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Introduction

| ntroduction

Adaptive antennas represent a special class ofiredeable to perform dynamic modifications on the
radiating parameters according to a proper algorithhese radiating parameters (input impedance and
radiation pattern) can be modified for differentrgses. As an example, the control of the input
impedance allows the selection of a particular waykrequency in multi bands applications. The coint
of the input impedance can be also used in weadsbleEes. Sure enough, such devices are exposed to
user movements, dealing with compression, stregchémd bending. These deformations can cause
alteration in the current distributions on the tmgy causing a detuning in the frequency response.
Another parameter that can be controlled in an @&gd@m@ntenna is the radiation pattern. Changegen t
active beam can be exploited to receive or transigital toward a particular direction.

In this context, the author studied and designéfdreint solution of adaptive antenna system.

In a first part, the development of a self-tunirggwork able to dynamically compensate the reflectio
coefficient detuning is depicted. The designedesyshas been realized to be integrated on the ffigpati
element of a life jacket. The realized prototypéuity compliant with the Cospas Sarsat SatellijgstSm
at the UHF frequency of 406MHz.

In a second part, a Wearable Active Sierpinski fataéntenna for Off-Body Communication is
proposed. The antenna has been directly integraéal garment using the e-textile technology. The
realized system is able to work at the ISM freqiesof the 868MHz and 915MHz thanks to a proper
feeding structure. The dual frequency textile anéehas been proposed by the research group at the
Information Engineering Department of the Ghentudnsity (Ghent, Belgium), where the author spent
seven months as a Visiting Scholar.

In the third chapter, a layout for a self-struatgriantenna for Search and Rescue application is
proposed. The layout is intended to allow dynanmanges in the radiating shape in order to guarantee
the satellite link in maritime environment for Sefaand Rescue applications.

At the end, the main measured performance restlthe SATURN (Smart mAritime saTellite
terminal for mUItimedia seRvices and conteNts) eystire summarized. The SATURN project aimed to
design and develop a maritime user terminal forlideigure boats (up to 20m of length). Such a ieeh
has an adaptive antenna able to change the radiptittern of the antenna according to the actual
position of the vessel with respect to a geostatiprsatellite allowing navigators to receive cotgen
through a DVB-SH channel and to transmit small amiaaf data via an ETSI S-MIM return channel
(based on the Enhanced Spread Spectrum protoctfieirs-Band. The system performance has been
measured in a real environment, emulating the seditton by means of an ad-hoc designed Motion
Simulator.
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1 A wearable Self Tuning Network
for Emergency Rescue Operations

1.1 Introduction

In this chapter, the design, the hardware impleatent and the characterization of a self-tuning
antenna is presented.

The realized prototype is intended to be compliaith the Cospas-Sarsat Satellite Emergency
System for the UHF frequency of 406MHz and it ieeivded to be integrated as a personal locator
beacon on a commercial life jacket.

The realized prototype is able to perform autométicing of the antenna under time-varying
environmental conditions due to human body movemantd sea water proximity. The impedance
tuning is performed by tracking the instantanecaisie of the reflection coefficient and by modifying
an appropriate impedance matching network accortdirg real-time adaptive algorithm. A resilient
default/backup software architecture has been dedigo ensure that tuning guarantees a return loss
higher than 14dB for the personal locator beacanast of impedance mismatching conditions.

This chapter will begin with a brief analysis oktlworking environment and a description of the
Cospas Sarsat Satellite system. After the ideatibo of the general requirement, the hardware
implementation and the software architecture wal &nalysed. The realized prototype has been
validated with the antenna directly worn by a vadan in different working condition. The reflection
coefficient, treated as a random parameter, has leelected to create its Cumulative Density
Function with the antenna in different environment.
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1.2 Working Environment and General Requirement

The International Cospas-Sarsat Programme [1] satallite-based search and rescue (SAR)
distress alert detection and information distribmtisystem, best known for detecting and locating
emergency beacons activated by aircraft, shipskawkcountry hikers in distress (Figure 1). The
International Cospas-Sarsat Programme providescamrate, timely, and reliable distress alert and
location data to help search and rescue authodlssst persons in distress. During an emergency
situation, a Cospas-Sarsat radio-beacon transmisteess signal to a constellation of satellites
(LEOSAR and GEOSAR). Specifically, a 406 MHz peidolocator beacon emits a 5-Watt half-
second burst approximately every 50 seconds [2¢ ddrrier frequency is phase-modulated with a
digital message. This emergency message is thevafded to a Ground Receiving Station, which
informs a Rescue Coordinator Centre for the firatue operations.

LEOSAR Satellites

2

SEARCH & RESCUE &
SATELLITES o

LOCAL USER
TERMINAL

)

MISSION
CONTROL
CENTER

Figure 1 - Cospas Sarsat System Overview

The integration of such a system directly insideoenmercial life-jacket increases the chances of
survival of a human in an emergency scenario. Hewewhen a personal locator beacon with a
radiating element is located near to a human boaggrientation and movements of the wearer may
continuously modify the operating conditions of thensmit antenna due to random variations of the
relative position of the antenna with respect te tuman body [3]-[5]. Moreover, in a maritime
scenario, the presence of the sea water may dlfffegirincipal radiating parameters (input impedance
and radiation pattern) of a wearable antenna [&jtuBing of the antenna may cause a serious
impedance mismatch and load pulling in the powepldier (PA), resulting in a significant portion of

10
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the 5-Watt transmitter output signal being reflddback to the generator. Besides a serious redhuctio
of the system efficiency, this reflected power ndaynage the source circuit. Special measures may be
taken to protect the generator, such as the us#&aflators, but this increases size and cost ef th
system and it reduces the power efficiency and¢éeihe autonomy of the search and rescue system.

In this part, we propose a novel self-tuning Cospassat antenna that adaptively and in real time
compensates potential detuning to maintain theeRefin Coefficient below the -14dB threshold,
while still guaranteeing an antenna gain betweelBiand 4dBi over 90% of the region defined by
all azimuth angles and by elevation angles gretiten 5° and less than 60°, as required by the
Cospas-Sarsat specification document [7]. Thetaeifig network automatically reconfigures itself,
by tracking the antenna impedance variations cabgdatie movements of the wearer. The proposed
solution estimates the mismatch level by measurotf the absolute value and the phase of the actual
reflection coefficient. Continuous impedance matghregulation is performed by using a simple
circuit based on varicap diodes. Robust minimizated impedance mismatch is performed by a
resilient default/backup software architecture sotu In normal operating conditions, an adaptive
algorithm performs impedance matching based on hb#olute value and phase of the reflection
coefficient. However, when one of these quantitiesomes unavailable, the microcontroller still
ensures impedance matching by switching to oneefdifferent backup algorithms that minimize the
impedance mismatch based on one parameter onlth &uailsafe implementation improves the
overall reliability of the system in an emergenityaion. The self-tuning system guarantees tHat vi
information is received by the Cospas-Sarsat @&lduring a rescue operation, by maintaining
antenna matching, gain and autonomy during the iredjucomplete 24 hours timeframe. The
alternative solution, which consists of deployingisolator before the antenna, to protect the PA by
absorbing the reflected power, will reduce theeysautonomy and the antenna gain. As an example,
a worst case reflection coefficient of -4.1dB, &searved in the experiments performed graphically
depicted in Figure 2, will require that almost 2Wpower (being 39% of the power delivered by the
PA) is absorbed by the isolator load, reducing dhtenna gain by 2.1dB and limiting the system
autonomy to 15hours and 16 minutes instead of 24hdithe same battery is applied.

Results will be presented for different working Bamment. Sure enough, the final system will be
worn by a volunteer performing random movement @aildbe located close by salt water (salinity
level of 35%o0) in a recipient that is slightly moveda continuous manner, to emulate variation ef th
sea surface, caused, for example, by the sea wawesbtain a better view on the design challenge,
Table 1 presents some worst-case results for ffeyelit scenarios. When the antenna is deployed on
the water, the reflection coefficient can assumi@es up to -4.1dB. In this case, 39% of the total
output power is lost due to reflections whereay @i% is available for antenna radiation. If we do
not compensate for this mismatch, a power of séweatts will have to be dissipated somewhere in
the transmit chain (for example, by a bulky andtlgodrop-in isolator), reducing the antenna total
gain and the system autonomy. Therefore, we ptefeompensate for the mismatch by proposing an
appropriate tuning network.

11
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Hand in Front of
the Antenna

= : Man Standing
Man Seated ¢ ; —

i

Antennain

proximityof [} 0o crouched
water -

Figure 2 - Measured Reflection Coefficient on the Smith Cliardifferent movements of the wearer

TABLE 1
WORST-CASE REFLECTION COEFFICIENJANTENNA TOTAL GAIN REDUCTION AND POWER REFLECTED DUE@ ANTENNA
MISMATCH, FOR DIFFERENT ANTENNA OPERATING CONDITIONSASSUMING 5W INJECTED POWER

Position of the antenna Reflection Coefficient T@&ain Reduction Max reflected power
Free Space -8.7dB 0.63dB 0.674 W (13%)
Hand in front of the antenna -6.1dB 1.22dB 1.92724%)
Man Standing -6.8 dB 1.02dB 1.045 W (21%)
Man Seated -5.7dB 1.36 dB 1.346 W (27%)
Man Crouched -6.0 dB 1.26 dB 1.256 W (25%)
Water Proximity -4.1dB 2.13dB 1.945 W (39%)
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1.3 Stateof Art Overview

On the one hand, different kinds of wearable argeintegrated on commercial life-jacket (Figure
3) have been presented over the past years fo€tispas-Sarsat system at the UHF frequency of
406MHz [6], [8].

However, these designs do not fully consider tHecefof variations in the antenna’s operating
conditions due to the wearer re-orientation and enment. On the other hand, closed-loop self-tuning
impedance networks were investigated for otheriegipbns [9]-[10].

@)

16,2cm

»
>

l l Il,75cn

»
>

A

(b)

A

28,3cm

Figure 3 - Cospas Sarsat Antennas: (a) design proposed amfb(b) design proposed in [8]

In open literature, different designs of self-tupimircuit are reported (Figure 4). A first
characterization aspect is related to the colleatibthe feedback data. One potential solution istss
in measuring current or voltage values at differpaints of the circuit [11]-[12]. An alternative
possibility is to sense the signals before andr dlfte impedance matching network to determine the
impedance mismatching level [13]. Other designg o#l directional couplers to monitor the direct
and reflected waves [14]-[16], from which the reflen coefficient may be calculated.

tuneable
“transformer” 3
RF;, 7 ~ 1 - 2
[ Xex—{Xex o g ™
b « N

S > >
@) log log log m
det.| [det.| [det.

+\V, +5)- Offset
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S
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Figure 4 - Tuning Network: (a) design proposed in [11], (Bidn proposed in [13] and (c) design proposed5i [

The adaptive algorithm that modifies the impedamedching network must be customized to the
type of impedance matching circuit deployed (Fighje Some papers [17]-[18] propose a discrete
impedance matching network, consisting of a bankagfacitors or inductors, together with global
optimization algorithms such as the genetic alpamitthe simulated annealing algorithm or the ant
colony optimization algorithm [19]. However, thistap occupies a lot of space, which may not be
available on a commercial life-jacket. To minianerithe electronic circuit, MEMS technology is
applied in [20]-[21]. Nevertheless, this technolatpes not result in a low cost solution and itsinse
stub-based or transmission-line-based MEMS matchetgiorks is impractical at the Cospas-Sarsat
frequencies, as even miniaturization by the useslofv-wave structures leads matching circuit
footprints in the order of the wavelength. In othpplications, the use of varicap diodes [22]-[24$
resulted in low cost and compact reconfigurableitsahs. For tunable capacitors, a lookup table may
be used to predict the optimal capacitor value .[2Ejwever, such an approach does not take into
account the tolerance on every component in thechitag network. Therefore, in this thesis, a
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dedicated software architecture has been developed.

S o e e i

MA4ST2300
39nH feed
coupler
(b) 10kQ § 10kQ2 §IODH
bias

Figure5 - Type of impedance matching circuit: (a) desigoppsed in [17] and (b) design proposed in [22]
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1.4 Hardware Description

A self-tuning network is a closed loop system, talby composed by three macro elements as
depicted in Figure 6. It is a component that wil inserted between the signal generator and the
radiating element responsible to adjust the inmpedance of the antenna according to a particular
algorithm.

Starting from the Signal Generator, the first itsgérelement is the Signal Parameter Extraction.
This element is responsible to catch informatiogarding the functioning condition of the overall
system. Collected information are then sent toséeond element, called Microcontroller Section. In
this block the extracted parameters are elaboraterter to select the correct action to be donéen
third block, the Impedance Matching Network. Vddas on the internal parameters of this part
correspond in variations in the input impedancthefantenna.

= == Self Tuning Network  |mes s

Signal

A

MicroController

Signal P Wearable
Extraction Matching Network _I_ Antenna
—-—

Figure6 - Closed-Loop Self-Tuning Network Concept.

The first block of the Self Tuning Network is thég®al Parameter Extraction. Since the input
impedance has been selected as the parameterionestigation, this block is responsible to provide
the direct and the reflected wave to the Microcaligr Section.

The latter quantities can be sensed from the RRabkigy means of two different three-port
directional couplers. Thanks to their high direityivvombined with a low insertion loss, the ZFDC-
20-5 [26] and the ZFDC-10-5 [27] are the compondés have been chosen. They can be deployed
to frequency up to 2GHz, making this circuit avliéato work at different frequency. The main
parameters of the selected directional couplexguf€i7) are reported in Table 2.

(b)

Figure7 - Directional Coupler: (a) the ZFDC-20-5 for thieedt wave sensing and (b) the ZFDC-10-5-S forrdflected wave
sensing
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TABLE 2
MAIN PARAMETER OF THEDEPLOYED DIRECTIONAL COUPLERS
ZFDC-20-5-S ZFDC-10-5-S
Frequency Range 0.1 to 2000MHz 1 to 2000MHz
Insertion Loss 0.69dB 1.19dB
Coupling 19.85dB 10.77dB
Directivity 30.03dB 31.82dB

The second element of the Self Tuning Network & Microcontroller Section. This section has
been divided into three different parts accordmghree different purposes that should be fulfilied
this section (Figure 8). The first needed stem isdansform the direct and the reflected wave thto
reflection coefficient, thereafter the action todmne on the impedance matching network should be
decided. The last step is to physically operat¢hercircuit to apply the required modifications.

From Signal Parameter To Impedance Matching
Extraction Network
A
Reflection Coefficient Tuning Algorithm Circuit Modification
Evaluation 929 Actuator

MicroController

Figure 8 - Internal Section of the MicroController Block.

The component deployed for measuring the Reflec@ioefficient is the integrated circuit AD8302
realized by Analog Devices [28] and shown withatgn evaluation board in Figure 9. The integrated
circuit presents two input pins where the direa &éme reflected wave would be applied. Measured
phase and gain are available as output in fornottage signal.

Figure9 - AD8302 Evaluation Board
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The AD8302 is comprised of two closely matched tabgenic amplifiers (Figure 10) that accept
input power from -60dBm up to 0dBm in a®®ystem. By taking the difference of their outptite
magnitude ratio of the two input signals is avd#alit also contains a phase detector to measere th
phase difference of the two input signals. Its atitharacteristics are shown in Figure 11, wheitsas
principal features are collected in Table 3.

AD8302
VIDEO OUTPUT - A

H PHASE ®_
comm G DETECTOR

OFsSB
INPB

VIDEO OUTPUT -B

VPOS(“)—l BIAS I : 11) VREF

Figure 10 - Functional Block Diagram of the AD8302

| " T T
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A [ 1.4
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L 12 # i\ zlzoo / > 1.2 = ’0”_170 MHZ\
=
EI 0 / o700 1900 3 1.0
= w
S e % 0.8
a
0.6 0.6 /
0.4 0.4
0.2 = 0.2
= 2 X
l130 -25 =20 =15 =10 =5 0 5 10 15 20 25 30 0'9180 -140 -100 -60 -20 20 60 100 140 180
MAGNITUDE RATIO — dB PHASE DIFFERENCE — Degrees
(a) (b)
Figure 11 - Output Characteristics of the AD8302: (a) Outgaltage VS Magnitude Ratio and (b) Output Voltageé Rhase
Difference.
TABLE 3

MAIN PARAMETER OF THEAD8302
Main Features

Frequency Range Up to 2.7GHz
Input Range From -60dBm to 0dBm
Power Supply 27-55V
Applications
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RF/IF PA Linearization
Precise RF Power Control
Remote System Monitoring and Diagnostic
Return Loss’''VSWR M easurements
Log Ratio Function for AC Signal

Output Characteristics

30mV/dB
10mv/dB

Magnitude Output +30dB

Phase Output 0°-180°

Measured Reflection Coefficient is then given ipunto the Tuning Algorithm running on the
Microcontroller (Second section of Figure 8) to iaek impedance matching.

The ATmega328P, mounted on an Arduino UNO boarduffei 12), is the chosen microcontroller
[29]. It has 14 digital input/output pins (of whiéhcan be used as PWM outputs), 6 analog inputs, a
16 MHz quartz crystal and a USB connection. Itriswgh to connect it to a computer with a USB
cable or power it with an AC-to-DC adapter or batteo get started. Its main characteristics are
summarized in Table 4.

Adjustments of the input impedance are made oibése of the Software architecture described in
Section 1.5.

Figure 12 - Arduino UNO Board

TABLE 4
MAIN PARAMETER OF THEARDUINO UNO
Main Features

Based on ATMega328P
Operating Voltage 5V
Digital I/O pins 14
Analog Input Pins 6
Clock Speed 16MHz
Size 6.86cm x 5.34cm
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Input Pins Characteristics P

Voltage Range 0V — max 5V
Bit Discretization 10
Maximum Reading Rate 10kSample per Second

The third component deployed in the MicrocontrotBerction is the Circuit Modification Actuator.
This component is needed in order to link the digitorld of the Microcontroller with the analogic
world of the varicap diodes that have been chosetthe being the variable element of the circuit as
described later on this section.

To fulfil this task the AD5504 [30] has been sedettThis Integrated Circuit, which is shown in
Figure 13 with its evaluation board, is a quad-clehnl2-bit, serial input, digital-to-analog contesr
with on-chip high voltage output amplifiers andiategrated precision reference. The AD5504 has a
high speed serial interface, and can handle clpekds up to 16.667MHz. In Figure 14, its functional
block diagram is reported. This component becanmaess when using a microcontroller with
analogic output (i.e. the Arduino Due).

-
-
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POWER.ON
RESET INPUT DAC
| REGisTER | REGISTER
TWPUT TAC H
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Figure 14 - Functional Block Diagram of the AD5504.
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The last component of the self-tuning circuit poasly depicted in Figure 6 is the impedance
matching network.

To fix its topology and circuit component valuegstf the potential variations in reflection
coefficient were quantified by measuring the rdftat coefficients of a Meandered Dipole Cospas-
Sarsat Antenna [6], when worn by a volunteer penfog random movements and when floating on
salt water (salinity level of 35%o) in a recipietiat was slightly moved in a continuous manner, to
emulate variations of the sea surface, causeceXample, by the sea waves as previously shown in
Figure 2. On the base of the measured data, a eldalvpass-upward-L tuning network (Figure 15)

and its component values (Table 5) have been fikzhti

Beacon . o, . o~~~ | Cospas-Sarsat
Transmitter L2 L1 Antenna
[

N
(8]
-

||
I

Figure 15 - Identified double lowpass-upward-L tuning network.

TABLE 5
VALUE OF THETUNING CIRCUIT COMPONENTS
Component Name Component Value
L1 29nH
C1l From 7pF to 20pF
L2 19.6nH
Cc2 From 2 to 30pF

The working principles of the designed circuit ¢tensummarized as follow.

On the one hand, shunt capaciter ddly modifies the load susceptance; thereforenly allows
movements along conductance circles on the SmitartCn the other hand, shunt capacitqgr C
affects both real and imaginary part of the reftacicoefficient. Therefore, with this component we

may select a different conductance circle (Figuk 1
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Figure 16 - Effect of the variations of the two variable capais

To implement the final circuit, first the tuningeetents are selected. The MMBV105GLT1G [31]
varicap diodes exhibit a junction capacitance nagdiom 4pF to 18pF, when a reverse voltage of 12
Volt and 0.5 Volt is applied, respectively as shawifrigure 17.

20
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5 10 Tp=25°C \\\
2.0 =
0
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Vg, REVERSE VOLTAGE (VOLTS)

Figure 17 - Capacitance VS Reverse Voltage for the Varicap@®

To cover the complete capacitance range put forwafchble 5, some modifications of the circuit
topology in Figure 15 are needed. The variable eawmfgthe capacitor £equals 7-20pF. This range
may be covered by a series connection of a siraylieap diode and a single shunt 2pF bias capacitor,
shifting the dynamic available range to 6pF-20pE.fér G, to cover the simulated dynamic range of
30pF, three varicap diodes are deployed togethiér avshunt inductor of 15nH, to shift the dynamic
capacitance range from 12pF-54pF to 2pF-44pF. lyinalset of choke inductors and DC blocks are
added to block the radio-frequency (RF) signal tmlsathe microcontroller and to isolate the DC
commands sent to different varicap diodes, resgalgtiAbove considerations result in the impedance
matching circuit shown in Figure 18. The tuninggamf the final network is shown in Figure 19.
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Figure 18 - Schematic design of the identified tuning impedsciccuit.

Figure 19 - Simulated Matching domain by the realized nekwor

The final structure of the self-tuning network g tresult of a comprehensive analysis procedure
where the best network topology and components s&lexted in terms of small dimensions and low
cost, to keep the overall size and the price adl smgossible. Therefore, in the impedance matchin
network, only passive SMD components with unit doster than 0.5€ have been deployed. The
selected varicap diodes cost 0.22€ per piece. 8pattention should be devoted to the directional
coupler. Many suitable off-the-shelf couplers, sastthe MACP-011013 [32], are available at a price
in the order of 1€ per component. Moreover, in fimal integration, the microcontroller and the
gain/phase detector used for the antenna sectioeashared with the Cospas-Sarsat transmitter to
reduce the price even further. All these considemat limit the cost of the impedance matching
network to a small fraction of the overall modubking into account that a commercial life-jackash
a price of around 20$ and the average cost of aremial Cospas-Sarsat transmitter is around 200$.

The integration of the self-tuning network into theatation device of a commercial life-jacket is
shown in Figure 20. The antenna is located on pipeeuside of the floating element whereas the self-
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tuning network is integrated inside the floatingreent. Tests have been conducted to verify the
behaviour of the self-tuning network when deployeshr the radiating element. These tests have
demonstrated that the proximity of the antenna do¢sffect the impedance matching procedure.

Cospas-Sarsat Antenna

LA T E i

Self-Tuning Network 2

13cm
Floating Element

29¢cm
Human Body

Figure 20 - Schematic overview of the antenna with the selfrigmetwork integrated inside the floatation device
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1.5 Software Architecture

The software architecture is composed by all tfeavsoe elements that have been developed in
order to make the system fully working. It is pipally composed of two different parts. One part is
composed by the tuning algorithms and the secondip@omposed by all the accessory parts that
permit to the microcontroller to interact with tlegternal world (i.e. SPI communication with the
ADC, Serial communication with the PC).

The tuning algorithms form the functional core bktsystem, as they act on the impedance
matching network to minimize the impedance mismatthhe narrowband Cospas-Sarsat antenna.
Therefore, they rely on the incident and reflectexes between antenna and tuning element, which
are monitored in real time. The control unit itesatintil the best matching solution is achievea@lo
a tuning trajectory controlled by the optimizatialgorithm, starting from an arbitrary point in the
two-dimensional impedance plane.

A lookup-table mechanism could be applied to calulthe exact values of the varicap diodes.
However, this method has been discarded, mainly tdueomponent tolerances and temperature-
dependent variations in the physical componentsi@rad in the impedance matching network,
which may affect the correctness of impedance niragcbased on fixed lookup table values. Hence,
optimal impedance matching cannot be achieved bstaéic approach. Therefore, a dynamic
adaptation strategy was adopted.

A robust failsafe software architecture that reliesthree different kinds of algorithms has been
implemented (Figure 21). All of them were prograndne@ the microcontroller and tested. A default
algorithm achieves impedance matching based othalphysical quantities that can be provided by
the gain/phase detector, being both the absoldteevand the phase of the reflection coefficient. In
addition, two backup algorithms are available isecaf some malfunction of either the gain/phase
detector, or when deploying off-the-shelf composeatile to provide only one of the two mentioned
guantities to the microcontroller. In that casesytiperform the impedance matching by relying on
only one physical quantity measured by the gairgphdetector, being either the amplitude or the
phase of the reflection coefficient. Hence, whem tthicrocontroller detects that either the amplitude
or the phase measurement is unavailable or itsatatanreliable, it switches to the most approgriat
algorithm to still ensure impedance matching.
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Figure 21 - Software Architecture implemented on the Micmutzoller of the Self-Tuning Antenna.

26




Andrea Baroni
A wear able Self Tuning Network for Emergency Rescue Oper ations

In the default algorithm the entire Smith Charsigdivided into 6 different regions (Figure 22),
based on the real (larger or smaller than 1) andginary parts (positive or negative) of the
normalized impedance and on the real part of tieittmhce (greater or lower than 1). The knowledge
of both the amplitude and the phase of the refieatibefficient permits to identify the region in ich
the reflection coefficient is located.

Adaptations performed on the two variable capasitt@pend on the particular region on the Smith
Chart in which the reflection coefficient is locdteReal-time tuning is achieved by modifying the
variable components according to the actions desdrin Table 6 .

TABLE 6
ACTION ON THE TWO VARIABLE CAPACITORS FOR THEDEFAULT ALGORITHM
Region G Action G Action

o O b~ W N PP

Decrease Capacitance
Increase Capacitance
Increase Capacitance
Decrease Capacitance
Decrease Capacitance

Decrease Capacitance

Decrease Capacitance
Decrease Capacitance
Increase Capacitance
Increase Capacitance
Increase Capacitance

Decrease Capacitance

This process (determining the correct region anaptidg the variable components) is repeated
until optimal matching is reached. The availability the magnitude of the real-time reflection
coefficient as a feedback signal also permits findea stopping criterion. For instance, we may aim
for a magnitude of the reflection coefficient timtower than -15dB. Once the magnitude thresh®ld i
reached, the microcontroller can be set to standbye, decreasing its energy consumption and
enlarging the system autonomy.

Default algorithm

Input data: Reflection coefficient amplitude and
phase.

Summary: The Smith Chart is subdivided into 6
regions. According to the specific location of the
reflection coefficient, the variable components in
the impedance matching network are adapted as
described in Table 6.

Figure 22 - Description of the Default Algorithm.

The first backup algorithm only relies on the me&adumagnitude of the reflection coefficient to
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achieve impedance matching. The absolute valudefréflection coefficient depends on both the
impedance of the antenna and the impedance matciiagjt. On the one hand, variations on the
antenna impedance matching cannot be controlleithegsdepend on the working environment and on
the wearer movements. On the other hand, the sfatee tuning network can be controlled by the
microcontroller. Therefore, the minimization is fiemed by exploiting its local gradient with respec
to the two variable elements @nd G (Figure 23). The estimation of the local gradiisnperformed
by measuring the partial derivative components@liie single dimension (both, @nd G). Also in
this case, the knowledge of the magnitude of tlieation coefficient is used to define a stopping
criterion.

[T] (e8]

Backup Algorithm #1

Input data: Reflection coefficient amplitude.

C2 [pF]

Summary: The minimization of the reflection
coefficient is performed based on its local
gradient in the (¢ C,) plane.

6 8 10 12 14

C1 [pF]

Figure 23 - Description of the Amplitude-based Backup Algorithm

The second backup algorithm only relies on th&ectbn coefficient's phase as feedback. As no
knowledge is available about the quantity to beimired, being the magnitude, special care should
be taken when performing the impedance matching. ddveloped algorithm is based on a two-step
process, which first modifies the reflection cogffnt’'s phase, bringing it into a phase-lock region
after which reflection coefficient’'s amplitude cée minimized. Indeed, at the system set up, the
observed phase value may be considered a rand@metar, uniformly distributed between 0 amd 2
A first step consists of removing this random vahyesetting it to a predetermined value through
proper modification of the two variable elementgg(ife 24). Next, the two variable varicap diodes
are varied to reach the centre of the Smith CHéme. two capacitors are adapted in a similar way as
for the default algorithm, summarized in Figure The first step requires the modification of &hd
C, to reach the phase-lock region. Shunt capacitds €o modified to select the proper conductance
circles in which the reflection coefficient couldbue by varying the shunt capacitos. Chis region is
defined as the sector of the Smith Chart betweBh a#d 45°. A phase lock region located in the left
half-plane has been discarded, because we canfioké deunique set of actions on capacitqrt€
approach the centre of the Smith Chart from thimaBpecifically, the value;Ghould be reduced if
the reflection coefficient is located outside of tmitary value circle, and it should be increaidide
reflection coefficient is located inside the unjtaralue circle. From within the phase-lock regiom
can reach the centre of the Smith Chart, by fiestucing G, while adapting €to maintain phase
lock.

The lack of the magnitude of the reflection coéfit as input data for the algorithm has an impact
also on the definition of a stopping criterion. WiHexing the angular sector for the phase lock lom t
Smith Chart, we must consider that, when approachire centre in the second phase of the
algorithm, the closer the actual reflection coédfit comes to the centre of the Smith Chart, tlsicea
it is to exit from the above-defined angular sectdrerefore, nearest neighbour check is perforroed t
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evaluate the proximity to the centre of the Smitha@. The width of sector angle and the step
variation on the capacitance represent a tradéetffreen convergence speed and precision for the
impedance matching.

Backup Algorithm #2

‘epl it 2 Input data: Reflection coefficient phase
K
‘.ﬁ‘};ﬁ‘g@g& ‘g‘f Summary: The minimization process proceeds in two
éﬁ!gf,‘ig‘_gﬁ% different phases. In the first step, the reflectamefficient
il: A 2 P value is led into the phase-lock region, being aguéar

T
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"‘%}3.3,% r region_ on the_S_mith_ Chart. In the subsequent stie,
W&ﬁ*ﬁg‘ reflection coefficient is reduced towards the cenf the

Smith Chart. The definition of an angular regioméeded to
be able to control the proximity of the reflectioo the
centre of the Smith Chart, given that amplitudeinfation
is unavailable.

o
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Figure 24 - Description of the Phase-Based Backup Algorithm.

The list of all the software routine developed fbe final software architecture with a short
description is here reported.

Void setup ()

The setup() function is called when the Arduinotshkestarts. It is used to initialize variables, pin
modes, using libraries, etc. The setup functioh evily run once, after each power up or reset ef th
Arduino board.

Void loop ()
After the execution of the setup() function, whiilitializes and sets the initial values, the loop()
function loops consecutively to actively controd tArduino board.

void init_Serial ()

The init_Serial() function is used to initializeetlserial port between the Arduino and a PC. Udieg t
Serial port is it possible to fetch data from thelf STuning network in order to be measure the
performance of the system.

void init_dac ()
The init_dac() function is responsible to the adiiation of the external Digital to Analog Conwart
It sets the communication pins and other transmgjtiarameter.

void algorithm ()
Algorithm() is the core of the system, this partrésponsible to decide the action to be done in the
impedance matching making the matching dynamigadlsible.

void init_variable ()
Init_variable() is used to initialize all the systevariable that would be used during the execubibn
the program

void change_C1 (float controll)
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Change_Cl1(float controll) function changes the nv&oltage of the varicap diode C1 applying the
modification stated by the float variable contrbi.calling the function write_ DAC().

void change_C2 (float comando2)
Change_C2(float control2) function changes the nv®&oltage of the varicap diode C2 applying the
modification stated by the float variable control?2.

void write_Control_Register ()
write_Control_Register () function is executedra beginning of the software execution and set the
working functioning of the external DAC

write_ DAC (int num_dac,int num_out)
write_ DAC (int num_dac,int num_out) function writ@ the “num_dac” output of the external DAC
the specific value. It writes the correspondingsteg inside the external DAC register.

void Conversion (int number_value)
Conversion (int number_value) converts an integdue/in a binary value on 12 bit.

void Read_Input()
Read_input() reads the value from the AD8302 aadsfiorm them in integer number correct by the
bias estimated during the calibration process

void init_ADC()
The init_ADC() function initializes the ADC interha the Arduino by settings the transmitting rate.

void check_step()

The check_step() function is used to acceleratedheergence progress by dynamically changing the
output voltage step value used to change the revestage. A smaller step size is used while
approaching to the center of the chart.

In case of use of only phase algorithm, the stépevig set to the minimum value.
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1.6 Test and Measurement results

1.6.1 System Calibration

A first consideration should be done on the catibraprocess once the system has been built. Sure
enough the gain/phase detector doesn't make atdineasure of the reflection coefficient but it
evaluates a biased quantities. This is causedsXample, by the deployed Directional Couplers that
don't present the same coupling factor and havnsertion loss different from zero. Moreover, the
cable length needs to be considered since thetdinecthe reflected wave don’t experience the same
path inside the self-tuning network as summarineligure 25.

The transmitter sent a beacon signgl Fhis signal pass through the first directionaligier. The
signal is coupled by a coupling factof ©© form the direct wave available to the AD8302ZteAthe
first directional coupler, the signal passes thtotige other directional coupler being attenuatedsy
insertion loss and the cable loss. HengésRhe power that reaches the load. Part of thisas will be
reflected according to the actual reflection caéfit and will be collected by the second direction
coupler to represent the reflected wave.
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Figure 25 - Model Considered for the Prototype Calibration

The identified bias values have been evaluated rewpatally using the measurement setup
depicted in Figure 26, when the output impedancereimodified by a reactive variable load. The
measured and the theoretical input/output charatiter are shown in Figure 27, while the measured
bias correction values are reported in Table 7.

Vector Network N Self Tuning .| VariabieReactive
Analyzer Network ° Load
Data from
AD8302

Data
Comparison

Figure 26 - Measurement Setup for the System Calibration
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characterization.
TABLE 7
BiAS CORRECTIONVALUE
Absolute Value +6.44dB
Phase -79°
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1.6.2 System Validation

To validate and test the realized prototype, a aldarCospas-Sarsat meandered dipole antenna and
a wearable Cospas-Sarsat bow-tie antennas [6] tese connected to a Cospas Sarsat user terminal.
The main characteristics observed during the vdidaof the system prototype are the insertion loss
of the impedance matching network and the inputedamce of the transmitting element. On the one
hand, the loss analysis is important because lagges cause a significant performance degradation
of the overall system, limiting the benefits of #&f-tuning network. On the other hand, the reiduct
of the reflected power at the antenna input impsabe probability of successful transmission by the
distress beacon during an emergency situation.

During the tests, the Cospas-Sarsat system pra&otigs worn by a volunteer who performed a
series of random movements. Improvements in terseftection coefficient are evaluated by
comparing the measured antenna reflection coeffificiéth and without the self-tuning network for all
three developed algorithms. 600 samples of thectdin coefficient were collected for 5 minutes.
The cumulative density functions (CDF) of the coléml data are shown in Figure 28 and Figure 29,
for different cases. The improvements introducedhegyself-tuning network are visible in terms of a
reduced mean value of the reflection coefficiemtzrdasing from -8.4dB (in case of the meandered
dipole) and -9.5dB (for the Bowtie antenna) to bele20dB for all the algorithms and for both
antennas. Figure 28 and Figure 29 clearly show byaapplying self-tuning, the reflection coeffinte
now meets the specification of being below therszfee value of -14dB in almost all circumstances.
Indeed, when the meandered antenna is worn by antedr, the matching requirement is never
satisfied without matching network, whereas withitg circuit the requirements are fulfilled during
95% of the time. For the bowtie antenna worn byeesgn, the reflection coefficient is lower than -
14dB for the 87% of the time (11% without the tupinetwork) for any of the three algorithms.
Similar results were obtained when the antennaeoyed in proximity of water. Starting from a
situation in which the -14dB criterion was not fildfd at all, the impedance matching network
reduces the Reflection coefficient to below thedB4hreshold in more than 95% of the time, for both
antennas and with all three deployed algorithms.
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Figure 28 - Measured CDF of the Reflection Coefficieviten the antenna was worn by a volunteer: (a) nexaddipole and
(b) Bow-Tie antenna
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Figure 29 - Measured CDF of the Reflection Coefficievtien the antenna in proximity of water: (a) meaaddipole and (b)
Bow-Tie antenna
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In order to validate the resilience of the realigeftware architecture, several tests were conducte
while the input data (amplitude and phase of théeecBon coefficient) were dynamically made
available or unavailable to the microcontroller dyoftware enabling system. With these tests, the
ability of the software architecture to switch beem default and backups algorithms has been proved.

Different combinations of available input data hde=n tried in different tests. In Figure 30, an
example of collected data over a time span of G®rsds is shown. At the system start-up, both
absolute value and phase of the reflection coefiiciwere available as input data to the
microcontroller. During this time frame, the defaalgorithm was applied to achieve the impedance
matching. Later on, the phase link was interrugtedl2 seconds before being restored, causing the
microcontroller to switch from the default algorthto backup algorithm #1, and back. The switch
between the default algorithm and the backup algori#2 was tested in the last part, by interrupting
the magnitude link information. The latter was int@ted for 12 seconds before being restored. With
these actions, all the possible paths shown ifidkechart in Figure 21 have been explored.

Phase link Phase link Magnitude link Magnitude link
Interruption Restoration Interruption Restoration
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Figure 30 - Measurement of the Reflection Coefficient whenahtenna was worn by a volunteer during failure latian: (a)
absolute value and (b) phase value.

With this time domain analysis, the reaction of doftware architecture in response of changes in
the physical circuit is demonstrated. Moreovereapkr time domain analysis permits to appreciate
and to better understand the working principlethefdifferent algorithms.

Indeed, by enlarging the time scale at the systant-gp and observing the first output data of the
reflection coefficient on the Smith Chart it is piide to appreciate the adaptation process of the
default algorithm (Figure 31). In this case, at $lystem start-up the reflection coefficient is kechin
the region #2. By adapting both variable capacitars first lead the reflection coefficient to the
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unitary admittance circle (where capacitari€responsible for compensating for the real pathe
admittance), which is then directed to the cenfrehe Smith Chart (by varying capacitor, @
compensate for the imaginary part of the admittance

We now discuss backup algorithm #2, which only ubegphase of the reflection coefficient for the
impedance matching. By concentrating on the measemées performed around time instant 38s, we
can observe the two initial steps previously déscti The developed algorithm requires a preliminary
phase, where the phase of the reflection coeffidgieted to a phase-lock value, followed by the mai
phase, where the reflection coefficient is movedams the centre along the lock angle. This
characteristic can be observed in Figure 32. Irddshed part, the microcontroller is leading thasgh
towards the lock value, whereas in the dotted thartreflection coefficient is lead towards the cent
of the Smith Chart along the lock-value phase.
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Figure 31 - Detail of the measured reflection coefficientidg the automated tuning procedure using the dieddgorithm.
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Figure 32 - Detail of the measured reflection coefficientidg the automated tuning procedure using the haekyorithm#2
(Only phase information available to the microcoli¢r)

36



Andrea Baroni
A wear able Self Tuning Network for Emergency Rescue Oper ations

All algorithms exhibit a convergence time that baBly depends on the initial position of the
reflection coefficient in the Smith Chart. Yet, aighms and antennas we tested, converged to a
reflection coefficient below -14dB within a timeafme of 300ms. After matching is obtained, the
system is able to maintain the reflection coeffitiealue below -14 dB during more than 99% of the
time within a 5 minutes’ time span, when the antemas worn by a volunteer performing random
movements, as depicted in Fig.13. Also in those&s which the reflection coefficient increases to
values above -14dB, due to the wearer's movemalitalgorithms adapt and achieve matching again
in a few 100ms. The measured convergence time espgbnse time is considered adequate for being
applied to a Cospas-Sarsat system when a half-ddworst is transmitted approximately every 50
seconds. Based on the collected results, thebfinstt could be transmitted after half a second fiieen
system start-up, in order to ensure that the systelieves matching after being initiated. For the
following bursts, the probability of having transsion during an antenna mismatch condition is
lower than 1%. To enlarge the life span of the ayseven more, the self-tuning network could be
switched off and turned on only a few seconds lee$ignal burst transmission.

The measured insertion loss is around 1.9dB. Thisievis mainly attributed to the applied
wideband directional couplers, which have a totedertion loss of 1.8dB. The use of dedicated
narrowband direction couplers could reduce thel totertion loss of the self-tuning circuit, theyeb
improving the overall circuit efficiency.
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1.7 Conclusion

A self-tuning network for a wearable Cospas-Sansaismitting system has been designed, built
and tested. The realized low-cost self-tuning neftwis able to estimate the actual reflection
coefficient and to tune a dedicated impedance n&twaocordingly by a dedicated robust software
architecture. The systems increases the probabiligorrect distress beacon signal transmission in
harsh operating conditions by ensuring that thep@esSarsat requirements remain satisfied at all
time. The tuning network relies on varicap diodekpse capacities are modified in real-time based
on the antenna’s measured reflection coefficiette Tatching process is executed by adaptively
controlling the tuning network parameters. Threfgedént algorithms were implemented that rely on
different feedback information from the gain/phagetector. Although all three algorithms can
individually perform the impedance matching, thalimed default/backup software architecture
improves the reliability of the wearable device wideployed in an emergency situation. Moreover,
the generic software architecture implementingtthekup algorithms described in this chapter can be
applied in conjunction with many low-cost off-theetf components that do not provide both the
amplitude and phase of the reflection coefficidmit only one of the mentioned quantities. The
system may be connected to different wearable GeSpasat antennas, making it suitable for
integration into a commercial life-jacket. It haseln experimentally shown that detuning of antenna’s
resonance frequency due to the antenna-body ititemagnd the wearer’'s natural movements can be
effectively compensated, limiting the antenna’setfon coefficient to below -14dB, as requested by
the Cospas Sarsat specification.
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2 Wearable Active Sierpinski
Fractal Antenna for Off-Body
Communication

2.1 Introduction

In this chapter, the design, realization and vdiliceof a low cost, easy to realize, light-weight,
compact UHF reconfigurable textile wearable antefionalirect integration into garment is presented.
The antenna implements off-body communication & 88MHz and 915MHz Industrial, Scientific
and Medical (ISM) bands. The wearable Sierpinskitfl bow-tie antenna is tuned to the appropriate
operating frequency by a dynamic reconfigurable édgnce matching network. Varicap diodes
dynamically adapt the antenna feed structure tatmetcorrect antenna resonance frequency at all
time. In the process, the adaptive feed networkpmormeates for detuning of the RF system due to
interaction between the antenna and the human body.

A prototype of the antenna with the adaptive feedcture has been realized and tested when the
system was worn by a volunteer. Tests have beediorperd with a volunteer performing several
random movements to replicate a dynamic situattométh frequency bands of operation.

This chapter is organized as follow. First the wmetibns behind the needed of developing a so
called wearable antenna will be discussed. Aftbrief general description of the actual state ef th
art, the design and the antenna concept will begmted. Measured performance results will be shown
in terms of reflection coefficient and in termsratliation pattern, thanks to the collaboration wiité
Department of Information Technology (INTEC) of ti&hent University, Belgium [33]. Finally,
several conclusions will be drawn.
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2.2 Motivations

During the past years, the interest for wearabl@écde has rapidly grown. Wearable devices are
now used in several applications, such as in semndirescue operations [34], in military missidns,
e-health monitoring, in mobile computing and foblitisafety purposes [35].

To achieve market penetration, wearable devicest ngs low cost components enabling
unobtrusive integration. To fulfil these requirentsenf a wireless communication link is required,
particular attention should be devoted to the za#lhn of the wearable device’s RF section.

Sure enough, when designing an antenna directlggiated on garment using the textile
technology, several precautions should be takemaotount. A textile antenna should respect both
specific electromagnetic requirement and specifcimanical requirement.

In addition to the traditional requirement of reanoe frequency, bandwidth, overall efficiency and
radiation pattern, a textile antenna needs to mtsgso several mechanical requirements due to the
integration directly on textile surface. A good wadale antenna must both be comfortable to wear and
perform well in the communication link. The strugtumust be flexible, and thick or rigid padding
must be avoided. If the antenna is large, it alas to be breathable. The antenna must withstand
washing and wear, and should be resistant to nmieishu order to be truly wearable, the antenna must
have a low profile, which means that it should conf to the body and not protrude from the
clothing. As a part of the communication link, tngtenna should be as efficient as possible, and mee
the specifications for the impedance and radigpi@perties. Most importantly, the link must operate
reliably, especially in life-saving applications.

To fulfil all of these requirements, a fractal skamn active control circuit and the textile
technology have been combined.
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Circuit Y, textile wearable antenna
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Figure 33 - Combination of the fractal shape, the active cdmirouit and the textile technology to realize dHF
reconfigurable textile wearable antenna.
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2.3 Stateof Art

The area of textile antenna research is an actiee many researchers are drawn to the potential of
textile antennas for wearable systems and a plketbiodesigns can be found in literature. This secti
summarized the main research efforts and advandemetde in antenna textile development [36].

A first reported “all textile antenna” was presehte 2003 [37] and has a microstrip patch topology
build up using a fleece substrate and knitted cofgleric (Figure 34). It operates in the 2.45GHz
Industrial and Scientific (ISM) band and it is inteed for Bluetooth or wireless LAN applications.
Since then, the research efforts in the field aofiee have significantly broadened to cover all the
aspects of design.

Figure 34 - Antenna design proposed in [37]

The first antennas typically exhibited single bamération, but in the meantime researchers have
conceived designs with multiband [38]-[41], andra#videband functionality [42], [43]. Vertical
polarization is often reported, but dual polarizéd]-[46] and circularly polarized designs [47]8]4
dedicated for on-body use also exist. Some designsfon topologies with small dimensions, [49] or
use Electromagnetic band Gap (EBG) structures, {80inprove body antenna isolation. Some of
these proposed solutions are shown in Figure 35.
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Figure 35 - Different design solution for a wearable anter{aimultiband antenna proposed in [38], (b) dudpred antenna
proposed in [44], (c) circularly polarized anteqmmaposed in [47], (d) solution with an ElectromatimBand Gap proposed in
(50]

Different studies have also specifically done otemal influences that might pose problems for
decent antenna operation (Figure 36) such as #sepce of human body,[51], bending, [52], [53],
washing [54], [55], environment condition (humidif§6], harsh environment [57], shot gun blast
[58]), when integrated into and covered by textilger, [59]-[61], and their sensitivity to fabrigarn
tolerances [62].

(d)

Figure 36 - Stress test carried out for a wearable antem)dgnding in [49], (b) washing in [55], (c) haesfvironment with
water or ice in [57], and (d) shotgun blast in [58]
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Since a stand-alone antenna is of not much ussgegtes to integrate active circuitry with textile
design have been researched (Figure 37). In [63]-f@ectronics parts are integrated behind the
ground plane of a patch antenna by using a venypbiyimide layer as a carrier for the electronas,
[67] where a solar cell is mounted on an antennaiiergy harvesting.

wires connecting solar cells with circuitry

flectron patch
___ Beamforming circuit

attached to

wearer's backside

DC-

flectron GND plane

(a) (b)

Figure 37 - Wearable antenna with active circuitry: (a) Beamfing circuit proposed in [63] and (b) antennahveih energy
harvesting solar panel integrated [67]

Most textile antennas that can be found in liteeatuave been optimized for specific purposes as
shown in

Figure 38. As an example, the radiation patterntmadirect away from the wearer, and thus they
are excellently suited for what is called off bashmmunication: data transmission from a body worn
device, to wireless system not physically connedtedhe wearer. Some antenna designs realize
radiation patterns with maxima along the human bddhese designs [68]-[70] are excellently suited
for transmission between nodes on the human bauyther studies designs were developed to
improve the communication link to implant devicesch as in [71]-[73].

Textile antenna can also be used in array formatiaachieve better communication link, or longer
range [74]-[77].

The operating frequency of most of the discusseilyds is lower than 6GHz, mainly focusing on
the 2.45GHz band or the frequency bands allocaie@lobal Satellite Navigation System (GNSS)
(such as Galileo, GPS), but antennas for the 60Batzl have also proposed [78]. Yet they tend to
suffer from poor efficiency, mainly caused by tleeluced conductivity at these high frequencies and
roughness of the e-textiles.
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Figure 38 - Wearable antenna design adapted for a speciffzoge: (a) maximization of the radiation patteonaglthe human
body proposed in [69], (b) maximization of the &trody communication link in [72], (c) array disjim to achieve a long
off body link in [76] and (d) deployment in the Kand [78].

The designs discussed so far have all been impleaiém micro strip line or coplanar waveguide
topologies. These two implementation techniques hbe advantage that they are low profile, easily
realizable on textile materials, and that desigas e realized in such a way that they have good
body-antenna isolation, which is vital for robwestergy efficiency, and safe textile antenna op@nati
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2.4 Antenna Design

This section is divided into three different sultget aims to described the three fundamental
blocks that have been briefly introduced in secBah These three blocks are the Fractal Geometry
design of the antenna, the active electronic dirand the e-textile technology. These three differe
blocks create thActive Sierpinski Fractal Antenna for Off-Body Conmication

The fractal shape has been used to miniaturizeatitenna. The adoption of a tuning network
allows the selection of the operating frequency padnits to compensate the reflection coefficient
detuning due to its proximity to the human bodydfly, the e-textile technology has permitted the
integration on the garments.

24.1 Fractal Geometry Design

The Sierpinski triangle is a fractal shape creditgd polish mathematician in 1916. A Sierpinski
triangle can be created by the application of ansee algorithm on a triangular shape. The fiteps
is to subtract a central inverted triangle from thain triangle, yielding three identical sub-tritewy
(Figure 39). The same subtraction procedure canrdpeated on the remaining triangles to
progressively obtain a higher number of trianglesvery iteration, all the obtained triangles kéep
same structure as the initial triangle, but scdigda factor of two. Thanks to this property, the
Sierpinski fractal is a self-similar structure [78} our design, we have adopted this fractal owing
its affinity to a bow-tie antenna.

Figure 39 - Different stages of the Sierpinski triangle fractdtained by iterating the algorithm of trianglebtraction

First, several simulations were performed to deieenthe optimal number of iterations of the
Sierpinski fractal to satisfy the requirementselisin 2.2.

Simulations were limited to the first three ordefshe fractal shape, starting from a bowtie anéenn
optimized for 868 MHz (Figure 40), both in free spaand in proximity of the human body, which
was modelled following the guidelines describedi8@] and the geometry depicted in Figure 41. The
principal simulating parameter deployed for theidations are collected in Table 8.

0th Order 15t Order 2nd Order 3rd Order

Figure 40 - Selected candidates shapes to be the final sifape textile antenna
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Figure 41 - Side view of the geometry for the simulationsta tifferent antenna shapes proximity of the hubwdy

TABLE 8
PRINCIPAL SIMULATION PARAMETERS
Tissue Thickness Conductivity Relative Loss Tangent
[mm] [S/m] Permittivity
Skin 3 1.60 42.8 0.27
Fat 3 0.11 5.3 0.14
Muscle 6 1.74 52.7 0.24

Several simulations have been performed in ordeestablish the final shape of the radiating
element.

On the one hand, simulations performed in free espéghlight that no significant variation in the
resonant frequency is found when changing the aatggeometry, as shown in Figure 42. On the
other hand, simulations performed in proximity loé thuman body (Figure 43) demonstrates that the
use of a fractal shape enables miniaturization hef &antenna, given the decrease in resonance
frequency for higher fractal orders.

The final topology was selected based on a trafibatfveen the realization complexity and degree
of miniaturization. The first and second orderatamns realize the largest miniaturization. However
the first-order geometry has a lower complexity paned to the second-order shape, as only one
triangle should be removed from the initial bowgleape. Moreover, the first order iteration can also
provide higher mechanical resilience compared ¢ostitond-order shape when the wearable device is
subjected to different types of stress mechanissush( as bending, ironing or washing). In these
conditions, the thinnest parts of the antenna (héire vertex of each internal triangle) represent a
threat to mechanical robustness. By limiting thesak points, the overall resilience can be improved

46



Andrea Baroni
Wearable Active Sierpinski Fractal Antenna for Off-Body Communication

0 T T T
-10
@ 20}
AL
- 30 BowTie Antenna - Order0
u';" Sierpinski Shape - Order 1
40 Sierpinski Shape - Order 2
Sierpinski Shape - Order 3
50 I | I J
750 800 850 900 850
Frequency [MHz]
Figure 42 - Simulated Reflection Coefficient for different Si@rski fractal shapes in free space
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Figure 43 - Resonance frequency versus distance from the hotrest, for different Sierpinski fractal antennapstsa

Finally, the shape of the antenna was modified &kenroom for the tuning circuit described in
2.4.2 without changing the overall occupied ardwer&fore, the triangles composing the antenna were
slightly moved, going from an acute shape (thetlmyange part in Figure 44) to a rectangular shape
(the dark orange part in Figure 44). Simulationsfqyened on this final shape meet the design
requirements previously described.

Active Control
Circuit

Figure 44 - Final modification of the Sierpinski fractal antenn
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2.4.2 Active Control Circuit

The second ingredient of the “Wearable Active Sieski Fractal Antenna for Off-Body
Communication” recipe is the active control circuit

This element is responsible to control the detumihthe antenna due to the presence of the human
body and its movements. It is also responsible Hange the resonant frequency of the antenna,
making it working for both the desired ISM frequgrd 868 MHz and 915MHz.

The final schematic of the active circuit is deptetin Figure 45. The selection between the two
operating frequencies of 868MHz and 915MHz is panted by a proper modification of the reverse
voltage applied to the two varicap diodes.

The realized circuit, with the component valuedéstn Table 9, is shown in Figure 47.

Transmitter Antenna

Figure 45 - Schematic view of the tuning circuit

TABLE 9
COMPONENT VALUES APPLIED IN THE TUNING CIRCUIT
Parameter Value
L1 33nH
L2 10nH
L3 1uH
L4 13.8nH
L5 1pH
L6 10nH
c1 Y=
c2 47uF
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Figure 46 - Simulated Matching Domain for the realized circ(af) 868MHz and (b) 915MHz

Figure 47 - Realized Active Control Circuit

E-Textile Technology
E-textile technology allows the direct integratimiithe radiating element on garments.

243

The fabrication process is depicted in Figure 48 antenna is obtained by first cutting the shape
of the radiating element from a conductive fabheet (Figure 48a Figure 48b). Then, the final shape

obtained (Figure 48c) is glued to a textile sulistrmade by aramid with a special glue robust to

washing and bending stress.

An SMA connector is then soldered on the back efrddiating element to connect it to the other

part of the prototype and the measurement instrtsnen

(b)
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Pl

(d)

Figure 48 - Fabrication Process of the wearable antenna:dg) & conductive sheet, (b) the shape of the antsrotatained.
(c) a special glue is used on the back of the nbthshape. (d) the shape is glued to a textileidranistrate.
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2.5 Measured Result

In this section the measured results performederfihal prototype are presented. Tests have been
performed in order to verify that the realized ptgpe is able to work at the two different ISM
frequencies of 868MHz and 915MHz. The system shbeldlso able to compensate the detuning of
the radiating element due to the coupling withiibenan body.

Measurement has been done on the reflection caeffitor both operating frequencies (Figure 49).

0 868MHz 915MHz o R
L.:'-‘."'.'-: L) T— i T T T ATEBE o g T T Pl
--|~~ Z '-,.I‘ atue # v
Aok \va --.‘.-_',af,‘ h..____ll.l~ ."‘ -
= Se o t:" Fo
3 o [ ] -
2 20 Y \
< 0 ; i
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40k
&0 I 1 il L 1 | 1
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Figure 49 - Measured Reflection Coefficient optimized for freguency of 868MHz and 915MHz.

Also the radiation pattern has been measured ftir lfentified frequencies using the anechoic
chamber at the University of Ghent. Measured 3Datamh pattern is shown in Figure 50 for both
frequency (868MHz and 915MHz).

Comparisons between simulated and measured resulise two fundamental planes (Figure 51)
are reported in Figure 52 and Figure 53.

Along the plane) = 0°, the directivity pattern is similar to a dentof a doughnut shape, typical of
a bowtie antenna. On the contrary, along the plaenstant at 90° the radiating pattern loses its
symmetric structure, and there is a preferred tmdiadirection towards the supply port (toward the
top in Figure 51). This asymmetry is introducedtiy non-symmetrical design of the antenna, and by
the feeding structure. This should be taken intocoant when deciding on the orientation of the
realized antenna after deployment on the body.

(a) (b)

Figure 50 - 3D measured radiation pattern in the ISM bands8¢8MHz and (b) 915MHz
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Figure 51 - Principal plane considered in the measurementeofdtiiating pattern

©=0° p=90"
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Figure 52 - Radiating Pattern at 868MHz on the principal pmr(a)¢ =0° and (b)¢ =180°
¢=0° ©=90°
f=915MHz f=915MHz

e=0

©=-90

=-90 ©=90
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Figure 53 - Radiating Pattern at 915MHz on the principal plal(me)s¢ =0° and (b)¢ =180°

The wearable prototype has been also compared aviskandard bow tie antenna in terms of
received power. The measurement setup is showrngurd-54. A 10dBm signal were injected and
were transmitted toward a standard horn antennguf&i 55) with a gain versus frequency
characteristics depicted in Figure 56. The signahmunication link was confined inside the anechoic
chamber allowing the reduction of multipath compuse
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Antenna Under | BE Link Standard Horn

Test Antenna
i }
Puwer Power
Injection Measurement

Figure 54 - Measurement setup for the “Power Transmissiont Tes

Figure 55 - Standard Horn antenna deployed for the measureémém anechoic chamber
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Figure 56 - Gain VS Frequency of the Standard Gain Horn
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Measured results are reported in Figure 57. Theatéa prototype presents the same performance
in terms of received power (so the same gain)sihadard physical bowtie antenna. The gap between
the two lines represents the losses introducethdyuning circuit.

Frequency vz
700 750 800 850 900 950 1000 1050 1100

Received Power [dBm]

BowTie Antenna
Prototype Configured for 915MHz
Prototype Configured for 868MHz

Figure 57 - Prototype adapted to 868MHz

The dynamic compensation for the detuning of therara at the two different frequencies while
the wearer was performing random movement has ladsm tested. The reflection coefficient,
collected for a time span of 5 minutes, has beeatéd as a random parameter and its Cumulative
Density Function has been evaluated and showngar&i58. Measured results demonstrate that the
designed system is able to dynamically compensatevariation in the Reflection Coefficient due to
the presence and the movement of the wearer.
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Figure 58 - Cumulative Density function for the realized ptgte while the wearer were performing random mowveséor
both 868MHz and 915MHz ISM frequencies.
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2.6 Conclusion

A wearable antenna for off-body communications Ibasn designed and realized. Starting from a
bowtie structure, a first-order Sierpinski fractaitenna has been proposed in order to meet the
requirement of low cost integration and reliability the wireless link. The antenna’s reflection
coefficient and the radiating pattern were cargfgifudied by simulations and measurements. The
realized adaptive feeding network controls the masce frequency of the antenna, enabling operation
in both the 868MHz and the 915MHz frequency bafdss selection of the operating frequency is
achieved by a feeding structure that dynamicalgngfes the input impedance. The feeding structure
is also able to compensate for variations in rauiatharacteristics of the radiating element duthéo
presence of the human body.
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3 A reconfigurable layout for a
self-structuring lifgyacket-integrated
antenna of a SAR system

3.1 Introduction

In this chapter, a reconfigurable layout to impleta self-structuring wearable antenna for a
Search and Rescue system terminal (Cospas-Sar4@6eiHz) is presented. The proposed antenna
layout is intended to be integrated on a commeliééajacket for use in a maritime environment. The
shape of the antenna can be dynamically reconfigbsemeans of RF switches to ensure the best
possible transmission conditions, in terms of oNeratenna efficiency, even if part of the antenna
goes under the sea level. The shape of the commomérthe self-structuring antenna has been
optimized for different antenna positions with respto the water level and immersion angles.

After a first analysis of the actual state of thefar self-structuring design, the design, the kiog
principles and the simulated results of the idedifayout will be described.
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3.2 Stateof art Overview

A self-structuring antenna is a particular typeanfenna made of a combination of wires or strips
interconnected by controllable switches. This sem@bles dynamic changes in the radiating shape to
ensure the best of all possible transmission camdit(in terms of overall antenna efficiency). The
selection of a particular radiating shape is basedeal-time monitoring of the working conditione(i
measurement of the actual Reflection Coefficiehtpiigh a proper algorithm implemented on a
microcontroller [81].

Changes in the radiating structure are made inrdcdeegulate the input impedance of the antenna
[82], the radiation pattern [83], the polarizati®d], [85] or the radar cross section [86], [87].

The typical structure of a self-structuring antersshown in Figure 59.

Antenna Skeleton

HP 8510C
Test port HPIB
cable
< | Serial cable

PC

Paraliel port lines

Figure 59 - Typical configuration described in [82]

A self-structuring structure can find applicationdifferent fields [88]. These solutions, (shown i
Figure 60) can be also used for TV signal recepi®j or for car Radio signal reception [90], [91].
Other existing applications include multiband deei§92].

(@) (b)

Figure 60 - Different design for being integrated on a car:iifgggration on the car top [88] and (b) in thekbaindow [90]

The typical configuration of a self-structuring @mba is the simple interconnection of wires made
by switch [93]. Switches can also been used agiafgrin of a patch antenna as described in [94].
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shorting pin
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o\ o o |[surface
of patch
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edge of
\ / ground feed pin
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@) (b)

Figure 61 - Different configuration for a Self-Structuring ante: (a) interconnection of wire performed by shits [93], and
(b) shorting pins insertion controlled by switcli@4]

The operative frequencies of existing self-struomiantenna include the UHF band [95], the LTE
band [96], and the X band [97].

A fundamental role is also played by the algorittieployed to select the appropriate shape of the
radiating element. When the number of possibleesté very high, general search algorithm are
usually deployed. Algorithms proposed in the litara are the Simulated Annealing Algorithm, the
Ant-Colony Optimization Algorithm, and the Genetidgorithm in [98] or a Quantum-inspired

Immune Memory Algorithm [99].
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3.3 Antenna Design

The realized antenna has been designed to be atdeigon a commercial lifejacket for maritime
emergency operation. Therefore it should use asedt the floating element surface (13x29cm),
guaranteeing the best radiating condition withndtéd number of possible radiating configuration in
order to perform a full optimization research witttommercial microcontroller. Shape modification

is performed by a Microcontroller located into flaating element of a commercial life-jacket (Figur
62).

Wlem
Playling Lleserin

+

W em
Farmas Bty

Figure 62 - Integration of the Self-Structuring antenna onftbating element of a commercial life-jacket

The topology of the proposed antenna is depictdegare 63. It is possible to recognize the shape
of a dipole that has been folded in order to fik tentire available surface. The input port of the
antenna is located at the centre of a commerégjdcket floating element (8 cm thick). Startimgrh
the central point, the antenna follows a multi-lstrameandered dipole design. The main branches are
the inner branch (Figure 63b) and the outer brgRajure 63c). Each copper strip is connected to the
adjacent one by means of RF switches. At the erelefy branch, some conducting elements could
be added for fine tuning by applying single-polegée-throw switches. At all other locations, single
pole double-throw switches are used.

The basic idea behind the design is to use theipahswitches in order to look for a configuration
able to minimize in a coarse way the reflectionficient. Once a first minimization is performed, a
fine tuning is permits by the outer switches (theeg ones in Figure 63)

29 cm
»~
i i ==
prW;, th
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= |
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o 1 np
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|D| | == 1 t‘-f}wa
g SW10 |

(b) (c)

Figure 63 - Design of the Self-Structuring antenna: (a) antegemmetry, (b) principal outer branch and (c) gaatinner
branch
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The above antenna layout uses a large portioneo$tinface available on the off-the-shelf floating
element (grey rectangle in Figure 63; size: 13x29dre number of possible radiating configurations
has been limited to 10, in order to reduce the tieguired by an exhaustive search algorithm to
determine the antenna shape with the best perfa@nan

The two main identified configurations have beetirojzed for free space operation (Figure 64).
Hereafter, they are denoted “Conf#l” and “Conf#®t the outer and inner branch topology,
respectively. The latter configurations have beseduas a reference for validating the performaice o
the self-structuring antenna during a number dadtftgy antenna orientations with respect to the wate
level.

amm T
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Figure 64 - Simulated g for the two principal configurations shown in Fig63 in free space

The working principle of the antenna is depictedrigure 65. At the beginning the antenna has a
specific active radiating shape. Due to a movenaérthe wearer, it could happen that part of the
antenna is lead below the water level causing d@umetioning in the antenna. In this case the
microcontroller detects that the active patternngg the best one configuration by tracking the

reflection coefficient. The radiating shape is dymzally changed in order to restore the optimum
radiating conditions.

Initial Active Radiating Shape

1
// _v 2
{ jf- r Part of the shape
1 i ‘ may go under the
water level
3 # v 1 .
The radiating o
shape is
dynamically
changed The correct functioning

conditions are restored.
a

Figure 65 - Working principle of the designed Self-Structurengenna
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3.4 Simulation Results

Simulations have been conducted for different inmioer distances d of that part of the floating
element immersed into water in a foundering sitratand for different rotation angles, when the
floating element rotates around its orthogonal mmteaxes (Figure 66).

(@) (b)
f

(©)

Figure 66 - Different immersion condition considered for thimglated layout: (a) antenna foundering, (b) ldtestation and
(c) frontal rotation

For a set of values of d,andp, the numerical results in Figure 67 show the murimvalue for the
reflection coefficient at 406MHz, which has beenaified by a proper selection of all switches state.
It is apparent that the antenna re-configurabiliproves the § with respect to both nominal
configurations Conf#l and Conf#2. A correct trarssiin condition is guaranteed (Return loss
greater than 10dB) even if the antenna sinks imovtater by 6 cm (more than 45% of the antenna
volume under the water), or when performing a &térontal rotation up to 40°.

|
I[dB] -15 i .
2Q% '
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Figure 67 - Simulated & for different floating antenna positions with respto water level: (a) antenna sinking; (b) ldtera
rotation and (c) frontal rotation.

Due to the presence of the water, the antennatiaipattern looks like a relatively wide pattern
pointing toward the zenith direction, regardless dtvitch combinations as shown in Figure 68.

@)
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(b)

(©)

Figure 68 - Simulated Radiation Pattern for the self-struciifiyout: (a) antenna sinking; (b) lateral rotatéom (c) frontal
rotation
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3.5 Conclusion

The layout of a reconfigurable multi-branch mearddike dipole has been proposed to implement
a life-jacket integrated self-structuring antenfia €ospas-Sarsat personal locator beacon. Nurherica
simulations have been performed with the antenoatifig on the water. It has been shown that,
through a proper switch configuration, it is possitn guarantee a return loss greater than 10dB eve
in extreme floating conditions. Due to the preseotéhe water, the antenna radiation pattern looks
like a relatively wide pattern pointing toward thenith direction, regardless the switch combination
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4 Smart mAritime sal dlite
teeminal for muUIltimedia seRvices
and conteNts (SATURN) system

4.1 Introduction

In this part of the thesis, the main measured perdoce results of the SATURN system are
presented. SATURN is an acronym that standsSfoart mAritime saTellite terminal for mUltimedia
seRvices and conteNffhe SATURN project aimed to design and develaopagitime user terminal
for small leisure boats (up to 20m of length). Sadierminal allows navigators for receiving congent
through a DVB-SH channel and transmitting small amf data via an ETSI S-MIM return channel
(based on the Enhanced Spread Spectrum protocoly ube S-Band (2 GHz). The system
performance has been measured in a real environemotating the sea-condition by means of an ad-
hoc designed Motion Simulator

In 4.2 and in 4.3 the mativation behind the progatl the project outline will be presented. In 4.4
the SATURN System prototype is describe. Testslt®eane shown and discussed in 4.5. Concluding
remarks are drawn in 4.6.
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4.2 Motivations

In recent years, the demand of multimedia servioevessels and small boats has increased. In
particular, a wide demand for terminals that arke ab receive and provide contents to users while
sailing has been identified (e.g. the weather fasetor a specific area on request, the updatentd@m
on request, the possibility to rent a berth in ebbar, viewing television channels). Such terminals
require to be easily fitted on small boats in orttebe used as a traditional plotter (i.e. a s&tell
navigator). In the current market there are spedévices suitable for small boats which can previd
limited functionalities in the open sea. Indeedneoof such devices can communicate only with
radio-base stations located on the coast. On ther dtand, wireless connectivity in open sea is
guaranteed by those terminals which exploit s&elink in the C-band or Ku-band (e.g. VSAT
systems). However, such terminals represent a baid/ expensive solution for small boats, since
their antennas are usually large high-gain array.

For these reasons, the SATURN (Smart mAritime da@ederminal for mUItimedia seRvices and
conteNts) project [100] aimed to design an innaxatiost-effective maritime user terminal able to
manage broadcast services (e.g. Radio and TV)refecenced information (e.g. weather forecasts,
security information) and interactive services. Tgreject was cofounded by the European Space
Agency (ESA) in the framework of “Artes 5.2 Telecehechnology, Non-competitive industry-
initiated activities” and the Italian Space Agerf&gl). The Calearo Advanced Technologies division
of the Calearo group coordinated the activitieshef project; AvMap, ITLink (with some activities
carried out from the University of Pisa), MBI anga8eSYS were involved as sub-contractors.
Moreover, Eutelsat Innovation Team endorsed thgeptand actively supported the tests.

The novelty of SATURN solution is the use of thetelide S-band (1980-2200 MHz)
communication channel for providing interactivevéegs on board, during the normal navigation far
from the shore.
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4.3 SATURN Project Outline

The project focused on the development of innoeatdchnologies for satellite terminals to use in
the maritime sector. The main features are:

Bidirectional communication with one single antenima half-duplex configuration, for
receiving and transmitting over a satellite link;

Smaller antenna than those conventionally usedhfellée systems and handiness for being
installed even on very small vessels;

Fully interoperability with maritime plotters aneénsonal devices such as smartphones, PCs,
Tablets;

Capability to receive audio/video streaming evethaopen sea;

Multimedia contents support;

Intuitive web interface for an easy managementldghe services;

Capability to request and receive complete weditrecasts with more frequent updates than
in other solutions;

Capability to sends distress alerts and messagegliemt to the AlS standard;

Attractive price;

Capability to provide several services, includingdating plotter maps while sailing, traffic
monitoring, fleet management, sending and receiigmgmessages and e-mails.

A basic concept of the SATURN End-to-End CommundcaSystem has been schematized in

Figure 69. The EUTELSAT 10A satellite has been whathg the project. The satellite was able to
communicate with the SATURN system using the DVB-8ahdard [101] (2170-2200 MHz) on the
Forward Link, and using the ETSI S-MIM standardedahen the E-SSA protocol [102]-[103] (1980-
2010 MHz) on the Return Link.
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Figure 69 - SATURN End-to-End Communication System.
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4.4 SATURN Terminal

In this section, the SATURN Terminal is describedveell as the specific setup used during the
performance tests. In Figure 70 a schematic reptatsen of the main components of the SATURN
Terminal is shown. In particular, it is possibleidentify a Forward Link Chain (oriented to the DVB
SH signal reception) and a Return Link Chain (dedrto the E-SSA signal transmission).

from EUTELSAT10A i i toward EUTELSAT10A i

DVB-SH o E-55A
Signal i Signal

‘ SATURN Antenna ‘

| 1

E ‘ Low Noise Amplifier ‘ Power Amplifier ‘

| 1

‘ DVB-SH Tuner ‘ ‘ E-$SA Modulator ‘

| 1

‘ OnBoard Gateway ‘

| i 1

‘ Plotter / User Device ‘

! T
i
' Y

Forward Link Chain ’,“ . Return Link Chain

Figure 70 - SATURN End-to-End Communication System

441 Forward Link Chain (DVB-SH signal reception)

The Forward Link Chain is responsible for the DVB-Signal reception. As shown in Figure 70,
the main components are the SATURN Antenna, the Nmise Amplifier (LNA), the DVB-SH
Tuner, the SATURN Gateway and the SATURN Plottertlfe user-devices).

The SATURN Antenna (Figure 71) has been designethén SATURN project framework. It
consists of six 60-degrees-shifted circularly-piaked radiating elements connected to an
Electromechanical Switch with a measured maximurim @& 8dB. A sensor suite (gyrocompass,
inclinometer, GPS) provides real-time informatidsoat the ship position (instantaneous yaw angle,
instantaneous pitch angle, instantaneous roll angled geographical position). By means of a real-
time elaboration of such data it is possible teedethe particular radiating element which is bette
oriented toward the satellite and to activate it pjf@per beam selection algorithm has been
implemented in a microcontroller).

Figure71 - SATURN Antenna
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The received DVB-SH signal is then amplified thrbuey Low Noise Amplifier (Gain of 30.8dB,
Noise Figure of 0.6dB) and sent to the DVB-SH TufziBcom DiB29098S COFDM demodulator).
The latter (Figure 72) is a high performance rezmeof signals for mobile, portable and fixed desice
Itis also compliant with other DVB standards (DMHB404] and DVB-H [105]).

Figure 72 - DVB-SH Tuner

The DVB-SH Tuner is connected to the SATURN Gatettagugh an USB Connection. Thus, the
Gateway collects the contents and makes them alaita the plotter or to a user device (e.g. iPad,
iPhone, PC) by means of a Wi-Fi (2400-2485 MHz)reartion.

The plotter is the end user front-end and it ipoesible of providing several contents such as live
weather forecast. It represents the last macro-comt of the receiving chain, and it has been used
for a qualitative evaluation of the implementecbPApplication Services. In Figure 73 the SATURN
Plotter is shown.

77>
Figure 73 - SATURN Plotter

4.4.2 Return Link Chain (E-SSA signal Transmission)

The Return Link Chain is responsible for the E-SS¢@nal transmission toward the satellite. As
shown in Figure 70, the main components are thelBAN Plotter, the E-SSA Transmitter, the Power
Amplifier and the SATURN Antenna.

The user device or the plotter can be used by tiseomer for requesting contents (e.g. Premium
Contents) or for sending a distress beacon (e.g.awar board, engine failure). The request is &&nt
the On-Board Gateway using a Wi-Fi network.

The On-Board Gateway is then connected, throughEdrernet Connection, to the E-SSA
Modulator designed on a Software Define Radio (EBTWSRP E-100[106]), which creates a pulse
signal shaped as a square root raised cosine witaff factor of 0.22.

The signal is then amplified by means of a Powerplfirer (Gain of 43.8dB) and sent to the
SATURN Antenna.
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443 Test Environment Setup

In the project, a proof-of-concept prototype teratihas been realized, aiming to evaluate the
capability of such a system to provide a bidirawdio satellite communication also during the
navigation. For this reason, an ad-hoc rotatingf@an has been realized, named Motion Simulator,
which is able to emulate the sea condition up $eastate 6. Such a platform is piloted by 3 differ
motors which control the different inclination aedroll angle, pitch angle and yaw angle) that lsan
experimented on board of a small vessel (Figure Bf)means of a management software, it is
possible to rotate the platform in a user-definedifon or to emulate the ship oscillation duehe t
sea conditions.

In Figure 74 the three inclination angles are iatid. The roll angle indicates the rotation of a
vessel around its “front to back” axis. Its maximwalue depends on how well the wave energy
couples with the hull. The pitch angle indicates thtation of a vessel about its transverse (Side-t
side) axis. The maximum pitch angle depends orp#ntcular sea-state and on the ships length. The
yaw angle represents the rotation of a vessel drdtsnvertical axis. By using such a movement
profile it is possible to simulate a sea route.

Y
@aw

Figure 74 - Different inclination angles for a vessel

For the purpose of simulating the ship motion iffiedént sea conditions, it has been assumed that
the sea waves cause a sinusoidal motion of the(Bigoire 75 and Figure 76). The yaw movement
profile has been defined by using a triangular @ignput (Figure 77). The main parameters for the
emulation of the sea-state 4 profile [107] areestittd in Table 10.

TABLE 10
MAIN PARAMETER FOR THEEMULATION
OF THE SEA STATE 4 PROFILE

Amplitude (A), [deg] Period [s]
Roll Angle 20 7.1
Pitch Angle 5 3.5
Yaw Angle 180 600
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Figure 77 - Yaw Angle Profile

The set of angles used to pilot the three motans, lie recorded and written in a text file. Thus,
they can be compared with the actual angles meddyréhe inclinometer of the sensor suite mounted
on the SATURN Antenna. The comparison betweenwlzeset of angles provides information about
the accuracy of the rotating platforms. Moreovieeytcan be related to other antenna parameters (i.e
C/N, received power level) in order to perform fat tests.

In Figure 78 the SATURN prototype terminal realizedhe project framework is depicted.
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Simulator

Figure 78 - SATURN Prototype
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45 Test Execution

451 Radiation Pattern Estimation

As described in 4.4, the SATURN Antenna is compdseé elements, but only one is activated at
a time. To cover all the 360° in azimuth (yaw ahgiach element is characterized by a HPBW of
about 60°, and they are spatially shifted of 6(feyl have been properly optimized and tested in an
anechoic chamber, both in terms of input impedamesching and radiation pattern. The overall
antenna radiation pattern could be obtained onlgugrlapping all the six 3D radiation patterns.

However, the overall radiation pattern doesn't espnt the actual antenna functioning. Indeed, one
particular radiating element is activated at a thlgehe microcontroller on the basis of the meagure
angles (provided by the sensor suite). Thus, aor e the measured angles (mainly due to the
inclinometer accuracy) could affect the beam silactriteria, and the value of the expected
instantaneous received signal power.

In order to obtain a sort of operative radiatiottgra of the antenna, the received Carrier-to-Noise
ratio (C/N) has been measured by varying the yagleaduring the DVB-SH signal reception. It is
worth noting that by using a Spectrum Analyses pdossible to estimate the (C+N)/N value, instead
of the exact C/N. However, when such a quantitymes values higher than 2-3dB, a good
approximation of the real C/N is reachable, whihlso directly proportional to the real radiation
pattern.

For this reason, when a rotation of the antennagalos vertical axis (yaw angle) is performed, six
lobes should be visible corresponding to the Gedéfiit radiating elements. Note that in this case th
aim of the test was to verify if every radiatingmlent were selected in a proper way (the selected
element should be the one that is in the bettentet position towards the satellite). Thus every
radiating element should be activated for a 60hspeer the entire 360° lap. For this test, the aal
pitch angles have been fixed in order to guarattteethe maximum gain direction of the radiating
elements was aligned toward the satellite (429efagion angle with respect to the horizon). Theya
angle has been varied between 0° and 360° witbpaastgle of 3°.

In Figure 79, the estimated radiation pattern ef "\ TURN Antenna on the plafe=42° (whered
is the elevation angle of the satellite with respgedhe local horizon) is shown. It is possible to
observe the 6 lobes which correspond to the diftesBeadiating elements. As expected, every
radiating element is activated for about 60° whHendystem is performing a complete rotation along
his vertical axis (Table 11). It is worth notingatithe beam width estimation accuracy strictly dejge
on the particular step-angle (in this test it wasa to 3°).

TABLE 11
ESTIMATED RADIATING ELEMENT BEAM WIDTH
Element Number Beam Width
1 57°
2 57°
3 66°
4 60°
5 60°
6 60°
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Figure 79 - Measured C/N level

452 Forward Link Measurement Evaluation

In order to evaluate the SATURN Terminal performamhen receiving DVB-SH signal, several
tests have been carried out. In particular, thragmparameters have been taken into account, namely
the Frame Loss Rate (FLR), the Erroneous Secontks [B®SR5(20)) and the Service Availability
(SA). In Figure 80 a schematic representation efSATURN System Forward Link Chain is shown,

both considering the SATURN Terminal and the sieHub.

Saturn Terminal

Satellite HUB
[ Application Layer ] [ Application Layer ]
\/\/14 7
—
IP Packets L —— FLR é € — — —{ [P Packets
\ /\/\/\r“

[ DVB-SH Modulator ] [ DVB-SH Tuner ]

,»

Physical Packets Physical Packets
LMS Channel

Figure 80 - Forward Link Chain block scheme
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4.5.2.1 FLR Evaluation

The Frame Loss Ratio (FLR) represents the ratiogifpackets with respect to the total amount of
the sent DVB-SH packets. Comparing the number ofpéekets transmitted by the SATURN
Terminal with the number of frames received by $agellite Hub, it is possible to evaluate the frame
loss rate of the SATURN system on the forward liR@r this test, ad-hoc scripts have been realized,
in order to set the number and the transmissianafthe packets sent by the Satellite Hub. Another
script has been realized to collect the receivexkgts at the SATURN Terminal side.

This test has been carried out in several workanglitions:

. Antenna fixed in maximum gain position, which reggets the Terminal best working
condition;

. Antenna fixed in minimum gain position, which repeats the Terminal worst working
condition;

. Antenna moving along a sea-state 4 profile, whighresents a normal condition during the

navigation in the Mediterranean Sea

In Table 12 all the results are collected.

TABLE 12
MEASUREDFLR ON THE FORWARDLINK
Condition Results
Max Gain condition Lower than o(18)
Min Gain condition Lower than o(18)
Sea State 4 Profile 26 x 10°

When the antenna was in a fixed position (both aximum and in minimum gain position), an
FLR of an order lower than TOhas been measured. These results demonstratthehSATURN
Terminal receiving chain has been properly designed

On the other hand, the measured FLR increases hiany the sea-state 4. The frame losses are
mainly due to the switches between an elementa@ther one. Indeed, during the transition from one
element to another, the LNA is switched-off andpagkets could be received by the system.

4.5.2.2 Erroneous Seconds Rate 5(20) and Service Avaitabili

The Erroneous Seconds Rate 5(20) (ESR5(20)) iganeder used for the assessment of DVB-T
Transmission quality and it is strictly related tbe correct reception of a streaming signal
(Audio/Video) [108]. The ESR5(20) assumes valuea¢tp 1 if there is at least one erroneous second
in a time window of 20 seconds (5% of ErroneousoBddRatio over a time window of 20 seconds
corresponds to one erroneous second). Otherwise5@8) is set to 0. In Figure 81 the ESR5(20)
measured in a time interval greater than 1 hoshdsvn.
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Figure 81 - ESR5(20) measured in more than an hour

Starting from the measured ESR5(20) it is posdiblevaluate the Service Availability, defined as
the total time in which the ESR5(20) is fulfilledtiwrespect to the total time of the measurement. A
experienced in [109], the test should be considpess if the Service Availability is higher thar?85
In the test shown in Figure 81, a Service Avaiiapbdf 96.8% has been obtained.

4.5.2.3 Beam Switching Time

The Beam Switching Time (BST) is the time intervaleded for changing the active radiating
element. In this time interval both the interruptiof the forward link reception and the signal
streaming synchronization recovering are included.

During this test the antenna was moved aroundeitscal axis (only yaw angle), while a stream of
packets were transmitted to the SATURN Terminal.aMeging this parameter, it is possible to
implement an appropriate FEC protection for avaidpacket losses during the radiating element
switch.

To measure the BST, packets were sent with a fal®pukt/sec (time precision of 0.1 seconds).
Data have been collected over a transmission os800nds (Figure 82). It has been observed that the
packet were lost in in burst of 6/7 packets. Cosdsidy the transmission rate used for this tegs it
possible to state that the BST value is includesiben 0.6 and 0.7 seconds. Thus, a FEC protection
with a length of 1 second would be enough to ayaidket losses caused by the beam switching on
the forward link.

Lo TSN c SRR < SN = SO > SO0 > il o S - Al > SR
‘ 1 1 1 1
0 100 200 300 400 500
Time [s]
Figure 82 - Packet reception for the Beam Switching Time meamsent. The blue dots represent the packets lostgitire
reception
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45.3 Return Link Measurement Evaluation

In Figure 83 a schematic representation of the SRNUWSystem Forward Link Chain is shown,
both considering the SATURN Terminal and the sigeHiub.

SATURN Terminal ~N - ~ Satellite HUB
Application Layer Application Layer
) ’ \/\/14 ) ’
p—
IP Packets —_—— E FLR é € — — — —| IP Packets
e N A~ e N
RLE RLE
Encapsulator Decapsulator
\. J

J \
7d
LLPackets | __ _ _ % PLR g(_ — — — | LLPackets

[ E-SSA Modulator ] [ E-SSA Demodulator ]
Physical Packets Physical Packets
LMS Channel

Figure 83 - Return Link Chain block scheme

The tests on the Return Link focused on the evalnatf the capability of the SATURN system of
transmitting messages toward the satellite, byitaplat the correct reception at the Satellite Hub i

Rambouillet (France). In these tests, the Frame ate (FLR) and the Packet Loss Rate (PLR) have
been taken into account

4.5.3.1 Frame Loss Rate and Packet Loss Rate Evaluation

Similarly to the afore-described FLR evaluationttés the Forward Link Chain, E-SSA packets
have been sent from the SATURN Terminal toward s$héellite. The comparison between the
received E-SSA packets and the total amount ofirétted packets provides the estimation of the
PLR on the Return Link channel. It is expected thatPLR on the return link has an order of.10
Indeed, this parameter mainly depends on the cteaistics of the ESSA Modulator that has been
assessed in a laboratory environment (direct cdaiomebetween the E-SSA Modulator and the E-SSA
Demodulator with no white noise injection).

Again, such a parameter has been evaluated foe tfifeerent antenna scenarios, both in fixed

position (maximum and minimum gain) or moving stégea-state 4). Results are collected in Table
13.

TABLE 13
MEASUREDPLR ON THE RETURN LINK
Working Condition Measured PLR
Cable Connection No White Noise Injection 3.9x10°
Satellite Link Max Gain Condition 6.3 X 10°
Satellite Link Min Gain condition 7.8x 18
Satellite Link Sea State 4 Profile 6.4 x10
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Moreover, in the E-SSA standard [102] an RLE Enuablgter (as shown in Fig.15) is foreseen, and
a single IP packet longer than 150 Bytes could ibigled in two or more fragments. Thus, also the
Packet Loss Rate has been evaluated in order tify vilire proper functioning of the RLE
Encapsulator.

The Frame Loss Rate and the Packet Loss Rate ardated. In particular, indicating with M the
number of fragments by which a packet is dividedtty E-SSA Convergence Layer, the relation
between the PLR and the FLR is the following [110]:

FLR=1-(1- PLR"" ®

By implementing ad-hoc scripts it was possible ¢ lgoth the sent fragment ID (at the SATURN
Device) and the received fragments ID (at the SANUHRb). A comparison between them, provides
the estimation of the Packet Loss Ratio (PLR).

The performances in terms of FLR are summarizedaible 14, for all the considered scenarios.
The comparison between the Expected Value (as &stinfrom the above equation using data
collected during the PLR evaluation) and the messualue is depicted.

TABLE 14
MEASUREDFLR ON THERETURN LINK
Expected FLR Measured FLR
Max Gain Condition 18.8 x 15 16.2 x 10°
Min Gain Condition 23.2 x 10° 22.1x 10°
Sea State 4 Profile 19.1 x 10° 26.6 x 1C¢°

Both the measured FLR and the PLR are compliarit thi¢ expected value. The FLR value that
has been measured when the antenna was performiogement along a Sea State 4 profile is higher
than the expected value.

This greater loss of packets has appeared becawse tive antenna goes to the transmitting state,
no beam switching can be performed. In this situathe active beam could not be the best beam (it
doesn’t point correctly to the satellite), so thensmission is performed with an antenna gainithat
below the minimum antenna gain needed for thelgatgbnsmission.

78



Andrea Baroni
Smart mAritime saTellite terminal for mUItimedia seRvices and conteNts (SATURN) system

454 SATURN Services Evaluation
Between all the possible services that could béempnted on the SATURN system, three of them
have been selected as Pilot Services:

. Sea Weather;
. Sea Alarm;
. Audio/Video streaming.

These three services have been chosen becausesiofdittinctive features. Indeed, the Sea
Weather represents the possibility of broadcagtegeral information to all the SATURN users which
can be periodically updated. The Sea Alarm reptsstre possibility to have interaction with the
Satellite hub. Finally, the Audio/Video streamingpresents the possibility to have a real time
streaming contents.

4.5.4.1 Sea Weather Service Evaluation

The Sea Weather service is used for having infaomaabout the weather forecast. These
information are periodically broadcasted to all 8&TURN user. The aim of this test was to check if
the information were correctly received after adate.

The weather update has been sent every 5 minui#gsths interval between two different updates
it should be expected that all the updates woulddse=ctly received and displayed on the plotter.

The results are depicted in Table 15 and all theatié& Updates have been correctly received
(Figure 84).

TABLE 15
SEA WEATHER STATISTICS
Condition Weather Update Received
Max Gain condition 100%
Min Gain condition 100%
Sea State 4 Profile 100%

Figure 84 - Example of Sea Weather Update Correctly Displayed?e SATURN Plotter

4.5.4.2 Sea Alarm

The Sea Alarm service permits to the end usernd s@ alarm message in case of a particularly
emergency. (e.g. man over board, fire on boardnerfgilure).
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The message sent to the hub contains informationtabe position of the vessel and the type of
emergency.

Because of its emergency nature, the device shoelldure that the message has been correctly
received by the Hub, thus the SATURN system perfoarpacket retransmission every 30 seconds
until the reception of an ACK message.

In this test a total number of 50 alarm messages baen sent when the antenna was in a fixed
position and when it was performing a movement@lasea state 4 profile (Figure 85).

The main results are here collected in Table 16.

TABLE 16
SEA WEATHER STATISTICS
Condition Sea Alarm Messages
Received
Max Gain condition 100%
Min Gain condition 100%
Sea State 4 Profile 100%

All the Sea Alarm messages have been receivedgithtests. In particular when the antenna was
in a fixed position every ACK messages have beeeived without a retransmission. When the
antenna was performing a sea state 4 profile, 7 /8aan Messages have been lost over a total
number of 50. Several Alarm Messages has beenbesause the antenna was performing a
movement along a sea state 4 profile. Indeed,ch soenario several switches from an element to the
adjacent are expected and during these events gasssauld be lost. It is worth noting that the ACK
protocol implemented at the application level (perfing a retransmission if no ACK message has
been received after 30 seconds from a transmissian Sea Alarm Message) can assure the total
reception of all the sent Alarm Messages.

Figure 85 - Example of Sea Alarm Message Correctly sent td-ilie

4.5.4.3 Audio/Video Streaming

The Audio/Video streaming represents the possjbtlit receive a stream of contents from the
Satellite Hub. These contents could be either Beptents or Premium Contents. The difference
between these two kinds of traffic is only thatRitem Contents could offer On-Demand Contents
(e.g. Sport Event, Film on request).

The aim of this test is to check the correct rdoepof the streaming at the eye of the user. This
service has been evaluated in a normal working itiondduring the sailing, so the antenna was
moved along a sea state 4 profile. On this streidata an MPE-IFEC protection [110] was present.
This protection would permit no loss of contents@se of DVB-SH signal loss for a short period of
time. During the movement of the antenna no ingiom of the Audio/Video signal has been
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observed even if several packets have been lostkssrved during the test on the Forward Link).
This means that the MPE-IFEC protection is abledmpensate losses of packets assuring a good
quality of the Audio/Video Streaming contents.
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4.6 Conclusion

In this chapter, the main measured performancdtsesiithe ARTES 5.2 European Space Agency
(ESA) SATURN (Smart mAritime saTellite terminal forUltimedia seRvices and conteNts) project
system have been presented. Several tests havechewed out in order to assess the SATURN
Terminal Performance (received Signal Power, Frdmoss Rate, Packet Loss Rate and Service
Availability). Moreover, the three services implemed in the SATURN system (Sea Weather, Sea
Alarm and Audio/Video Streaming) have been desdribed tested. At the end of the Performance
Analysis it is possible to conclude that:

. The high-gain, compact smart antenna SATURN Antésrable to select the proper radiating
element on the basis of the data measured by thesoBeSuite (GPS, gyrocompass,
inclinometers).

. The SATURN System is able to receive data (e.gthezdorecasts, Audio/Video streaming)
from the satellite (EUTELSAT 10A) using well-knowbDVB-SH (2170-2200 MHz)
technology and packets losses due to the beam idlganipesn't substantially affect the
Service Availability measured through the ESR5(20).

. The SATURN System is able to transmit E-SSA pacteismrd the EUTELSAT 10A Satellite
(Return Link) are properly transmitted and receiveldo when the antenna is moving
emulating a sea-state 4 condition.

. The SATURN System is able to provide an Audio/Vid&toeaming Services to the end user
during normal navigation with a sea state up to 4.

. The SATURN System can send an alarm message inof@&seergency (man over board, fire
on board, engine failure) toward the Satellite Hioét is able to correctly receive them and
managed them.

. The SATURN System is able to provide to the end tise possibility to have update Sea
Weather Maps during the normal navigation.
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Conclusions

In this dissertation, Adaptive Antennas for Mobilerminals of Wireless Communication Links have
been analysed and proposed for Off-Body Commumicatiin the UHF band and for satellite
communication in the S-band.

In Chapter 1, a self-tuning network for a wearaBllespas-Sarsat transmitting system has been
described. The realized low-cost self-tuning nefwisrable to estimate the actual reflection coedfic
and to tune a dedicated impedance network accdydinga dedicated robust software architecture. The
systems increases the probability of correct distrbeacon signal transmission in harsh operating
conditions by ensuring that the Cospas-Sarsat remeints remain satisfied at all time.

In Chapter 2, a wearable antenna for off-body comications has been shown. Starting from a
bowtie structure, a first-order Sierpinski fractahtenna has been proposed in order to meet the
requirement of low cost integration and reliabiliof the wireless link. The antenna’s reflection
coefficient and the radiating pattern were cargfigtudied by simulations and measurements. The
realized adaptive feeding network controls the masce frequency of the antenna, enabling operation
both the 868MHz and the 915MHz frequency bands.

In Chapter 3, the layout of a reconfigurable mbkinch meandered-like dipole has been proposed to
implement a life-jacket integrated self-structuriagtenna of a Cospas-Sarsat personal locator beacon
Numerical simulations have been performed withdah&enna floating on the water. It has been shown
that, through a proper switch configuration, ip@ssible to guarantee a return loss greater thdB &0en
in extreme floating conditions.

Finally, in Chapter 4, the Smart mAritime saTellisgminal for mUItimedia seRvices and conteNts
(SATURN) system has been presented. The realizetérsyis able to dynamically change the active
radiation pattern in order to enable the recepéind the transmission of content through a geostatjo
satellite.
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