elements were intentionally covered with a shaped metal foil (blockage). In arder to avoid
shartsin the microwave drcuit, the @nductive blockage was isolated with adidedric film
(with resped to the antenna drcuit). Figure 8.6 presents the reconstructed phese of the EX
field components on the goerture of the TPA-256 array covered with a small redangular
pieceof duminum fail (the side length approaciing 3Ao). The image made it easy to locae
the square duminum blockage and to evauate its dimensions (the size read from the
reanstructed image was ~70x80 mm, the acual dimensons being 65x72 mm).



Chapter 8. Microwave holography at our laboratory 157

HOLOGRAPHIC MAGING - phass of Ex compansnt

P

2
E3
EX field comporents
HOLOGRAPHIC MAGING - phass of Ey companant
20 g — .F. 4
- L 1_: [ =
15 | '
| 2
HE T
10
| |
[ e rot
5 i o]
|
= | =
E 4 B r | n
o |
- L
T | il o
.5 o 1 | | 1
-10
2
A5
40 m 2
a0 16 10 5 [ [3 10
K- [em]

EY field comporents

Fig. 8.4. Holographic images (at 11.250 MHz) of the TPA-256 antenna. The pixel size (~5 mm) alows
thedistinction of only basic aray clusters comprising 2x2 elements (31x28 mm areg).
A periodic geometry is mostly visible & the EY comporents. The spadng between the scanning
and the aitenna gertures was 27.8 Ao.
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Fig. 8.5. Defocused holographic image obtained for the TPA-256 array (f =11,250 MHz).
The offset of the projedion plane was st to +40 mm (1.5A) above the antenna.
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Fig. 8.6. Holographic image (5 mm pixel size) obtained with our nea-field fadli ty. The picture shows
the ad¢ual EX phase distribution on the aperture of the TPA-256 microstrip fixed-beam array.

A smdl part of the aray aperture dose to the |eft-hand edge was covered with a 65x72 mm (~3 Ag)
redangular aluminum foil (galvanicdly isolated from the printed circuit). The spadng between the probe
and the TPA-256 apertures was 27.8A. The aray patches were aranged in a 16x16 grid with a0.76A,
(20.36 mm) element spadng. Data processng included probe rrection (Kabadk 20033a).
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Fig. 8.7. Generic view of the TPA-256 microstrip array aperture and the ring-shaped blockage made of
auminum foil. The outline of the TPA-256 was 320x320 mm (12x12A) and the outer
and inner diameter of the ring was 4.5\ and 25A, respedively (at 11,250 MHz).
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HOLOGRAPHK IMAGING - empltuce of Ex compunart
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Fig. 8.8. Holographic image of amplitude (a) and phase (b) for EX field components obtained with
our fadlity for the TPA-256 antenna partly covered with an aluminum foil ring placel in the lower half of
the aray (Fig. 8.7). The duminum-made ring was galvanicdly isolated from the antenna drcuit with
a0.5 mmdieledric film. The outer ring diameter derived from the amplitude holographic picture
(pixel ~5 mm) amourtsto 12cm andis consistent with the atual value (120 mm). The spadng between
the probe and TPA-256 apertures was 27.8 Ao and test frequency was f = 11.250 GHz (Kabadk 2003a).
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For the verification d the system, the ring-type blockage (depicted in Figure 8.7)
was more demanding than the sguare-type one. The holographic images obtained for
this case are shown in Figure 8.8 for the anplitude and phese of the EX field
comporents. The value of the outer ring diameter determined in this way is consistent
with the adual one (120 mm). In the presented experiments with blockages, the slot
arrays (Litton technical information) provide more comfortable drcumstances than do
microstrip arrays. This is so because the slot arrays are less vulnerable to the extra
load produced by the blockage in the antenna aperture. Waveguide-type power
combining networks are robust to the blockages covering the dots.

8.3. Diagnostics of phased arrays

Our interest in phased arrays concentrates not so much on the amplitude
distribution as on the phase distribution between the antenna elements, because the
phase distribution has a much stronger influence on the shape of the radiation pattern
than does the amplitude distribution (Kabacik 19983). A typicd spread of adua phase
distribution values due to manufadure tolerances encountered in contemporary
microwave beamforming circuits leads to a much greater deterioration of the design
pattern shape than do the inaccuracies of the amplitude distribution values. In
conventional microwave technologies, phese tolerance is nat worse than +6°, and
amplitude tolerance is kept within £0.7 dB in the majority of cases. Further tolerance
improvements require the implementation of post-production circuit tuning or internal
compensation d the inaccurades in the beamforming network. When digital
beamforming is involved, phase resolution takes smaller values than those for the
conventional circuits, the nea-fiedd method allows a fine phase aignment after the
integration o phased arrays (Bem, Kabacik 2000, which is a prerequisite to
compensate the misalignment due to manufacturing tolerances.

With the developed |aboratory system we obtained holographic images for several
beam positions of the MC-8 phesed array (Kabadk, Hossa 2001b; Kabadk, Hossa
200%). The MC-8 array with eight elements arranged linearly (Figures 8.9 and 8.10)
operates in the narrow band centered at 5000 MHz and generates linealy polarized
signals (Kabadk 199%). In order to reduce the sidelobe floor, the amplitude was
tapered with a 25 dB cosine square distribution. Beam control was achieved with
apassive drcuit involving 4-bit phase shifters (22.5° step).

All the holographic images confirmed the nonuniformity of the power split
between the dements of the MC-8. Figure 8.11 shows the anplitude image obtained
for the wm-pdar field comporents (EX) of the broadside beam. The spacing between
the scanning plane and the MC-8 aperture was st to 8.7, (520 mm). The picture
presents the actual asymmetry of element feading with respect to the aray center.
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The white frames in the Figure denate the rectangular outlines of alaminate piece and
of the dement area The frame dimensions read from al the holographic images
examined are in good agreanent with the actual values (280x60 and 23418 mm for
the laminate piece adfor the dements, respectively, as depicted in Figure 8.9).

< 280 >
< 237 .
A
3 2 N R B R R B
4 MC-8
[millimeters]
< 24.0 .
X
)
©
4
< ax = 30.3 N
1 2 3 4 5 6 7 8

-1.8dB -3.9dB| -2.3dB -2.3dB| -3.9dB - 1.8 dB|

1208 & 6.1dB

—

control unit

-3.0dB

-3.0dB

—

@ power divider

/B’ four-bit phase
shifter

Fig. 8.9. Aperture and element layout, as well as a generic diagram of
the beamforming network for the MC-8 phesed array.
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Fig. 8.10. Microstrip elements and extended 800x600 mm grourd plate of the MC-8 phased array.
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Fig. 8.11. Holographic image of amplitude (pixel size~10 mm) for EX field comporents showing
anonuniform and a dlightly asymmetricd amplitude distribution in the tested MC-8 linea array.
The image was obtained for the broadside beam and recmnstructed exadly at the dement plane of
the aray (f=5000MHz). The spacing between the scanning and the dement planes was %t to
8.7A¢ (520 mm). Theimage sharply outlines the elges of the antenna dement substrate (28x6 cm)
(Kabadk 2003).
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In order to verify the results obtained with the holographic diagnostic method, the
scatering parameters at the beanforming ports were measured with a network
analyzer. The amplitudes of the excitation coefficients measured with the network
analyzer and those obtained by the holographic method are wmpared in Table 8.1
(normalized to element 4). It can be expected that when the microwave circuits are
terminated with high-quality broadband loads (instead of antenna dements with
varying inpu impedance), the design values will be better preserved. The datalisted in
Table 8.1arein agoodagreament, except those for element 5.

Table 8.1. Amplitude taper/distribution between the éght elements of
the MC-8 phased array obtained with two measuring methods (broadside beam).

Origin Antenna elements

of data 1 2 3 4 5 6 7 8
Designvalue | 0.186 | 0363 | 0692 | 10 | 10 | 0692 | 0363 | 0.186
Network

analyzer 017 | 034 | 070 | 10 | 08 | 066 | 032 | 017
method

Holographic | 16 | 039 | o067 | 10 | 064 | 067 | 032 | 013
method

It is interesting to nde that the discrepancy between the designed and measured
values for element 5 was detected regardless of the testing method used. Since the
elementary power splitters of which the feeding network is composed were
manufadured with a gred care, this disagreement must be dtributed to the diff erences
in the loss values between the branches of the feeding network or to the impedance
mismatch. Phase shifters are often responsible for excessive variations of insertion
losses snce their insertion loss depends on their settings. The measured total loss
values ranged from 3.0 B to 3.8 dB, which suggests that the undesired variation
effed has been produced predominantly by the phase shifters. It may be concluded
that the amplitude variations in any branch of the MC-8 array ranged upto + 0.6dB.

As near-field systems usualy aaquire data for two orthogonal probe polarizations,
the holographic method can provide useful information on the polarization
performance of the antenna arays. Figure 8.12 shows a hadographic image of the
amplitude reoonstructed for the EY field comporents. As it can be inferred from
Figures 8.11 and 812, fields along the x and y axes differ by an arder of magnitude.
For determination the current values it is necessary to known Hy and Hy (it is possible
to get Hy and H, with some additional calibration as probe is of electric type because
electrical field comporents are much easier to measure). This indicates that the AUT
was linealy pdarized. Ancther interesting feaure is the deep field decay at the center
line of the linea array observed for the EY field comporents. This shows that
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the undesired currents resporsible for the generation of the aosspolar radiation
pattern are well compensated. But there is a stronger current flow along the diagonal
semi-lines, which islikely to produce an asymmetrical crosspolar radiation pettern. It
isinteresting to note that the EY currents flowing on a cetain part of the groundplane
surface ae of the same order of magnitude as those flowing within the dement area.

The phase distribution in the array can be derived with the holographic images
reconstructed on the basis of the near field data. The holographic image in Figure 8.13
(taken for the broadside beam and EX field componrents) shows that the phase values
for all elements are dmost equal. The maximum phase difference gproaches 35°. The
recmnstructed data ae consistent with those for the broadside bean when al array
elements are fed in-phase. Like the image involving visudization of the EX
comporents, this one also dsplays sarply outlined edges of the laminate piece and
the outer border of the dement area. The same haolds for the groundplane.

Anill ustration of the phase distribution oliained for the beam tilted by 21° off the
main axisisin Figure 8.14. To achieve this tilt angle, the phase progress between the
elements was st to 67.5°, so the total theoreticd phase shift between opposite edge
elements was 472.5°. The overall phase difference between the edge dements read
from the holographic results approaches 470° and is in an impressve areament with
the design value. The values for the bean scanned to 37.5 off the main axis were
787.5 and 720° for the calculated and the holographicadly measured total phase shift,
respedively. Color pictures sem to be insufficiently accurate to enable a
interpretation d the results obtained. That is why the numerical readout has become
strongly recommended, besides image visualization. The phase distribution for abeam
scanned only by 7° off the broadside ais is shown in Figure 8.15. The total phase
shift within the aray theoretically equaled 1575°, but the reconstructed value was
only slightly above 100°. This case discloses some problems which arise when small
progressive dhanges are investigated.

The size of the smallest segment (pixel) in the holographic images of the phased
array was %t to ~10 mm. This value exceaded dightly that of the dement size and was
abou one-third that of the element spacing. Since the dement spacing was amost
half-wavelength, the resolution at the element level was potentially achievable.
However, it must be admitted that if the data ae read from hoographic images,
problems will arise with the ahievement of an umguestionable asignment of the
element spat within the inspected picture area. The resolution achievable with nea-
-field scanning for a subwavelength element spacing is discussed in detail elsewhere
(Patton, Yorinks 1999. In order to overcome the problem of high resolution, the
combined use of the data acquired for various ans was postulated.

Measurements of antennas with a beam tilted dof the principal geometrical axis
make greaer demands on the dlowable level of the refleded signals propagating
inside the anechoic chamber. Since the AUT must revolve aound its axis during
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Fig. 8.12. Holographic image of amplitude for EY field comporents presenting the cmmpensation o the
crosspoar field comporents along the horizontal axis of the linealy polarized antenna. The field
intensity on the ground plane is comparable to that on the gerture in the border zone. The image was
obtained for the broadside beam at 5000 MHz. The spadng between the scanning and the M C-8 apertures
was %t to 87 (520 mm) (Kabacik 2003a).
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Fig. 8.13. Holographic image of phase for EX field comporents reveding an aimost uniform
phase distribution between the éght elements of the tested phased array. The image was obtained for
the broadside beam and reconstructed exadly on the dement plane of the MC-8 phased array.
The spadng between the scanning and the antenna apertures was set to 8.7, (520 mm).
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Fig. 8.14. Holographic image of the phase for EX field comporents reveding a progressve phase
distribution between the dements of the tested MC-8 phased array. The total phase shift approaces
470 and isin good agreement with the design value of 472.5° (67.5° phase step). The image was
obtained for the beam tilted 21° off the main axis and recnstructed on the top plane of the dements.
The spadng between the probe and the M C-8 apertures was <t to 8.7Aq at 5000 MHz (520 mm).
The airrents flowing on the ground dane dso follow a periodicd pattern (Kabadk 2003a).
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Fig. 8.15. Holographic image of the phase for EX field comporents reveding a progressve phase
distribution ketween the dements of the investigated antenna aray. The derived total phase shift
approaches 110° and is considerably lower than the design value of 157.5° (22.5° phase step).
The image was obtained for the beam tilted 7° off the broadside ais and reconstructed at the dement
plane of the MC-8 phased array. This adng between the scanning and the MC-8 apertures was <t to
8.7A¢ a 5000 MHz (520 mm).
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scanning, the main beam is not pointed at one spat al the time. That is why the main
beam and the sidelobes ill uminate differently the ceiling and the walls of the anechoic
chamber, thus changing the distribution of scattered radiation. As the AUT revolves
during measurements, its polarization plane advances. The seatbadk is that the
reflectivity of the absorber wall varies depending on the polarization plane sguint.
Consequently, the propagation of the reflected signals undergoes sgnificant variations
when the attenuation of the reflected waves is moderate or poor. In such instances, the
undesired signals tend to influence the values of the recorded near-field samples,
particularly in the zones feauring wed direct signals. Such superpaosition induces
considerable variations in the measured signal with respect to the actual signal
produced by the AUT. Consequently, the recorded values of the probe excitation
coefficients are nonnegligibly corrupted, and the far-field results are characterized by
a low acaracy in the sidelobes. The problem is more serious with cross-poar than
with co-pdlar field components (stronger signa).



CHAPTER 9

UPGRADE OF DIAGNOSTIC CAPABILITIES

9.1. Concurre nt dual-method scanning

The acaracy of the results obtained with nea-field systems, as well as the mm-
padness of the measuring range, can not be overestimated, and researchers are con
vinced to use nea-field measurements wherever possble and affordable. Despite
avariety of advantages, near-field measurements suffer from some major constraints.
Of these, the most troublesome (especial y when hampering the test procedure) are:

« aninsufficient valid angle for planar scannings,

 alad of desired flexibility in the scanning aperture positioning,

« the gain measurements of large antennas.

Nealing to maintain the deformation d large antennas within a tolerable range,
afixed dredion of the gravity force might become a must when testing preliminary
antennamodels— usually equipped with insufficiently developed suppating structures.

A promising way to broaden the insufficient valid andle is the cncurrent use of
two methods at the measuring sites. Such approach has long been waiting for the
chance to attract the attention d antenna engineers and scientists. When two concur-
rently used planar and cylindricd scanning systems provide complementary near field
data, the cgpabilities of the facility will be remarkably improved by both broadening
the valid angle and enabling measurements of a greater variety of antennas. The appli-
cdion d more than ore scanning system at one location counterbalances the high
costs that are to be borne for the cnstruction of another anechoic chamber.

A broad valid angle, paentially achievable with hybrid techniques, is grongly de-
sired when phesed arrays are measured, as their beams are usually pointed within 45
off the broadside direction; thase of conformal arrays can be pointed much wider. Just
to recall, the bi-pdar system alone is cgpable of providing a valid angle of upto 5¢
— too small to measure the patterns of al beams in typical phased arrays. We tried to
solve the narrow valid angle problem by developing an appropriate hybrid scanning
system (details are described pictorially in Figure 9.1). The system combines the pla-
nar bi-polar and the glindrical scanning methods, so the view angle reaches the full
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hemisphere. Cylindrical scanning can be performed by vertical linear scans with steps
in azimuth or by scans in azmuth with vertical linear steps (the first approach seems
better suited for a scanner concurrently involving bi-polar kinematic system). Other
probe trajedories were studied by Italian researchers (Bucci et al. 2000c; Bucci et al.
2000y; Bucci et a. 19%8Ba).

Taken aone, each of the scanning techniques considered can be regarded as al-
ready matured. The lessprivil eged scanning will be acylindrical one, which will han-
dle data recorded over the sidelobes (even over the far ones). We expect that the
achievement of satisfactorily consistent results in the overlapping zone will also be
challenging. The overlapping zone most frequently fall s within the spatial sectors of
wedk antenna radiation (generally there are far sidelobes or zones of low radiation).
Thus, the accuracy of the measuring system is obviously lower. Furthermore, the re-
sults provided by the nea-field methods are typically charaderized by deteriorated
acaragy at the alges of the scanning area.

The preferred interpoation/FFT method for the cdculations of the far field data
provide results on a square aea The inconsistency of the square and cylinder perime-
ters might result in incomplete radiation pettern outside two principa cut-planes. But
when the perimeter of the cylinder isinside the square area or the ¢ylindrica scanning
terminates aufficiently high above the bi-pdar scanning plane, the far field data ae
complete on the entire hemisphere.

The proposed system off ers another unique asst when conformal antennas are to
be diagnosed. In the conformal arrays, cylindricd antennas deserve particular atten-
tion. Unfortunately, the data reconstructed onto planar surfaces by microwave holog-

TWO SCANNING SURFACES

PLANAR

CYLINDRICAL

OVERLAPPING ZONE

Fig. 9.1. The mncurrent use of the planar and cylindrica scanning systems
which may provide results over avery wide valid angle.
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raphy do rot fit the gylindrical surfaceof the antenna aperture. There is the potential
for using the so-cdled “dlices’ approach when several holographic images are com-
puted for a set of stadked planes (such approach combining datavalid on narrow stripsis
nat much reliable). The use of cylindrical scanning is astraightforward approach which
helps to overcome this drawbadk, by enabling a badkward projection focused exadly
onto the surface of the gylinder.

9.2. Mobility of the scanner — on-site antenna evaluation

Until the 1990s, ore of the primary constraints on the widespread use of the near-
-field technigue was insufficient computational power of the mainframe computers. It
is of course understoodthat mainframe computers were unsuitable for mobile gplica-
tions and the same held for data communicaion. As a result, the dtention towards
mohile or outdoa deployable test systems generaly dropped from the main stream of
interest. Thus, the structure of the scanners presently in use makes them amost immo-
bile. These days, however, acarrate far-field petterns and hdographic images obtained
with onsite recmrded data ae of highest desire in bah oudoa (operational site) and
indoa (manufaduring site) environments. For these reasons, the mobility of the nea-
-field system has become akey issue in recent yeas. Among the possble uses, the on-
site diagnastics of sophisticated arrays mourted on vehicle platforms has come to the
forefront. In this context, it is no surprise that of such portable scanning systems the
most desired are thase providing a large scanning area It is a frequent situation that the
large atenna goerture is in the vertical plane. Thus the main geometricd axis must re-
main in the harizontal plane. Furthermore, in some instances the large size of the AUT
may impede any change in its position. For these reasons, a verticd scanning aperture
with —an optional small tilt angle — appeasto have redly much to recommend it.

For such applications, a new scanner design and a new scanning method were de-
veloped in the course of our study. It was proposed that the new method be termed
uni-polar (Kabadk 199%). The term uni-polar method has been used here to parallel
the widely known bi-polar and polar methods, though we ae aware of the substantial
differences among them, in spite of several common features. The mgjor advantages
of the uni-pdar scanning method are the potentially large dimensions of the scanning
apertures and the high mobility of the scanner. The proposed method is particularly
convenient when applied to oudoor facilities. Furthermore, the deployment of the
scanner in aremote AUT site can be performed quickly, withou any laboratory infra-
structure. Uni-polar scanners allow measurements on large planar apertures, irrespec
tive of their orientation, bu the vertical oneis preferred.

A generic view of the measuring system is shown in Figure 9.2 The test range
comprises a scanner, an RF system and scanner-carrying rails. The scanner consists of
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a probe-carrying arm, a telescopic column and a railway carriage. The telescopic
scanner column allows the ajustment of the angle of view and the scanning aperture
dimensions to the actual needs. The AUT is mourted ona fixed pedestal and can ro-
tate around its main geometrical axis. Owing to such geometry, the truncation areaof
the scanning aperture can be large enough to acaomplish measurements of large AUTS
and povide awide valid angle.

PROBE
(E: SCANNER ARM

\
N

\\

[ ]
J AUT
AUT PEDESTAL TELESCOPIC
SCANNER CARRIAGE COLUMN
- —

RAILS

Fig. 9.2. Uni-polar scanning system suitable for on-site deployment (Kabadk 1999b).

The pattern of the sampling gid is in Figure 9.3. During uni-polar scanning, the
probe travelsin a uniform motion in the vertical plane, along the ac described by the
end of the scanner arm. The RF system measures the probe excitation coefficients.
When data aquisition onthe ac is completed, the scanner rolls dightly to the next
spat, and measurements are performed on a successive arc. In order to maintain
asmoath trandatory movement of the scanner carriage and to keep tight positioning
tolerances, it is necessary to make the carriage roll on leveled rails. The AUT remains
fixed duing the ettire measuring process Alternatively, the AUT can be revolved
aroundthe horizontal axis, while the scanner carriage remains at the same spot during
the entire measuring process (the samples are on the bi-padlar grid). The scanning pro-
cedure is terminated once the samples have been acquired on all of the grid arcs. To
provide aproper orientation of the polarizaion axes of the probe, it is necessary to
revolve the probe aoundits electrical axis, courterwise to the am, as it was with the
bi-pdar system. Owing to such a scanning arrangement, the trouldesome impairment
caused by cable bending can be substantialy mitigated. When the on-site measuring
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technique is involved, it might be of great utility if the data processng is cgpable to
hande greater errors of sample locations. Studies on the measurements permitting
such circumstances are carried onin some laboratories (Wittman et al. 1998).
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Fig. 9.3. Sampling grid typicd of the uni-polar scanning technique.

The far-field transform can be alculated with well established agorithms, i.e.
those used in bi-pdar scanning. Of these, the far-field transform caculation which
combines interpolation and Fast Fourier Transform (FFT) seams quite mnvenient (the
mil estones for this approach are outlined in Chapter 6). The uni-polar method des not
feature a redundancy of the sampling paints, as their density is uniform over the entire
scanning aperture.

A major impairment of the scanner structure is the threat of oscill ation at the end
of the probe-carrying arm. The construction of lightweight, stiff and low-profile scan-
ner arms has beacome feasible with the alvent of composite materials. However, some
engineaing effort is still neaded to stabilize the long, thin arm. The duration of the
AUT measurements depends predominantly on the traveling speed of the probe
(determined by the angular spead of the arm). Since the samples are taken while the
probe moves, the synchronization d the sample taking moments is of paramournt
importance.
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9.3. Tests of small multiband terminal antennas

Research on the interaction between terminals and operators includes two major is-
sues, which are diredly related to (i) the actual properties of terminal antennasin the
presence of the operator and (ii) the asorption of the radiated energy by human tissue.
The proximity of the operator, as well as the direct touch of the hand, leads to non
negligible changes in the dectrical performance of the antenna (Byndas et a. 2001).
Of these parameter changes, those of the input impedance and spatia distribution of
radiation are of greatest concern. When the asorption of the RF energy approaches
50% of the transmitted power, this means that the available communication cgpabili-
ties become reduced by half (potential data bandwidth or datarate).

For the neals of our research onterminal antennas we developed a human phan-
tom with hamogeneous filling, a gelly substance, which consisted of water, gelatin,
dissolved salt and sugar (both 5 weight %) (Kabacik 2001c). The use of cold proc-
esed ga made the preparation o the phantom easy (but it must be noted that the
overal phantom weight made its handliing troublesome). From the viewpoint of the
potential resonant phenomenon, the most important were the following dimensions:
arm length (35cm), forearm length (30 cm), heal height (33 cm) and head diagonals
(from 24 cm to 32cm). The walls of the plastic shell were 1 cm thick. The listed val-
ues oscillated around a wavelength in the GSM900 system (in the air Ao = 32.6 cm at
fo=920 MH2z).

In the @urse of our research, near-field systems were used to measure the density
of the field radiated by mobil e phones, both in isolation and in the operator’ s presence.
Many experiments of ours were carried out with the system developed at the Univer-
sity of Queensland, Brisbane, Australia. The 200x200 cm scanning aperture was ori-
ented vertically and the spadng between the scanning plane and the termina antenna
approached 1 meter. Whip o PIFA-type antennas were mourted onthe metal mock-up
of the cellular phore case. From the images obtained it can be inferred that the waves
propagated by the PIFA-type aitenna ae much better focused than those radiated by
the whip antenna. It is possble to modify the diredion of major radiation generated by
PIFA-type antennas (Kabacik, Kucharski 1999). However, such beam control ad-
versely influences antenna dficiency.

Ancther testing system is being analyzed with the bi-polar scanner. The bi-poar
nea-field systemiswell suited for testing small antennas used in mobil e terminals and
in small satellite terminals (possible zenithal radiation, broad view angle). A generic
concept of the measuring set-up considered in our laboratory is depicted in Figure 9.4.
By adding a dielectric wheel on the scanner turntable it is possible to revolve the test
object at the devation over the azimuth format (full spherical coverage, the polariza-
tion dane can be adjusted with the dual-pdarized or revolving probe).
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Fig. 9.4. Generic view of the measuring system based onthe bi-polar scanner for
testing antennas of mobile and wirelessterminals, including small satellit e terminals.

The method involves battery powered VCO generator integrated with the termi-
nal antenna model. It is of paramourt importance to ensure that the natural deaease
of the battery voltage as a function of time does not affect the results. The procedure
proposed by the author calls for choosing one or a couple of reference points (differ-
ent spatial co-ordinates, possibly spread). In the course of scanning, samples are
aqquired at discrete points. In order to correlate the variations of atest signal level
with time, measurements must be interrupted a few times in order to repeatedly re-
cord signals at the dhosen reference points (always reference points are recorded at
the beginning and at the end of the measuring procedure). Such procedure does not
call for significant elongation d a measuring time. Computation o correction fac-
tors is straightforward and as far as amplitude is considered such method can pro-
vide acceptable accuracy.

A different approacd relies on an opgoeledronic converter with a sensor mourted
in a proximity of the termina antenna. Flexible fibers used to transmit optical signals
shoud na much influence dectromagnetic environment.
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9.4. Finealignment of antenna arrays

Antenna arays which involve sophsticated beanforming methods impose tough
tolerances onthe ecitation d their eements. Actua phase and amplitudes distributions
must closely med the design vaues, which fall much below the manufaduring toler-
ances (avail able when the production costs are kept at a reasonable level). Such arder of
tolerances can na be provided immediately after putting all comporents of the antenna
together. The manufaduring inacarrades can be reduced with the dignment technique.
The problem is becoming even more complex presently, as the pdarimetric technique
requires antennas featuring dual-pdarized o pdarization reconfigurable performance
As aresult, alignment analysis must be caried ou for orthogonal field comporents. The
nea-field method dfers a goodinsight into the anplitude and phase distribution in the
antenng, and the antenna itself is well isolated from the interfering signals. As a rule,
alignment is performed orly once, namely at the manufadurer’s. Anather frequent use
where the principles of this method can be gplied is mutual couding cancdlation in
arraysinvolving digital beamforming (Steyskal, Herd 1990).

9.5. Time domain measurementsin the near field

Time and space domain measurements differ primarily in the form of the test sig-
nal and application d time gating. Spacedomain measurements are performed at one
frequency at a time. In the time domain, measurements are crried ou with short
pulses (like in the amerging ultra wide band moduation techniques). There ae two
unique advantages that raise interest in time domain measurements: the reduction of
the interfering signals, which corrupt the measured results, and the instant availability
of results at arbitrary frequencies over a wide portion of spedrum. The reduction of
the interfering signals is due to the time gating of the received signal. Furthermore,
research on time domain measurements is driven by the investigations into broadband
antennas as they emerged in modern radar and ultra-wideband communication systems
(the bandwidth of the modulated signal is at least 10%).

In order to combat interfering signals and avoid troudes related to short pulses and
time gating at areceiver input, two methods are investigated currently:

(i) use of phase-shift-keyed spread-spedrum test signals (Zeger et al. 1996),

(ii) application d equalizer (Leather, Parsons 2003).

Equalizationis a technique which strongly combat eff ects of multipath propagation
in radio channel. Both listed techniques can leal to reduced requirements on reflec
tions at the measuring sites, bath indoor and oudoar.



CHAPTER 10

SUMMARIZING COMMENTS

Presently we ae witnessing ged eff orts which aim at soaring the role of the an-
tenna and relevant signal processing in the concepts of radio systems in order to
achieve the desired range of enhanced performances. It is the result of extensive
seach for new potentials of signal transmitting and processing in electricad enginea-
ing. In this context, modern antennas are expected to co-establish high-quality radio
channels in both communication and radar systems by focusing electromagnetic radia-
tion involving sophisticated moduation towards a receiving site or a target. A recev-
ing antenna should ensure productive spatial filtering of the incoming radio waves.
These challenging tasks placead the antenna technique in the criticd spot of the devel-
opment of new radio systems. Thus, the ‘lagging behind of the antenna designs ex-
poses the launch of new systems to jeopardy.

Advanced antennas often take the form of planar or conformal arrays, or incorpo-
rate subarrays in their refledor illuminating systems. Highly integrated lightweight
arrays and low-loss array feading circuits raise principal interests. However, these
techniques call for reliable testing procedures, tailored so as to respond to the wn
straints inherent in integrated or densely padked antenna structures. It is frequently
witnessed that the lack of adequate evaluation tedhniques enforces the termination o
the research onadvanced and innovative concepts, even though the preli minary results
were encouraging. As these measuring techniques are the prerequisite to accomplish
any challenging R&D in the field of modern antenna arays, the access to such tedh-
niques has been restricted. That is why references to their in-depth coverage ae du-
sive. Nedalless to say that every institution aspiring to develop modern antennas must
have proprietary testing methods devel oped with great own efforts.

In the murse of my reseach on highly integrated lightweight antenna arrays, the
reliable evaluation and determination d their properties have wme to the forefront
among other principal isaues. | redized that the measuring and dagnostic methods
deserved a lot of attention, as the avail able techniques did not include dl the apeds
which in my opinion were of crucial importance in terms of highly integrated micro-
strip arrays. In such antennas, the dielectrics and compaosites have astrong effed on
the electrical properties, so an acarate evaluation of the actual materia parameters
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over a wide temperature range prior to the design of the antenna elements and micro-
wave drcuits becomes indispensable.

When highly integrated arrays undergo tests, the experimenters have no access to
the partitioned beanforming and noinstant accessto the feading ports of the aitenna
elements, as they have when handling less integrated conventional arrays. Thus, if we
want to evaluate the cmporent performance and to achieve the desired antenna de-
sign (as well as validate the model performance with the design parameters), we have
to replace the mnventional approach (which basically involves analysis of fragmen-
tary data obtained at the functional BFN levels) with such a method that extracts the
necessary information from the tests of completely integrated and qoerating antenna
arrays (it is advisable to suppart these analyses with advanced simulations). It must be
emphasized that such determinations rely on the experimenta evaluation of the dec
tromagnetic phenomenon, farticular consideration being gven to the current distribu-
tion (both amplitude and phase) within the aitenna dements for all the beams and
beam positions. Such a current distribution can be derived with advanced signal proc-
essng, preferably with sampled radiation in the near field of the antenna.

The monagraph addresses the tedchnical problems described above, and the major
contribution of the author’ s personal research was within the following problems:

* investigations into highly integrated lightweight antenna arrays,

« studies of low-lossfeeding circuits,

* investigations into the electrica properties of the microwave substrates over

awide temperature range,

« numericd simulations of stratified antenna performance over a wide temperature

range,

* nea-field measurements of antenna arrays, including derivation of microwave

holography data,

* derivation of the current distributions at the phased array aperture,

* invention of near-field scanning systems for on-site antennatests.

The most valuable aithor’s contributions are included in Chapters 2—4 and 6-8.
The scientific value and current importance of results presented is well documented
with four comprehensive papers published by the author in the |IEEE Transactions on
Antennas and Propagation and | EEE Antennas and Propagation Magazine in last four
yeas. The other results were presented at two dozen major international conferences
on antennas. Analysis of gred technical value is described in Chapter 4. This research
work, feauring alot of originality, found hgh evaluation of antenna experts and was
commended with 2000 Harold A. Wheeler Applications Prize Paper Award Honor-
able Mention of the IEEE Antennas and Propagation Society (the H.A. Wheeler Award
recogni zes the paper considered to be the best applications paper in the IEEE Transac-
tions on Antennas and Propagation for the given yea). Investigations into perform-
ance of phased arrays with hdographic images are extremely rarely presented in
literature. There are severa reasons and among most important is complexity of such
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atedhnique. Thus, the results presented in Chapter 8 shoud be regarded as important
and rew contribution to phased array measurements by the author.

The presented research onreliable evaluation and property determination of mod-
ern-day advanced antennas has been led by the aithor for yeas and hes been per-
formed within a small group d closely cooperating reseachers. The investigations on
the bi-pdar technique has been carried onsince 1992 and the author was a Principal
Investigator to relevant reseach projects over this period. The bi-pdar near-field sys-
tem was developed in-house according to the author concepts and technical projects.
The author established a framework for implementing Optimal Sampling Theorem,
what turned out a milestone in acarate processing of measured data. Furthermore, he
gave an ideafor implementing a method of holographic imaging. Details of these mn-
cepts were comprehensively elaborated with Dr. Robert Hossa who implemented these
algorithms into software. The results are published in four papers co-authored by them
(Kabacik et al. 2000a; Hossa, Kabacik 200Q Kabacik, Hossa 2001h Kabadk, Hossa
200%).

The common research turned out to be alvantageous for both researchers. On aba-
sis of gained experiences, we undertook awork on a substantially improved measuring
system in 2000.The scanner has been upgraded by a capability of performing cylin-
drical scannings. Nowadays it is controlled by a real-time computer. Presently we
caried on pioneeaing investigations on concurrent use of the planar and cylindrical
scanning systems, improvement of data processing by extrapdating values of some
samples. Furthermore, phaselessnear-field measurements are investigated by Dr. Hossa,
The results of these studies will be published in another monagraph written by
Dr. Hossa. The preparation of materials for thiswork isin advanced stage presently.

In the last seven yeas, the author’s interests have concentrated on his threeorigi-
nal evaluating and testing methodk:

(i) numericd simulation of antenna performance over awide temperature range,

(ii) indirect determination o adual radiation patterns by scanning the field
radiated by the antennaiin its near zone,

(iii) reconstruction of the complex field distribution in the actua aperture of the
array by badkward projection d far field data derived with the near-field tech-
nique.

Other considerable eff orts were spent on two hot issues in contemporary antenna re-
seach:

(i) interactions between terminal antennas and humans,

(i) inner calibration d antenna arrays involving digital beamforming.

The techniques mentioned utilize sampled near field data and provide core infor-
mation reeded for the development of arrays, which make use of the most recent
approaches to beamforming. The capabilities of the major presented methods are
beyond those available with the mnventional measuring tedhniques. The proposed
methods not only feature high acaracy when determining antenna parameters, but
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also may enable antenna reseachers or manufadurers to quickly figure out the most
likely reasons why the aray performance deviates from the design parameters. Such
evaluationtednique is priceessin the amurse of research onintegrated antenna arrays.

The investigations into the antenna performance over a wide temperature range ae
essentia to bring the lightweight antenna tecdhndogy up to many applicaions. With
the presented simulation methodology based onthe measured electrical properties of
the materials and related numericd modeling it is possible to design highly integrated
antenna arrays or low-loss fealing circuits. Considerable dforts gent on the meas-
urements of the materials and their careful evaluation pay off the antenna design
which can consist of a dozen substrates and ke highly integrated. Such antennas are
able to ensure asatisfactory overal performance ezen when exposed to the heat radi-
ated by the adive modues. A drawback is the difficulty with the experimental valida-
tion of the simulated results as the ewironmental test procedures are generaly
troublesome, when the testing condtions are far from normal.

The determination d the acdual field dstribution within the gertures of the reflec-
tor or array antennas is of vital importance to the research on advanced technologies.
Our studies have shown that the proposed diagnostic method yields results consistent
with those theoretically predicted. The methodturned out to be capable of determining
the actual performance of the dement feeding in fixed or reconfigurable arrays. Holo-
graphic projection, esentialy based on near-field measurements, should be regarded
as adiagnostic toa which ensures the desired weda interaction ketween the measuring
setup and the AUT. The use of the bi-pdar scanning method has the inherent advan-
tage of hading the AUT within the horizontal plane. Thus, the dominant radiation o
the antennaiis pointed upwards, whil e the gravity force adsin a mnstant direction.

There ae two more mgjor challenges — the accuracy of phase determination and
the resolution d the reconstructed images. A high resolution is particularly desired
when the array is composed of small elements which are dosely padked, as it is
expected to occur in the adaptive arays of future base station antennas. Problems with
providing fine resolution emerge when the dement spadng is of a subwavelength,
which is encountered in the majority of rea arrays. Important factors corrupting the
fine resolution d holography imaging are the alverse dfects due to the presence of
the scanner, as well as variations of the off-broadside bean painting in the murse of
AUT revolving. The asorber wall reflectivity depends on the polarizaion as well.
Scanner-related are the waves <cattered on the scanner elements and a fixed orienta-
tion of the electrical axes of the probe. The advent of multi ple-beamn, reconfigurable or
adaptive arays requires many tests for the given AUT. A long measuring time with
the single carrier systems is more troublesome than the tremendouws amourt of the data
produced for analysis. The amerging conformal techniques will soon require the
extension of the proposed diagnostic method firstly onto cylindricd antennas and later
onto other nontplanar arrays.
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The author is investigating the gplication d the invented testing methods to some
current reseach projects. One of them aims at developing a communication subsystem
of the SSETI-Express and ESEO minisatellites under the SSETI Projed (suppated by
the European SpaceAgency) (Kabacik et a. 2003b. In arder to avoid the deployment of
spacéorne aitennas, we sorted ou a highly integrated lightweight antenna array made
of bonced stratified composites for on-board use. The same gproach was sleded for
aburch o telecommand and telemetry antennas, eat made in the form of asingle ar-
cularly pdarized petch. Thefirst minisatellite is sheduled for launch in April 2005
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