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Summary

The lecture is devoted to the problems of low-peddintennas of data transponders of the radiofregue
identification (RFID) systems operating in UHF baddsigned for identification of people. Novel
techniques for achievement of a very low antennafilpr and maintenance of sufficient radiation
efficiency are described as well as possibilitiéstuming their complex input impedance. Proposed
identification transponders have been tested fad range and identification reliability with thelhef

real RFID systems in indoor and open areas. We sib@d the issues of optimal setting of the used
systems for maximization of power margin in theaaoé identification, predominantly the influence of
pointing and the shape of radiation pattern of eeadntennas, interferences of reflected signals,
shadowing the signal by other person. Mathematinaeling and computer simulation has been
performed before the real testing and proved a ggpdement with them. RFID system tuned for tested
application (identification of sportsmen) validatediability of identification and practical appéibility

of the proposed concepts.



Souhrn

Prednaska se énuje problematice nizkoprofilovych antén datovyabsiéti (tagi, transpondérn pro
systémy radiové identifikace (RFID) pracujici v mésUHF utené pro identifikaci osobifp. kovovych
objekti. Popisuje nové techniky dosazeni velmi nizkéhdilpreti zachovani dostateé vyz&ovaci
Gginnosti a mozZnosti laghi komplexni vstupni impedance antén. Navrzen&adsily testovany nateci
dosah a spolehlivost identifikace s realnymi RFYBtémy v interiérech i oteégnych prostorectkedeny
byly i aspekty optimalniho nastaveni pouZitého fiid@cniho systému maximalizujici vykonovou
rezervu v oblastiéteni, gedevSim vlivy smrovani a tvaru vyzavacich diagrain étecich antén,
interference odrazenych sighati zastigni jinou osobou. Praktickym #&enim Fedchazela tvorba
matematickych modéla pa@itatovych simulaci, s nimiz prokazala dobrou shodu.DR§ystém vylagny
pro testovanou aplikaci (identifikaci sportdyc oswdéil spolehlivost identifikace a praktickou
pouzitelnost navrzenych koncépt



Kli éova slova:datovy nosi, dipdl, nizkoprofilova anténa, monopdl, viceprvkalipdl, patch, radiova
identifikace

Keywords: data transponder, dipole, low-profile antennanopmle, multiple element dipole, patch,
radiofrequency identification
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Introduction

One of the challenges within the application of gp&es radiofrequency identification (RFID)
systems which is not treated satisfactory yetliabke identification of people in indoor and opareas at
the distances of a few or in optimal case even rtimae ten meters. Such distant identification miggnat
enabled with the use of RFID systems operatingltim-high frequency (UHF) band (860 — 960 MHz)
due to the coupling between the reader and thesgiarder via propagation of electromagnetic wave.
Other commonly used RFID systems operating in legdiency (LF, 125 kHz), and high-frequency (HF,
13.56 MHz) bands are not suitable due to the v@myrhdiated power as the size of coupling deviod)(c
is typically three or four orders of magnitude lawiean the used wavelength, and consequently #ue re
range is small, typically up to few decimeters.

A typical passive RFID system for UHF band consisfsa transmitter/receiver (TX/RX)
sometimes called reader, TX/RX antennas and afsktocost data transponders or tags (integrated
circuit called chip connected to a small thin annplaced on objects to be identified [1]. Suciam
often operates on a principle of backscatterireg, rieader transmits a continuous electromagneti@wa
which is reflected back by a tag which varies @8ection coefficient based on the unique identditicn
number encoded in a chip supplied from energy atient wave.

The received signal strength (RSS) which have thitjeer than the sensitivity of the chip of the
data transponder in the reading area is deternfigdetiis formula i.e. radio-communication equatidn.
comprises the transmitted power, gain of the TXMeXder and transponder antennas, propagation free
space losses, and additional kind of losses tyipiedtributed to fast fading due to the interferen®f
direct and reflected signals. Some of the parametethe equation are done by the used technology o
legislation, e.g. maximum transmitted power. Anotlmarameter such as propagation losses are
determined by the physical laws and may vary in ¢Bgain range with the signal interferences. In
general, more problems are associated with thesgirarder antennas as it will be described later on.
Insufficient performance of transponder antennapaters can thus substantially impact on the power
budgets and result in an erroneous or even noifbation. Efficient and reliable identification gleople
is thus a relatively difficult technical task.

The following text focuses first on the design olvel concepts, and performance evaluation of
very low-profile radiators able to efficiently opee closely spaced to the human body. Further, we
present a set of read range tests and evaluatiatenfification reliability of real passive RFID stgms
operating in UHF band [2], [3]. We solved the issugf optimal setting of the used system for
maximization of power margin in the area of iddnéfion, predominantly the influence of pointingdan
the shape of radiation pattern of reader anteringsferences of reflected signals, shadowing thead
by other person. Mathematical modeling and compsiemlation has been performed before the
performance evaluation and testing and proved d ggoeement. Optimized RFID system has confirmed
a reliability of identification and practical apgdibility of the proposed concepts.



1 Wearable low-profile tag antennas for radiofrequeng identification of people

The design of UHF transponder antennas suitabledfamtification of people has several important
requirements, some of them being slightly differfeoin demands on standard communication antennas:

» Immunity of antenna parameters from the nearbygmes of a human body,
» Impedance matching to the complex impedance othig
« Low profile, small footprint dimensions, and low igjet; eventually also flexibility.

One of the problems that must be solved considetiegdentification of people in UHF band is the
degradation of the TAG antenna performance in theecvicinity of a human body. The body can be
treated as a high-loss dielectric object with aatreé permittivity , ~50 - 60 and loss tangent
tand ~ 0.5 - 1.2 [4]. In case of the standard dipoleetyf AG antennas, the presence of such dielectric
objects causes significant detuning of the antemthabsorption of the radiated or received enespy |
[8]- This results in a low radiation efficiencydanonsequently in a short read distance. The pmolole
frequency detuning and energy absorption can begriimciple, solved by insertion of distant spacer
which, on the other hand, increases the verticafilpr Another solution is an insertion of a matall
plate between radiator and body that acts as a&miog plane or is an inherent part of the antenna
structure. The former solution might be used inaaecof dipole or loop-type antennas [6], [7], while
patch and PIFA antennas [9] - [12] usually repretiem latter case.

Electrical performance requirement on the wearabd@sponder antennas for the UHF band is
conjugate matching to the complex input impedanicéhe chip which is typically capacitive. Small
dimensions, very low profile and low weight; eveaity flexibility are physical requirements for the
convenience of the persons carrying the transponder

Thus, the challenge in the research of UHF trandpoantennas is a development of radiators of very
low vertical height over a shielding conductive rpa(typically bellow 0.0, i.e. smaller than
approx. 3 mm) concurrently with the maintenanca stifficient radiation and antenna efficiency.

The following two subchapters first concerns thebfgms of low radiation efficiency in case of
standard dipole-type antennas placed closely ableemetallic plane and patch-type antennas with
relative height of the substrate smaller then axp@01., Original very low-profile solutions using
multiple-element dipole, and the novel dual-elensmdrted-patch antennas for maintenance of suficie
radiation efficiency and tuning capability for réiqd complex input impedance are presented. Ak¢he
solutions exhibit polarization of radiated electagmetic wave parallel with the screening plane.

1.1 Dipole-type antennas

As mentioned above the dipole-type antennas closghged above conductive shielding screen; see
Fig. 1a suffer from low radiation efficiency thatagnbe explained simply by application of the image
principle. Image current denotégbelow the conductive plane have the opposite timeén face of the
source dipole current. Dipole input impedance can be expressed,as Z;1 + |./1.Z;,, whereZ;, is a
self-impedance of the dipol&;, is the mutual impedance of the dipole and its in&yurrent magnitudes
may be considered nearly the samex(- |,) for small distances of source and image currféuis <<
1/20). Forh/Ay — 0 self and mutual impedances are comparahle-Z;»,, consequentlhyZ,— 0 and
dominant real part of the input impedance (radiatgsistanceR.s— 0 as well. As a result, the radiation
and antenna (1) efficiencies significantly decrdasé&/A, — 0; see Fig. 1c, d.

— Rrad = _
Mrag = Rrad + ROSS ! llam ,7rad [ﬁl ‘FD (1)

Ross is a loss resistance of the antenna which is #ylgiocvery small for good conductors, amdis a
reflection coefficient at the input port.
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Fig. 1 Simulation of a half-wave planar dipole @dcabove an infinite conductive plane, for detage [13]:
a) sketch of the arrangement, b) input impedanceesuin the Smith chart as a function of relatiieote distance
over the conductive plane, c), and d) radiation ameénna efficiencies (method of moment simulaigD).

1.1.1 Multi-element folded dipoles

One of the possible solutions that raise the ramtiatesistance of a dipole-type antennas operating
above the close conductive plane is the applicaifanulti-element folded dipoles. These structuresy
provide an extremely low profile (even below th&atiee height 0.02) and, at the same time, maintain
the sufficient radiation efficiency (over 50 %). \Metheless, the relatively large footprint dimemnsio
comparable with the half-wavelength might be lingtifactor for certain RFID applications.

Based on our previous work on multi-element foldgubles [13] we proposed, designed, and measured
5-element folded dipole placed on two-layer substi@omposed of 2.4 mm thin foam substrate and
0.09 mm thin GML 1100 woven-glass laminate backgdabconducting plate [14]. The folded dipole
length is 155 mm, the width is 14 mm, spacing eh@nts is 0.8 mm, strips width is 2.2 mm. The total
antenna size including shielding metallic platd &) x 36 x 2.5 mm (0.52 x 0.1 x 0.0B84@2869 MHz).

The central element has been fed by a chip ofrtipedance., = 22 - j195Q. The real part of complex
conjugate antenna impedance has been achievedpbypaiate number of elements and imaginary part
by proper tuning of the length over the half wanglh resonance; see Fig. 2b. The measured antenna
efficiency and gain of this design was between 8D % (irrespective of whether it is placed in free
space or enclosed to human body phantom) and 1,3etpectively.
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Fig. 2N-element folded dipole placed closely£ 1.04 mm; ~ 0.008 @869 MHz) over a perfect conducting plane,
a) sketch, b) curves of input impedance in a Sofitirt, ¢) simulated antenna efficiency; detailgLBj.
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Fig. 3 The 5-element folded dipole placed on trenfdielectric shielded by a metallic screen: ajdkeb) curves of
input impedance in a Smith chart, c) photograpa wfanufactured sample, d) its antenna efficiency.

1.2 Patch-type antennas

The employment of the patch-type and PIFA antenwagre a metallic ground plane is an inherent
part of the antenna structure, represents anotissilde concept for very low-profile antennas. Blis
necessary to take into account the fundamentatiatttheir radiation efficiency decreases sigatfitty
[15] when substrate height is lower than approx. 0.0102}, (3.5 — 6 mm); see Fig. 4. For wearable
UHF TAG antennas, such height might be limitingioertain radiofrequency identification application
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Fig. 4 Radiation efficiency of a patch antenna &mmation of relative substrate height, calculadedording to [15]
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1.2.1 Foam substrate patch antenna

A patch antenna [2] for identification of sportsmene Fig. 5, was proposed and fabricated on a foam
dielectric (G3 9568 foarh = 4.8 mm,h/4;,~ 0.014) using a conductive fabric. The weighthef antenna
is approx. equal to 20 g, it is flexible and, ititrdended to be easily integrated into the sportshe
number labels. The ground plane dimensions arexI&b mm, the measured gain of an antenna placed
on a human body is 5.0 dBi.
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Fig. 5. Patch TAG antenna: a) photograph, and éfckk

1.2.2 Small dual-loop antenna loaded by a patch array bded by grounded dielectric slab

Aimed at the development of a badge-sized cheabfex TAG antenna, the electrically small flatten
dual-loop antenna placed over a planar array of Bub-wavelength patches printed on a grounded



dielectric slab has been designed [16]. The footghial-loop size is 78 11 mm, the total size including

the patch array printed on the grounded dieledai@r (1.58 mm,s ~ 10) is 105 x 70 x 1.82 mm
(relative size is 0.& 0.2x 0.0050L,@869 MHZz); see Fig. 6.
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Fig. 6 Flat dual-loop antenna closely spaced ovemetal-backed patch array with the substrate paease
d; = 0.24 mmgd,/Jo ~ 0.0007 &, ~ 3.05,d, = 1.58 mmgd,/lo ~ 0.0046 &, ~ 10): a) photograph, b) sketch.

Comparison of radiation efficiency of the flat diedpop antenna in the free space, above the rtetall
plane, and above the four-element patch array atehaa efficiency of the antenna over patch arsay i
demonstrated in Fig. 7. The only drawback is reédyi high relative permittivity of the screeningtpia
array substrate.
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Fig. 7 Comparison of radiation and antenna efficies of the proposed dual-loop patch array antenna.

1.2.3 Slot-coupled dual-element shorted patches

The above-mentioned drawback of the dual-loop patchy antenna can be eliminated using a low
permittivity substrategf = 3.2, ta® = 0.002). However, this approach leads to a digpnitly larger patch
array size, because the wavelenghis equal to approx. 220 mm at frequency 869 MHze Teduction
of the screening four-element patches structurthéotwo-element structure is the first miniaturiaat
step that does not result in the decrease in ttiatian efficiency. The patch array length can tehfer
reduced by the realization of the patches acting gearter-wavelength resonators, whose outer isdge
conductively connected with the screening metaliame; see Fig 8 and [17].

A planar meanderly folded dipole etched on the mimde layer is used as an excitation element,
whose length is used in order to tune the inputeidamce so that it is the complex conjugate to Hie c
impedance value. The total size of the dual-laygerma [17] equals 95 x 60 x 1 mm (relative size is
equal to 0.28 0.17x 0.0031,@869 MHz). The dipole dimensions follob& = 28.5 mm/Jb = 23.5 mm
andwa = 8 mm.
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Fig. 8 Coupled two-element shorted-patch excitec lbglded dipole: a) photograph, b) sketch, anturing of the
impedance curve by change of the dipole lengthSméth chart.

The removal of the upper substrate represents anptissibility how to simplify the structure of the
antenna. The shorted two-element patch structunebeaexcited directly by the chip, inserted inte th
slot situated between the inner patch edges; spedFand [17]. Unfortunately, this structure does n
involve the capability of impedance tuning. By fheertion of two slots (as reactive elements thmat a
from both sides, symmetrically close to the innlet)s by setting of its distance, length and widtle
impedance matching can be achieved. The totalofizbe directly excited two-element shorted patch
antenna is 100 x 60 x 0.76 mm (relative size i98.2.17x 0.0022,,@869 MHz). The dimensions of
the impedance slots follovs = 40 mm,ws =6 mm anch = 3 mm. The antenna is, again, realized on the
low-permittivity substratee, = 3.2. Fig. 9¢ depicts the parametric dependeffidheocomplexz;, on the
distancep (i.e. the distance between the impedance slotladadiating slot). SMD capacitors act as a

galvanic separation for used chip. It is eviderdt thoth, the magnitude and phaseZgfcan be easily
tuned.
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Fig. 9 Coupled two-element shorted-patch with tgnslots with direct excitation: a) photograph, Wetsh,
¢) parametric dependence of magnitude and phametefina input impedance on the distgmce

The simulation and measurement of the antennaesifiies of both antennas are depicted Fig. 10.
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Fig. 10 Antenna efficiencies of coupled dual-paakennas a) dipole excited, b) directly excitechwiining slots
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Performance properties of proposed antennas anghaztsun with selected commercially available
antennas are summarized in Table 1; see also {8 tiat proposed antennas yield the advantagesof t
design for narrow European UHF RFID band (865 —8i6%).

Size Relative size & m Nant Omax
Antenna (mm) (1) O @ @  m
Foam substrate patch 165 x 74 x50 0.48x0.21x0.014 ~1.3 20 9¥55
5-arm dipole 180 x 36 x 2.5  0.52x 0.1 x0.007 1.3 9 49417 7.6
Dual-loop patch array 105 x 70 x 1.82 0.3x0.2x0.005 10 38 331399 4.8
Dipole excited 95x60x1.0 0.28x0.170.003 3.2 14 471649 3.9
Directly excited 100 x 60 x 0.76  0.29x 0.17 x0.002 3.2 10 52/607 5.4
WF-SM-12 125% 78.1 x 9.3 0.37x 0.23 x 0.02 - 1.2
WF-SM-25 150 x 6.25 x 6.25 0.3 x 0.092 x 0.009 - 2.7
WF-SM-40 103 x31.2x 3.1 0.3 x 0.092 x 0.009 - 21
UHF metal ta-01 55x20x 2.C  0.16x 0.06 x 0.005 - 3.C
UHF metal ta-06 150x 18 x 2.(  0.44x 0.053 x 0.005 - 3.C

Tab. 1 Comparison of parameters and read distdhce W, Geager~8 dBI) of proposed and selected commercially
available TAG antennas for metallic surfaces ofregdh European UHF RFID band [3].Free spacé) agar.

2 Optimization and performance evaluation of RFID sysem for identification of people
As it has been already mentioned, in order to iflepeople parameters of RFID system have to be
optimized or tuned [2], [3]. The optimization shddde particularly focused on:
 The selection of a suitable operating frequenagt RFID system (reader, TAG chips). Low
sensitivitiesPragmin @aNdP:reapermin Of TAG chip and reader are beneficial.
» The selection and implementation of a suitable agagion model, power budget calculations.
* The choice or design of suitable reader antennaénization of their positioning and tilt with
respect to the identification area to maximize pomargin.
e The choice or design of suitable TAG antennas. st important features are immunity
against the influence of the human body, small dstens, low profile and weight.
« Evaluation of the propagation model and power nmalyi measurement, evaluation of possible
random influences (shadowing, tilt), ensuring afuieed power margin.
* Practical identification tests of the tuned RFI3tgyn.

2.1 System parameters

A commercial RFID system operating in UHF band; $able 2 and [18] were used for the evaluation
of a read range in corridors and open areas aelishitity of identification of people.

System Parameter Troley Ponder
component (chip Troley Ponde
Operating frequency 869 MHz
Transmitted power (dBm) 24.7 to 36.0
Reader Receiver sensitivity (dBm) -64
Reader antenna gain (dBi) 8.0
Chip sensitivity (dBm) -6.9
Traz_rll_'sa\%))nder Chip impedance (measQ) 76 -j340
TAG conversion loss (dB) 20

Tab. 2 Parameters of UHF RFID system used
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2.2 Propagation models and power budget

As mentioned already, the performance and reltgbdf the identification depend upon the reader-
TAG and TAG-reader power budgets. The TAG chip tnpower P,rac must be higher that the chip
sensitivity Prracmin, @nd simultaneously the powRkeaper at the input of the receiver must be higher than
the reader sensitivith,reapermin

P

ITAG 2 PrTAGmin A I:)I‘READER 2 PrREADERmin (2)

The powerP, 15 in dBm can be expressed as
PrTAGzpt_L_LI' (3

whereP, is the RF power transmitted by the reader in dBistands for the link loss andrepresents the
attenuation of the feeder cable in dB. The peakgooaf the modulated signal reflected back from the
TAG and received by the reader receiRgeaper in dBm can be expressed as

P

rREADER

=P

ITAG L - Lf - Lconv' (4)
where Leny IS the conversion loss of the chip. The maximuadrdistancel,., can be defined as the
longest distancd, where conditions (1) are simultaneously fulfillénl order to evaluate the conditions of
the identification in different environments, itriscessary to calculate the corresponding linklloss

The propagation of an electromagnetic wave from rreder to the TAG in an open area can be
described by the modified two-ray model, see Fig land [2]. The model takes two paths of
electromagnetic waves between the reader and TAdzaiccount; the first is formed by a direct raye th
second by a ray reflected from the ground. Theltieg radio link loss can be evaluated by meanthef
following formula

J (5)

o

wherery, r, are the lengths of the direct and reflected r&w(f), Gu(J) stand for approximated 3D
angular dependencies of the reader antenna gatreinertical and horizontal planéSgg(a), GiagH())
represent angular dependencies of the TAG anteminargthe vertical and horizontal planes, whit9)

is a complex reflection coefficient of the groumd= 10,0 = 10°S/m was considered).

The phenomena which influence reader-TAG link lasside buildings are substantially more
complicated compared to open areas. Since elecpostia waves interact with many surrounding
obstacles, multiple reflections and diffractionssiioe taken into account. Many models and methads c
be found [19] - [21] which are applicable for cdating the path loss inside buildings.

In empirical models, approximate mathematical fdemuare used to calculate the received power,
which is proportional to the distance from the smitter d by the term ()", wheren stands for the
path-loss exponent which is affected by the geomasr well as the electrical properties of the given
environment.

In open areas, the value of the path-loss expasambse tan = 2, while in corridors, lower values are
reported (1= 1.4 in [20]). That is why substantially longemadedistances can be expected in corridors
compared to open areas.

On the other hand, the deterministic or semi-detéstic models utilizing ray-tracing or ray launobi
methods [21] are based on the geometry of theqodaiti task (see Fig. 11b) and can provide moreiggec
results. In order to take into account as many @gagion phenomena in corridors with the given
dimensions and material parameters as possibl§Dhmy-tracing method implemented in the WinProp

Goaor@ )G, (B )G V)G (0) B €% 4G [0, )5y (8 )G/ (a)m(a)a}; eI

r
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program [22] was used. Up to six reflections an@ thffractions (calculated by uniform theory of
diffraction - UTD), from brick walls & = 4, ¢ = 0.0055/m) and a concrete floor and ceiling £ 6,
o = 0.0035/m) were considered.

\4

Wg

a) TAG

Fig.11 Configuration of a) a two-ray model: sidewi(upper) top-view (bottom) with the following anetersh;
height of reader antennh; height of TAG antenna on person’s chegtdirect ray tracer, reflected ray traced,
ground plane distance between reader and TAG asgennwidth of identification aregy reader and TAG antenna
axis offset, b) a six-ray model in a narrow corrido

2.3 A novel gain enhanced reader antenna

In order to enhance the effective radiated powahefTX and RX reader antennas and to concentrate
the energy at the expected identification aregqesial collinear microstrip patch antenna with erdeal
gain was proposed and developed [23]; see Figlt pPovides a wide radiation pattern in the horizbn
plane and narrower pattern in the vertical plant &icorresponding higher gain (11.7 dBi compaced t
8.0 dBi of the original reader antenna).
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Fig. 12 A reader collinear microstrip patch antermaphotograph, b) vector surface current distiiy and c)
measured radiation patterns.

2.4 Tuning of a tilt of the reader antennas

The simulation of the effect of a tilt of the rea@®@tenna on the TAG input powRkac is depicted in
Fig. 13; see [2]. The plot indicates that the optimtilt is = 30°. Higher tilt values result in a steep
Pirac decline within the 3 d < 4 m range, whereas a lowgvalue provides a low TAG input power in
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the vital regiond < 4 m close to the gate, where a smaller influesic¢he shadowing of TAGs by
neighboring sportsmen can be expected. The diféerbetween the maximum receiver power on the axis

(p = 0 m) and off the axisp(= 2.5 m) is about 4 dB. Thg = 30° tilt was used for both other
measurements and practical identification tests.
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Fig. 13 Simulation of the TAG input powd?ac Versus distancel for different tilt ¢ of the reader antenna
(Py=35.4 dBmh;= 3 m,h,= 1.3 m) on the axipp(= 0 m) and off the axip(E 2.5 m)

2.5 Influence of tilt of the TAG antenna

One possible additional loss can be caused by ooless random tilt of the TAG antenna caused by
the natural tilt of a human body. It can be espbciignificant in the case of people running. Thes
additional link losses were investigated by mednsactical measurements. Fig. 14 shows the medsur
Pirac values as a function of the distartt&om the gate (on the gate axis 0) and tiltg of the person;
see [2]. The presented data indicates that thé &0 can result in significant additional loss, esplly
in the rangesl <2 m andd > 7 m. Nevertheless, in both of these regions,sihmilated and measured
Pirac values are below thBiacmin Value even forg = 0 (an erected person), and the identification is
unlikely to be performed here. And on the contrahg proper identification can be expected in the

2<d<7 m range, where the influence of the persontsgtils relatively small and the additional loss
caused by the tilt usually does not exceed 3 dB.

0 3//9‘\\ B
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é»;z -’7%4/ EN
o B ¢=0° -
o -15 - @=30°

20 -o-g=45°

25 ]

0 1 2 3 4 5 6 7 8 9 10

d[m]

Fig. 14 Influence of tilip of a person on the received TAG powerns (measuremenB,= 35.4 dBmh; =3 m,
h,=1.3m,y=30° p=0m).

2.6 Influence of a person shadowing

If several people gather in a small area in antifieation area, it may result in mutual shadowamny
consequent additional path-loss. In practice, amyfiguration of people can appear. In order to ajet
least the basic information about this potentighal fading, a set of relatively simple measuremevas
performed. Thd> s values were measured at all positions but oneoperss always standing erectly at
a distance of 1 m in front of a person wearing theasurement antenna. The results of these
measurements are presented in Fig. 15 and [2].xpecated, the additional shadowing loss is strongly
dependent on the distanddrom the gate. Within the rangke<3 m, the influence of the shadowing is
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negligible. In the range betweerxd <5 m, this shadowing loss is up to 3 dB, do¥ 5 m the shadowing
loss is around 6 dB.
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5 IF """":/:\/v’\/\
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s — no shadowing i
a -25 +— : 5
- shadowing by one person EJ
e | | |
1m 0 2 4 6 8 10

. d d[m]
Fig. 15 Influence of shadowing on received sigtargth ;= 35.4 dBmh; =3 m,h,= 1.3 m,¢y=30°, p=0m)

2.7 Power budgets of the optimized RFID system

The following figures show thB,rac andPreaper plots as a function of distanddrom the gate and
from the gate axis [2]. To see the potential of thening” procedure, the figures include the same
dependencies measured with a meander dipole anfexaubon a test person at a distafice 20 mm
without a screening metallic plate. Fig. 16 shdies plot of the simulated and measured TAG input
powerP;rac at the gate axip = 0 m. Fig. 17 shows the simulated and measBrgd values at the offset
p=2.5m. Both figures include the correspond®gnemn Sensitivity value and compare the results
obtained from the new RFID patch and the standadnuier dipole. With the meander dipole antenna
used, thePrac values are above th&ragrin for p = 0 m, but with only 3 dB backup. Fpr= 2.5 m,Pi1ac
is significantly belowP;racmin- That is why a non-optimized system can only waddse to the gate axis
and with low identification reliability. The optized system show min. 6 dB backup even at the
p = 2.5 m offset. That is why its identificationiedility is 100 % in the entire required identifica area
and even under worst expected conditions; see TBable

10

e W
%@w
e e
i U

—&— 1: meander dipole antenna, simulation, b = 20 mm | SO0

- —#— 2: new patch antenna, simulation, b = 0 mm St
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Fig. 16 Simulated and measured TAG input poRess on the reader-TAG trac®(= 35.4 dBmh; = 3 m,

h,=1.3m,yy =30°,p=0m)
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Fig. 17 Simulated and measured TAG input powens on the reader-TAG traceP(= 35.4 dBm,h;=3 m,
h,=1.3m,yy =30° p=2.5m)
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Fig. 18 shows the simulated reader input poR@Esper Values with respect to the reader sensitivity
Preapermin UsSe Of the standard meander dipole antenna leadsacceptably lowPreaper Values,
especially off-axis. Employment of the RFID pataptimized for operation on a human body, can
guarantee high enough power even in this return -Fédaler link.

-40

ff T tripopcicbfoien
_. 60 2 : T
3 /f#&%\[ // —— TR >
= 27
o
§ 80 Vi 7
u — 1: Meander dipole antenna, simulation, b =20 mm,p=0m
o | = 2: New patch antenna, simulation, b =0 mm, p=0m

-100 Z —— 3: Meander dipole antenna, simulation,b =20 mm,p=2.5m

‘ % 4: New patch antenna, simulation, b=0mm,p=2.5m
120 = 5: Reader sensitivity limit -64 dBm
0 1 2 3 4 5 6 7 8 9 10

d[m]
Fig. 18 Simulated input pow&;reaper ON the TAG-reader trac®= 35.4 dBmh,; =3 m,h,= 1.3 m,¢ = 30°).

2.8 Identification of sportsmen

In order to verify identification reliability of # optimized system, tests simulating real RFID eayst
applications were performed [2]. A group of racersved on an asphalt surface in several different
formations, see Fig. 19. In the first formatioragers moved in a row, in the second formationcéna
formed a kind of a matrix. Each formation movedhw& different speeds simulating a walk (approx.
4 km/h), a fast walk (approx. 8 km/h) and a runp¢ag. 15 km/h). Each test was repeated 3 times.
For comparison, tests were performed using bothRRED patch and standard planar dipole TAG
antennas fixed on thick foam spader=(20 mm). The results of performed tests are ptesein Table 4.

2.5m I m

Mm_m
, . £ 0.75m
Y 3 Py
- 010161610 616
e 0.75m @
L 6m J
a) b) 0)

Fig. 19 Antenna gate dimensions a) and basic foomaf racers used for testing of the optimizedDREystem in
b) row, ¢) matrix

Percentage of correct

Configuration Speed of racers  identification (%)
of racers _
Dipole RFID patch
walk 66.7 10C
row fast walk 52.4 10C
run - 10C
. walk 61.7 10C
T fastwall 52.2 10C
p== run - 10C
matrix
p=0m walk 85.7 100

Tab. 4. Reliability of identification of racers apen area obtained with dipole and the RFID pai6 Bntennas.
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2.9 Evaluation of received signal strength and read rage in open and indoor areas

In order to verify and compare the performed sittiohes in open indoor area, thrac values were
measured in several test configurations correspgntdi typical scenarios in people identificatioakis
Besides that, values of the maximum read distadggsvere also measured. The RF generator, the test
antenna with the same gain as the new TAG antendaaaspectrum analyzer were used Rfc
measurements. The dual-loop patch array TAG antesithathe connected chip and reader were used for
the dax measurements. During both measurements, anterarasfived on a person’s chest in the height
of 1.25 m, see Fig. 20.

Measurements were performed in narrow and widedmmg (width of 2 and 4 m, respectively) and in
an open area in front of the building. The 4 m wabsridor has the following parameters: height of
3.35m, length of 29 m, ended by a wall. The patarseof the 2 m wide corridor are: height of 3 m,
length of 45 m, ended by a glass window. In all¢bgefigurations the standard 8 dBi reader anteras w
fixed at a height of 2.5 m with a tilt agf=30°, the TAG attached on a person’s chest at thghheif
1.25 m. The transmitted power wls= 35.4 dBm. All values were measured both at this ak the
identification area and for several off-axis offpetalues.

b) c)
Fig. 20. Photograph of test configurations: a) espe with a chest-fixed TAG in an open area, beesgn with a
chest-fixed TAG in a 4 m wide corridor, c) detdiltlee tag antenna

Fig.21 shows the simulated (2-ray model) and measBf,c values as a function of the distante
from the reader in an open area. The plots showerg good agreement between the simulated and
measured values, especially in the most importar2 &1 range. The maximum identification distarse i
approx. 9 m on axis, both tiferae andPreaper indicate the difficulties with the reliability dhe off-axis
identification. For practical implementations, #mployment of more suitable reader antennas destrib
in [23] can be recommended.
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Fig. 21 Simulated and measured received pdWeg (a) andP,reder (D) Versus ground plane distanddrom the

reader antenna in an open area.
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Figures 22 to 24 show the simulated (ray-tracimg) measured values Bfrac andPireaper in 4 m and
2 m wide corridors. The agreement is acceptable. mhjority of differences can be explained by the
estimated parameters of walls only, their non-hcenitges and reflections from the metal door and
window frames which were not included in the model.

10 — Simulation of the received power 10
—*— Measurement of the received power
T 0 = = -TAG sensitivity limit of the producer -6.9 dBm T 0
oM @ J&Sué{.
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o e —— Simulation of the received power
-20 fo% w -20 —»— Measurement of the received power
= = *TAG sensitivity limit of the producer -6.9 dBm
-30 -30 \ \ \ ]
0 2 4 6 8 10 12 14 16 18 [ 2 4 6 8 10 12 14 16 18
a) d [m] b) dm]

Fig. 22 Simulated and measured received pdugg, versus ground plane distance from the reader matena 4 m
wide corridor. (a) Antennas axis offggt 0 m (b) Antennas axis offspt= 1.8 m.
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Fig. 23 Simulated and measured received pdugg versus ground plane distance from the reader aatena 2 m
wide corridor. (a) Antennas axis offggt 0 m (b) Antennas axis offspt= 0.8 m.
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Fig. 24 Simulated received powRikeaper Versus ground plane distance from the reader maaten4d m (a) and 2 m
(b) wide corridors.

Nevertheless, it was observed, that these infler@e no essential impact on the identification
distance of the RFID system. The measufggvalues are presented in Table 5.
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Read range (m
Reader ge (m) Ident
Test and tag Prediction tggt.
configuration| antenna
offset (m) Reao!er- Reader-tag Tag-_reade Oimax
tag sim. meas. sim. (m)
0 8.0 7.2 7.2 9
1 7.7 6.2 7.0 6.5
Open area
2 7.6 4.0 5.0 4
3 79 - - -
. 0 13.8 13.8 11.0 9
Corridor 4
omaoram- 1 g 13 15.8 8.2 8
0 16.4 16.4 15.8 16
Corridor 2 m
0.8 9.3 9.8 9.0 9

" small margin of 0.8 dB over chip sensitivity does allow the reliable RFID system performance

Tab. 5 Prediction and test of the read range ofldoe@ patch array transponder in open area anddoos.

2.10 Summary of radio identification of people in UHF and

A reliable radio identification of people in moderalistances of a few meters should be based on an
electromagnetic wave propagation mechanism. Dutecacceptable antenna dimensions for wearable
purposes, UHF or microwave operational frequeneies supposed to be applied. Indeed, at these
frequencies, the propagation of electromagneticesa¢ influenced by several physical phenomena,
namely by interferences, shadowing or waveguidecgst All of these effects can result in a falsewsn
no identification. Besides, the functionality oéttransponder antennas can be affected by thenueesé
a nearby human body that is able to detune thaitkefintenna structures and absorb a substanttabipa
the radiated or received power. Thus, the suitigeantennas immune against the influence of eogear
human body have to be used. In order to guaramteedliable identification, the whole UHF RFID
system has to be tuned to ensure the sufficienepomargins in both, the reader-TAG and TAG-reader

signal paths.
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