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Introduction

| ntroduction

Antennas for radio communication systems (e.g.ordofiks, cellular networks,
WLAN, remote sensing) are designed giving a lot adention to antenna gain,
polarization, radiation pattern characteristicg.(@alf power beam width, front to back
ratio, etc.). All above parameters are definechadntenna far-field (FF) region, so they
are suitable to characterize a communication systemhich the transmitter and the
receiver antennas are far enough (i.e. distancgebighan 2B&/A, where D is the
maximum antenna size aids the free-space wavelength).

On the other hand, some applications exist thaloéxgntenna features in its near-
field (NF) region (i.e. distance smaller than 2. In this context, NF coupling
between antennas has been studied since a longatichenost researches have been
focused on coupling effects in antenna arraysd fetnsing for near-field antenna
scanning systems, magnetic coupling between logesating at LF-HF frequency
bands.

Recently the near-field coupling analysis has bagplied to specific short-range
radio systems, as for example NFCs (Near Field Comeations), microwave wireless
power transfer, as well as RFID (Radio Frequencgnitication) systems. In low-
frequency (LF, 125-134 KHz) and high-frequency (MB,56 MHz) RFID systems the
reader-tag communication occurs through a neat-freductive coupling, and antennas
are usually made of single/multi turn coils (attbo¢ader and tag side). The inductive
coupling is robust with respect to environmenté&as (metallic or liquid objects in the
tag proximity). On the other hand, UHF (860-960 Mtdnd microwave (2.4 GHz and
5.8 GHz) RFID systems are characterized by incckasading range, reading rate and
data rate with respect to LF and HF RFID systerag. dnd reader are usually in the far-
field region of each other and system performargehle evaluated by simple formulas
derived from the free-space Friis equation. HowevwdHF and microwave RFID
systems are sensitive to environmental effects sushline-of-sight obstruction,
multipath propagation, presence of near objectsbéaxiyg high dielectric permittivity
and loss.To exploit the potentials of both HF andRURFID systems, the Near-Field
(NF) UHF RFID systems have been investigated. Tdreyexpected to combine typical
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advantages of UHF systems (high reading rate atadrd#e) with those of HF systems
(robustness to the environment and multipath). Camoation occurs in the antennas
near-field zone, like in the HF systems, but thiown electromagnetic coupling. In
several UHF RFID applications the NF coupling besweeader and tag antennas can
occur: item-level tagging (ILT) in pharmaceuticaldaretailing industry, tracking of
objects moving along conveyor belts, RFID printemsbders, desktop readers, RFID
portals of supply-chain or warehouse management.

In this context, the author designed and teste@raéwantennas for Near-Field UHF-
RFID Desktop Readers, and they are presented aalgzad in Chapter | and Chapter
Il. These antenna solutions are capable to geneaatestrong and uniform
electromagnetic field in a confined volume, makihg tag detection possible only up to
few tens of centimeters (near-field region), evernpresence of items with different
material. Such activities have been developed iltaloration with the Yuan-Ze
University of Taiwan and the C.A.E.N. RFID s.rdanapany.

Moreover, in the last decade the near-field cogplmas been employed in many
biomedical field, for example to monitor the breagh heart rate, temperature or blood
pressure. Wearable sensors have been also desmsedse the dielectric properties of
the human internal tissues and then to estimatpdtient health status (e.g. localize the
presence of tumors). A specific sensor and an iatn¥ dielectric permittivity
estimation method have been proposed by the rdsemoup at the ElectroScience
Laboratory, Ohio State University (Columbus, OH,A)Swhere the author spent six
months as a Visiting Scholar. During this period,developed numerical codes aimed
at estimating the accuracy achievable with the hegtimating method. It is worth
noting that the operating frequency of such a waaraystem was 40MHz, so the
theoretical analysis had to take into account #esar performance in the near-field
region. The main research results are present€tapter Ill.

The near-field coupling is also an important pheanam to take into account when
one or more antennas are integrated in the sammuaitation system. In this case, the
near-field coupling between antennas has to betdinto avoid interferences and
overall performance degradation. For example, théhaa designed antennas for
GSM/UMTS, WiFi and WIMAX applications systems to inéegrated in a photovoltaic
panel, exploiting the available room between so#dls. The presence of solar cells and
glass close to the radiating elements has an impbreffect on the antenna
performance, and a proper optimization is needenreMetails on the design process is
presented in Chapter 1V, together with simulated mreasured performance results.

Finally, the mutual coupling effect is significantall those communication systems
in which antennas for different wireless applicas@re integrated into a single compact
device. In particular, the author designed antertoade integrated in a compact
handheld RFID reader. The two antennas were desifpretwo separate applications
(i.,e. UHF RFID and WiFi). Since the overall avallalvolume in a handheld reader is
small, the two radiating elements are very closeaoh other, and the mutual coupling
effect can be significant. In Chapter V a detadedlysis of this problem is presented.
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1 Near-field Antennas for UHF
RFID desktop readers

1.1 I ntroduction

AN accurate analysis of near-field (NF) coupling betwentennas is essential to
improve the performance of a number of short-ramgeless applications, such as
Near-Field Communication (NFC) [1], microwave wes$ power transfer [2]-[3], as
well as Radio Frequency ldentification (RFID) [&pecifically, tag and reader antenna
designs are strictly related to each other, in fiield passive RFID systems. There are
two main near-field RFID classes, which corresptmdiifferent operating frequency
bands: HF (13.56 MHz) and UHF (865-928 MHz). HF BRystems are short-range
communication systems based on inductive couplieigvéen the reader antenna and
the antenna of the data-provider device. The tagwsered up through the interrogation
magnetic field, so that these systems are not ptibte to the presence of liquids or
other dielectric and conductive objects in the pagximity. Since the magnetic field
amplitude decreases rapidly after a short distartte, RFID systems can find
application in Item Level Tagging (ILT) in pharmateal and retailing industries. On
the other hand, UHF RFID systems are often praddoexause they are able to transmit
a larger amount of data in a shorter time, and Isamal low-cost tags can be used. Thus,
for those applications where reader antenna argasgin the near-field region of each
other, NF UHF RFID systems have been developed; lla@e the above advantages
typical of UHF RFID systems [5]-[7], and an impraveobustness with respect to the
effects of metals and liquids nearby the tag.

A number of solutions for NF UHF RFID reader an@sirhave been proposed,
exploiting both the inductive and the capacitiveugling in the near-field region.
Segmented loop antennas have been proposed tongein@st constant current
distribution in a physically large loop, where dgabus loop segments are connected
by lumped [8] or distributed [9]-[12] capacitiveeetents. However, getting a 50
Q impedance matching in the whole UHF RFID band isegawkward, due to both the
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low radiation resistance and the high reactancedywf loop antennas, and a proper
matching network is needed [8]-[10]. Array of pasH12]-[13] or slots [14] have also
been designed for UHF and microwaves (e.g. 2.4 Girmjuency bands. Above
mentioned solutions consist of resonating antenmbsse size is specified by the
operating frequency, and consequently they areeasity scalable solutions that can fit
predetermined detection areas with an arbitrarg. didore recently, travelling wave
antennas (TWASs) have been proposed for NF-UHF Riyidems [15]-[20]. Since their
length and shape are not strictly related to theratng frequency (non-resonating
structures), they are able to be changed in size gasily. Then, a printed TWA can
represent a low-cost, scalable, wideband, and lmfilp solution, which allows for an
undemanding shaping of the electromagnetic fieldaiconfined volume nearby the
antenna surface. Specifically, since the tag malpbated at an arbitrary location over
the antenna surface, with any orientation too,aha@anogeneous as possible amplitude
distribution for all filed components is required &avoid tag reading failures (low
detection rate over the antenna surface). In thigext, microstrip line technology has
been often applied [15]-[19]. Parallel straight rogtrip lines have been proposed for
smart-shelf applications [15], while trying to ingwe the distribution of a specifid-
field component parallel to the antenna surfac¢l@}-[17], a single straight microstrip
line has been presented for a NF UHF RFID readés-@8 MHz), and a modified
version with slight meanders has also been propémedonveyor belt applications.
Coupled meander microstrip lines and two spirapshparallel transmission lines have
been presented in [18] and [19], respectively. raight coplanar stripline (CPS) is
proposed in [20]-[21], where the antenna is comg@dseseveral elements (a grounded
CPW input line, a coplanar stripline, a lumped balwultiple resistors and a finite-size
ground plane). Such an antenna has been optim@edakimize the magnetic field
component perpendicular to the antenna surfacader to detect loop-like tags placed
right on it.

In this Chapter, a new reader antenna suitableNfeftUHF RFID applications is
proposed, with reference to a desktop reader agifit In particular, a TWA realized
with CPW technology has been designed [22]. Widpeet to microstrip technology,
the CPW technology allows to generate field foined concentrated above the antenna
surface rather than inside the dielectric substtaterder to obtain a homogeneous field
distribution above the antenna surface, a meanelemgtry has been adopted, also for
making the reader performance more independenag@rotientation. Furthermore, an
array of meandered TWAs has been also designeihgyatconfined and uniform field
distribution close to the antenna (up to few ceaters), where tagged items are
supposed to lie on. In particular, the presence2»? radiating elements allows
maximizing both electric and magnetic fields witlhiconfined volume above the reader
antenna surface (10 cm), reducing the false pesitigsue in the item level tagging
applications (e.g. smart point readers).

1.2  AntennaDesign and Performance

An NF UHF-RFID reader antenna operating in the 888-MHz frequency band has
been designed. Such an antenna has been thougbe table to confine the
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electromagnetic field in the antenna near-fieldioegwith low far-field radiation, in
order to detect tags at a range up to around 1@ram the antenna surface, with no-
coupling with other tags external to the detectwmtume (cross readings). A printed
TWA has been adopted, since it also representsvecdst, wideband, and scalable
solution. After a preliminary qualitative compamsanalysis, a CPW technology has
been preferred to microstrip TWAs [15]-[19]. Inde@da microstrip line the field-force
lines are such that the region with the strongésttmmagnetic field intensity is
concentrated inside the dielectric substrate, betwie printed line and the ground
plane (Fig. 1.1a). Conversely, using a CPW it issiade to increase field intensity
outside the dielectric, because a strong electroetagfield is generated into the two
slots between the internal conductor and the laggoaund planes (Fig. 1.1b). Thus, the
electromagnetic field above a CPW line is expetddoe stronger than the field above a
microstrip line, at the same operative feeding @ors, and this can improve the
antenna performance in near-field applications.

Fig. 1.1 - Electric field force-lines of (a) a microstrimé and (b) a CPW.

In a printed transmission line, the power conceimnaratio is defined as the ratio
between the power flowing through the dielectrimilaate and that one travelling
through the whole transmission line section. In][&3s shown that such ratio is lower
for CPWs with higher characteristic impedanc).( Then, instead of using a
conventional 5 CPW can be convenient using such a degree ofdredd increase
field amplitude above the antenna surface. Orother hand, the CPW characteristic
iImpedance is strictly related to the distance betwthe internal conductor and the
ground planes. Specifically, for a given internahductor width, the greater the slot
width, the higher isZo. Then a CPW characteristic impedance higher th&n &lso
allows to fill with a strong field a larger physiaea (Fig. 1.2b).

The antenna size has been set to 275 x 135 mrorder to test it inside an existing
RFID reader case. Nevertheless, the proposed lagoedsily scalable to almost any
arbitrary size, since TWAs length and shape areshattly related to the operating
frequency. In Fig. 1.2, the antenna layout is degicand its main geometrical
parameters are listed in Table I. The antenna thenadé a meander CPW divided into a
forward branch and a backward branch (it is nansBinake Antennan the following).
The meander layout has been adopted to get arrateagnetic field distribution as
uniform as possible above the antenna surface.CHW line has been realized on a
0.73mm-thick FR4 substrate and ends on a matched, ko avoid a standing wave
(non-uniform) field pattern on the antenna surfakanetallic reflector has also been
added (Fig. 1.2b) in order to make the reader pedace quite independent from the
material properties of the desk supporting the rarde Antenna design has been
performed by using the commercial tool CST Microe&tudio®.

15



Andrea Michel
Near-field Antennasfor UHF RFID Desktop Readers

— J"\_ql'/ M il
! friem =+ =11 =l =
d 0 i jJ -
' [ o
Load il /HE |t LA NES) JES i) & 568 3
el e vEEE
¥ ' = i = — =1 8 rq_)_: &
zl—.x C = e
L A B = =) |IE2 — {—‘;_
¥ _50-Q feeding line (Port 1) Slot width (8)
Ag/4 transformers Internal conductor width (W)
(a) (b)

Fig. 1.2- Snake Antenna layout and its main geometricaupaters: (a) top view and (b) stackup.

TABLE |
ANTENNA SIZE (mm)

SNAKEANTENNA

A B C D G M N H S w

11 29 49 7 17 275 135| 10 4.6 2

In the Snake Antennalesign, a 15Q CPW line &4.6 mm,W=2 mm) has been
chosen. This characteristic impedance value comédrom a trade-off between the
electromagnetic field intensity required near thdeana surface and the maximum
width allowed for the meander lind)(by the space constraints. A quarter-wavelength
impedance transformer is needed to match the CR&/tb the required 5 input
impedance (actually, two quarter-wavelength impedatnansformers have been used,
as during the measurement phase the matched lmadden replaced by an SMA
connector in order to measure the power absorbeleognatched load, namely to allow
for S12 measurements). Moreover, a minimum distheteeen two adjacent meanders
(D) was guaranteed in order to limit mutual coupkffigcts that complicate achieving a
wideband impedance matching. It is worth noting the need for a matched load is
twofold: it allows to realize a TWA (with no statiary wave field distribution on the
antenna surface) and also reduces the antenn&etfjc(namely, it reduces far-field
antenna gain, which is mandatory to avoid tag cnessdings outside the reader
detection volume). The simulated antenna gaings tean -13 dBi in the whole UHF
RFID band.

The meanders number has been set in order to doNyr the tag detection area,
keeping constant the distand®) @mong them, along both tkeaxis and theg-axis. The
overall CPW line length results longer than 2340(Ay being the CPW guided
wavelength). The length of a couple of meandersesponds to around one CPW
guided wavelength (as apparent in Fig. 1.3 whenaulsited results for the surface
current are shown for a particular phase valuépamMHz).
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Fig. 1.3. - Simulated surface current intensity on the CRW,lat a particular phase value, at 900MHz.
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Fig. 1.4. - Simulated surface current verse in the CPW imteconductor, at a particular phase value, at
900MHz. It should be noted that along the y-axis ¢lrrents verse in the forward and backward bramneh
in-phase, so improving the generated electromagfietd above the antenna surface.

Above design criteria combined with a proper optiation of the parametés (Fig.
1.2a), allowed us to obtain in-phase currents enfirward and backward branches of
the antenna (Fig. 1.4), so avoiding deep miniménénfield distribution on the antenna
surface. It is also worth noting that the discamties introduced by the meanders also
contribute to increase near-field radiation [23].

To limit the antenna thickness, in agreement wyfhical aesthetic specifications for
desktop readers, the metallic reflector is placed distance of only 10 mm from the
FR4 laminate (Fig. 1.2b). It has been verified tha presence of such a metallic
reflector does not complicate impedance matchimgnef it is very close to the CPW
line (less than arountl/30, Ao being the free-space wavelength). Since the peapos
antenna is a non-resonating structure, it is rotuute presence of the reflector plane as
well as to the dielectric and mechanical toleranedsch are attractive features for a
simple and cheap production process.

In the HF band, most of the tags are loop-like tikig$ require a magnetic coupling
mechanism. On the other hand, in the NF UHF-RFIBtesys both electric and
magnetic coupling are important, since both dipide-and loop-like tags may be used.
Since at UHF band it is expected that the homoggiéithe electric field also implies
the homogeneity of the magnetic field, simulati@sults only for the magnetic field
behavior are considered in the following. The sexedl magnetic field normalized
distributions on transverse planes are shown inEy
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Fig. 1.5. - Simulated normalized H-field intensity (dB) on tarplanes perpendicular to the Snake Antenna
surface and parallel to the xz-plane: (a) y=Gh&middle of the antenna, (b) y=34 mm, in thedtgdf the
meander forward branch, and (c) y=68 mm, at therana border (all plots are normalized to the marimu
value among them).

In particular, three different planes have beensm®red:y=0 mm (in the middle of
the antenna)y=34 mm (in the middle of the meander forward braraidy=68 mm (at
the antenna border). It is apparent thatHhield is concentrated in the region above
the antenna.

In order to evaluate the magnetic field homogenaach singléH-field component
has been calculated on a 275 x 135°nphane, at a distance of 1 cm from the reader
antenna surface (Fig. 1.6), at 900MHz. All plots aormalized to the maximum of the
H-field total amplitude. Thél, intensity, which is stronger close to the meandsrthe
dominant magnetic field component, and this alléevgeliable loop-like tag detection,
when the tag is parallel to the reader antennaserfrurthermore, thanks to meandered
design, bothHx andHy are excited. Since the meander segments along-dkes are
longer than those along thxeaxis, theHy intensity is stronger than th, intensity, on
average.

18



Andrea Michel
Near-field Antennasfor UHF RFID Desktop Readers
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(c)
Fig. 1.6. - Simulated normalized H-field components (dB) onygplane (275 x 135 mm2) at a distance of
1 cm from the Snake Antenna surface: (a) Hx, (b)aHg (c) Hz. Magnetic field data have been obtaated
900MHz.
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1.3 M easurements

A prototype of the propose®&nake Antennéhas been realized (Fig. 1.7) and
characterized. The meandered CPW line has beemdcetch a 0.73mm-thick FR4
substrate.

275mm

A

v

50-Q
Matched
Load

150-Q

CPW Line Port 1

Feeding Port
Fig. 1.7. - Snake Antennprototype.

The Snake Antennaeflection coefficient has been measured and ishewn in
Fig.1.8. In the European (865-868 MHz) and Ameri¢a62-928 MHz) UHF RFID
bands the reflection coefficient is lower than -B5dMeasurement results in the
700MHz-1GHz frequency band illustrate that the wbered antenna typology
(travelling wave antenna) allows for a quite goathédance matching, as expected.
Wideband performance are only mainly limited by theesence of the quarter-
wavelength impedance transformer, and the coupdifigcts between adjacent CPW
lines (the latter can be controlled through thengetnical parameted). The measured
S12 parameter is around -6dB in the operating #aqy band.
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Fig.1.8. - Measured reflection coefficient of the Snake Ante(@PW meander line ending on a soldered 50-
Q load), with a (275 x 135 mm2) reflector plane disiance of 10 mm from the FR4 substrate.
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The performance of the propos8dake Antennaas been tested with a commercial
compact UHF RFID reader (CAEN R1260I Slate) degigfue slim desktop readers.
Measurements of tag detection range have beeredanut, by varying tag orientation,
position and distance with respect to the antenumtace. The measurement setup is
shown in Fig. 1.9. Two different tags have beenduske Inlay UH113, LAB ID
(18 x 32 mm, oriented to near-field applications) [24], and tALN 9640 Squiggle
Inlay, Alien Technology (94.8 x 8.15 ninoptimized for far-field applications) [25].

The US RFID band (902-928 MHz) has been considenadl the reader output power
has been set to 23 dBm. The antenna surface (235 mnf) has been subdivided into
4x9 square cells (30 x 30 MnThe detection test has been repeated in eathfael
both tags, by varying the distance of the tag fitbiSnakeAntennasurface. As an
example, the results of the detection tests arevsho Fig. 1.10 and Fig. 1.11, for the
short-range and the long-range tag, respectiveiyywo different tag orientations.

Fig. 1.9. - Measurement setup for the tag detection tests.

It results that the short-range tag can be detelbsdnd 12 cm for one specific
orientation (Fig. 1.10). The long-range tag is gi@ly undetected above the antenna
edge close to the feeding port, and it is undetebeyond a distance of 70 cm (Fig.
1.11).
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Fig. 1.10. - Detection tests by varying the distance of theftam the antenna surface, when the short-range
tag (Inlay UH113, Lab-ID) is aligned to the (a) xisaand the (b) z-axis. Tests have been carriedbgut
setting the reader input power equal to 23 dBm.fagedrawing scale is the same as for the readeniaa.
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Fig. 1.11. - Detection tests by varying the distance of theftam the antenna surface, when the long-range
tag (ALN 9640 Squiggle Inlay, Alien Technology)aligned to the (a) y-axis and the (b) x-axis. Tdstge
been carried out by setting the reader input pageial to 23 dBm. The tag drawing scale is the sasrier
the reader antenna.
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By varying the distance from the antenna surfacd the tag orientation, a large
number of tests have been carried out to get amasbn of the percentage of the
whole antenna surface where the tags can be shadbesdetected. Results are
summarized in Fig. 1.12.
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Fig. 1.12. - Percentage of the whole antenna area (275 x 135) mh&@re the tags can be successfully
detected; repeated tests have been performed faingdag position and orientation.

When fed with a reader output power of 23dBm, theppsedSnakeAntennais able
to detect the short-range and the long-range tap 4® cm and 50 cm away from the
antenna surface, respectively, in more than 50%efvhole antenna surface.

It is apparent that the quite large extension ef tbading range for the ALN 9640
Squiggle Inlay is mainly due to its long-range teat on the other hand, this reading
range is expected to reduce in real scenarios wahatember of tagged items are usually
stacked up and all processed at once. Indeed, dggrtobn rate is affected by the
material properties of the items the tags are latdcto, as well as by tag mutual
coupling. Thus, a further detection test has bemmied out to validate the antenna
performance in presence of a number of stacked tagsarticular, 16 long-range tags
(Inlay UH414, LAB ID) [24] have been placed one @bahe other and separated
through blocks of Styrofoam, with the same relatoréentation with respect to the
antenna borders (Fig. 1.13).
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Fig. 1.13. - Measurement setup for the detection test of 1&ethtags up to 20 cm. The reader input power
has been set to 23 dBm (200 mW). The tags areaepahrough blocks of Styrofoam.

The first tag was placed directly on the antenrsecdhe second tag was placed at a
distance of 10 mm from the first one. From tfiétd the 11" tag, the spacing between
each couple was equal to 15 mm, meanwhile fromiflfeto the 16 the distance was
equal to 10 mm, for an overall height of 20 cm. ISue non-uniform distance
distribution between the tags has been chosend®ase the tests number beyond
10 cm, where the tag readability was supposed teebe low. The reader input power
was set to 23 dBm. Two different stack orientatibage been considered (Fig. 1.14).

&&m7 : i
e,
16tags 'y 16tags

20cm

W

1 |

Fig. 1.14. - Two considered orientations of the 16 stacked watisrespect to the antenna surface.

Moreover, the 16-tags stack has been continuousiyrandomly moved above the
whole antenna surface, for both orientations, taaiob an average detection
performance. Thus, the readings number for eachdagbeen recorded, by considering
a reading time interval of 30 sec, and it is showifrig. 1.15, for both the European
(865-868 MHz) and American (902-928 MHz) frequebeynds. As expected, the read
range is affected by the presence of multiple tags, the considered long-range tag
detection is substantially confined up to aboutfil
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Fig. 1.15. - Detection tests for a stack of 16 tags (Inlay UH41A4B ID) while the stack is continuously
moved on the antenna surface, for a reading intefv80sec. The test has been carried out by settia
reader input power equal to 23 dBm. The lower tagght on the antenna cover (distance equal to Jmm
while the most far tag is at an height of aroundrit@ from the antenna surface.
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1.4 Meandered TWAsarray

As an extension of the single line meandered larearray has been designed and
fabricated. Specifically, it is composed of 2x2 méered CPW lines, printed on a 1.53
mm-thick FR-4 substrate (Fig. 1.16). Each of themseon a matched load at the center
of the antenna surface; thus, a travelling wave &tationary) is excited. Since such
loads introduce losses, a low far-field gain ischesd (simulated maximum gain is about
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-14 dB), so limiting far-field interferences ancetproblem of false positives readings.
Moreover, when CPW technology is adopted, the higtihee line characteristic
impedance, the higher the field generated abovatitenna, and the wider the CPW
line. This suggests to use a relatively high charatic impedance to maximize the
antenna near-field. In the proposed antenna, tieeclharacteristic impedance is equal to
130Q, whose width C represents a trade-off betweemmtadlable space on the antenna
surface and the TWA field intensity. Anyway, tw@! transformers have been properly
introduced to match the input impedance (equal®)p In order to compensate the
180°-rotation of the right branch with respecthe teft one, the length difference of the
two feeding lines reaching each branch has beertose/4 (with Ay the guided
wavelength within the substrate). Thus, an ovdmaladside far-field radiation has been
obtained. As in [22], the meandered lines are shahthe fields components along the
three main directions are excitedy, andzin Fig. 1.16); in the proposed novel antenna
solution some meanders are also oblique with régpetthe antenna edges (Fig. 1.16),
making the tag readability more independent to faeticular tag position and
orientation.

Microstrip to CPW
Transitions

Matched

Microstrip
Feeding Line

. 50€2 Port

y g Matched Loads y
. 58 1300 CPW Line
% Reflector X/,
a b

Fig. 1.16 - Antenna prototype: (a) top view and (b) bottom vidilve main geometrical parameters are:
A=45 mm, B=29 mm, C=10.6 mm, M=275 mm, N=136 mm.

A particular attention in the design of this kinflasray is needed to maintain the
two TWA ground planes at the same potential, ireotd avoid the excitation of CPW
modes generating unforeseen field distributionsisTleach of the four meandered CPW
lines is connected through a transition (Fig. 11b63 microstrip feeding line realized in
the bottom FR-4 substrate. A detailed descriptibthe microstrip to CPW transition
can be found in [26]. Furthermore, since the reaml@enna performance could be
affected by the particular desk material, a 275 35 hm2 reflector plane (not
electrically connected to the antenna) has beereglaery close to the bottom of the
antenna substrate (about 10 mm of distance). Thasuned antenna reflection
coefficient is shown in Fig. 1.17, and it is beleid dB in the entire UHF RFID band.
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Fig. 1.17 - Measured reflection coefficient of the proposed Ts\&kray.
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In Fig. 1.18 the simulated electric and magnettdfnormalized distributions at the
frequency of 900 MHz are shown, considering an Xafp parallel to the antennas
surface at a distance of 100 mm. As comparisonsitnalated field distributions of the
single-line Snake Antenna [22] are reported. Thetrihutions are normalized to the
electric and magnetic field maximum values betwé#en two antennas. It is worth
noting that, thanks to the TWAs array configuratitime generated fields have been
shaped to obtain the field uniformity in correspence of the central area of the
antenna.

In order to evaluate the performance in a realagtenthe proposed antenna has been
integrated into a commercial desktop reader and raage tests have been carried out.
In this test, the UH414 (Lab-ID) tag has been chpsed the antenna surface (275 x
135 mn?) has been subdivided into 4x9 square cells. Thectlen tests have been
repeated in each cell by varying the distance eftdly from the antenna surface, setting
an input power to 23 dBm. In Fig. 1.19 the resate shown for two orthogonal
orientations of the tag. Since the meandered Iho@er almost the entire available area
(275 x 135 mr), the tag is read in any location and orientatidren it lies directly
above the antenna surface. By increasing the &tgrdie from the antenna surface, the
UH414 tag has been mainly detected in the centeal af the TWAs array, as expected
from the simulated field distributions. Moreovehettag detection is only slightly
dependent on the particular orientation. Finallychstag detection tests show that the
read range is limited up to 10 cm, so avoidingefgiesitives readings in the desired
detection volume.
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Fig. 1.18 - Normalized electric and magnetic field distribusaan an XY-plane parallel to the antenna surface
at a distance of 100 mmB00 MHz): (a) Snake Antenna and (b) TWAs ArrayeTtashed line represents
the antenna boundary (275 x 135 fim
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Fig. 1.19 - Tag detection test for the UH414 tag, by varying distance, the position and the orientation
with respect to the antenna surface. The input ptnas been set to 23 dBm.
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15 Conclusions

A novel low-profile, low-cost, scalable, widebarrdvelling wave antenna based on
the coplanar waveguide technology has been designétF UHF-RFID systems (865-
928 MHz). A meander TWA layout has been adopteabtain an almost homogeneous
field distribution (no deep minima) for all fieldmponents above the antenna surface,
so reducing the effect of tag position/orientatmnthe detection rate performance. A
planar metallic reflector has been added in ordendke the antenna independent to the
particular supporting plane material. A low antergein (required to avoid cross
readings outside the confined and predetermineelctdieh volume above the antenna
surface) is given by the losses in the matched ¢mewhected to one antenna end, which
also avoids a standing pattern for the surfacesotion the antenna.

A number of antenna parameters (e.g. meanders nuare size, CPW line
characteristic impedance, distance between twocedjdines, CPW line profile) are
available to the antenna designer to easily contnel antenna far-field gain and
impedance matching, and to match detection volwnrtled required size specifications
(design criteria have been explicitly discussedtlaibugh the paper). Above feature
makes the proposed antenna suitable for sever&dlNF~RFID applications, other than
RFID desktop readers, as for example for accessatayates, smart shelves/tables and
any other UHF-RFID-based system requiring a coxfimad properly shaped tag
detection volume.

An antenna prototype has been used with a comnheregder to test system
performance in terms of reading range, by consideboth short- and long-range
commercial tags. When fed with a reader output paW@3 dBm, the proposeinake
Antennais able to detect the short-range and the longedag up to 10 cm and 50 cm,
respectively, in more than 50% of the whole antesngace. Moreover, such an
antenna is able to detect tags up to 11 cm whey dhe stacked above the antenna
cover.

Moreover, an array of travelling wave antennas thase the CPW technology has
been also proposed for NF-UHF RFID desktop reagpliations. The presence of 2x2
radiating elements allows to obtain a field digitibn uniform above the antenna and
maximized in the broadside direction. Tag detectésts demonstrate that such an array
configuration allows for the detection of tags jglden the antenna central area, up to 10
cm from the antenna surface, satisfying typicaltesysrequirements for NF-RFID
applications €é.g.smart point readers, smart drawers, smart shelves)
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2 A Multifunctional Modular
Antenna for Near-Field UHF
RFID Readers

2.1 I ntroduction

The antenna near-field (NF) features have beenexppi different contexts: short-
range radio systems (Near Field Communications, [ATifrowave wireless power
transfer [28], Radio Frequency IDentification (RFIBystems [5],[7]. In such a
framework, NF UHF RFID systems for item level taggiapplications have been
developed, with the advantages of higher reading data rates, and smaller tag
antennas, with respect to HF RFID systems.

Near-field antennas are employed in different UHFIIR applications such as
desktop readers, smart shelves, smart drawerst pmat readers, RFID portals. The
purpose of a NF UHF RFID system is to guaranteetadigedetection only within a
confined volume, preventing the false-positivesiesi29]. Inside the specified volume,
the reader antenna has to radiate an as homogeasmassible amplitude distribution
for all field components, since the tag may be tedan an arbitrary location, with any
orientation too. Segmented loop antennas have jpegrosed to get an almost constant
current distribution in a physically large loop, @vh contiguous loop segments are
connected by lumped [8] or distributed [9],[30],[3dapacitive elements. Moreover, a
reader antenna based on double-sided parallel8t8p(DSPSL) is presented in [32].
However, getting a 5Q impedance matching in the whole UHF RFID band igequ
awkward for these loop-like configurations, duétdh the low radiation resistance and
the high reactance typical of loop antennas. Thegiroper matching network is needed
[8], [9], [30],[31]. Fractal antennas [33] and arraf printed metal strips [34], patches
[12],[13] or slots [14] have also been designed,UslF and high UHF (e.g. 2.4 GHz)
frequency bands.

Above mentioned solutions consist of resonatingmamis whose size is specified by
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the operating frequency, thus they do not represersicalable solution for those
applications requiring an antenna of specific saefor example in desktop readers or
RFID-based smart shelves. In such a framework.eliag wave antennas (TWAS)
have been recently proposed for NF UHF RFID systems
[15],[16],[18][19][20][21][22][36], since their legth and shape are not strictly related
to the operating frequency (non-resonating stresfurA printed TWA can represent a
low-cost, scalable, wideband, and low-profile solot which allows for an easy
shaping of the electromagnetic field in a confimetbme nearby to the antenna surface.
Furthermore they are able to create a strong aiidromfield distribution just above the
antenna surface, where the tag is supposed tm l@nd the impedance matching can be
easily obtained in the whole UHF RFID band. Differdechnologies have been
employed to realize TWAs: microstrip line technglogith several layouts (single
straight line [15], slight meandered line [16], pted meandered line [18] or two spiral-
shape lines [19]), CoPlanar Stripline (CPS) tecbggl [20],[21] or CoPlanar
Waveguide (CPW) technology [22],[36]. In most ot thfore-described TWA-based
layouts, a good tag readability is obtained whent#g lies right on the antenna surface.
However, the achievable read range is usually déichib a few centimeters, depending
on the tag employed for the tests. For the smaetif sintenna in [15], a good tag
readability is obtained on the whole antenna ser{f@d7 mmx176 mm) up to a distance
of around 3 cm, when using a NF button tag withCGedBm reader output power.
Similar performance is obtained for the smart slagifenna in [20] and the desktop
reader antenna in [21], where the reading distaeaehes 7 cm in the antenna central
area. Better results are obtained with the deskéapler antenna (150 mmx150 mm)
in[19], which guarantees a reading distance up5t@r8 with an input power of only
20 dBm. As described in [22], a reading distancaround 55 cm can be reached on
60% of the desktop reader surface (275 mmx135 mith) 28 dBm input power (the
long range tag Alien ALN 9640 was used). In [16fee Alien ALN 9640 tags can be
simultaneously read up to 15-20cm from the desktopader surface
(275 mm x 220 mm) for 30 dBm input power.

In real-world applications, tag detection must bfeative also for tagged items
stacked on the reader surface, in a pile or in.bllen, it is mandatory to reduce the
rate of the field amplitude spatial decay alongdirection perpendicular to the reader
surface, as well as along directions parallel tordader surface (when moving from the
antenna center to the borders). A TWA structureffisctive to get a homogeneous and
strong field right on the antenna surface, butftelel amplitude decays rapidly away
from the antenna surface. To extend tag readahiftyto a few decimeters from the
antenna surface, a modular antenna concept haspbeposed by the authors in [37].
The modular antenna comprises a TWA and a low-ggsonating antenna, which are
combined to meet specific requirements on the apdécay rate and amplitude of the
radiated field, in the reactive and radiative nigald regions [6].

In this Chapter, a specific layout implementing thedular antenna concept firstly
presented in [37] is selected, and a desktop remtenna for the FCC UHF RFID band
is designed and characterized at system level.iralsghaped microstrip line is series-
connected to a low-gain array of two miniaturizedghes, to get an as homogenous as
possible field distribution up to a distance ofd from the antenna surface. Besides,
by simply adding a switch, the spiral microstripelican be either connected to the array
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or ended on a matched load to implement a conveadtibWWA. The latter configuration
ensures a strong and uniform field distributiomismall volume just above the antenna
surface, which is high desirable for tag writingeogttions or single-tag readings.

The Chapter is organized as follows. The modulderama operating principle is
summarized in Paragraph 2.2. Then, the proposeeniaatlayout is described in
Paragraph 2.3, together with some simulation resMeasured antenna performance in
terms of RSSI (Receive Signal Strength Indicatasjridhutions on the desktop reader
surface is shown in Paragraph 2.4. Reading teststdwked tags and writing tests are
also shown.

2.2  Multifunctional Modular Antenna: Operating Principle

The main operating characteristics of a NF UHF RBHlenna for desktop readers

can be summarized as follows:

a) VSWR less than 1:1.5 to limit the power reflectedard the reader RF front-end;

b) low far-field gain to limit false positives (unimded detection of tags that are
located outside the specified detection volume);

c) electric and magnetic fields as uniform and higlpassible on the antenna surface,
to allow successful reading/writing operations,ependently on the tag location above
the reader antenna surface;

d) low field amplitudes behind the reader antenna whags are not supposed to be
located;

e) electric and magnetic energies almost uniformlyriigted among all the near-field
components to allow successful reading/writing apiens independently on the tag
spatial orientation;

f) a thin layout, also scalable to almost any sizemiet application and market
requirements.

The general scheme of a modular antenna [37] Hrasatisfy above requirements up
to a few decimeters from the reader surface ischieeltin Fig. 2.1. A TWA (ANT1) is
located at the center of the desktop reader surf@ce of its ends is the feeding
connector, while the other end is connected toeeith low-gain resonating antenna
positioned at the reader borders (ANT2) or a matdbad. If the TWA is ended on the
matched load, the detection volume is limited tenaall region right above the TWA
surface (reactive near-field region). The detectroiume is extended to include the
radiative near-field region when the TWA end is mected to the low-gain resonating
antenna.
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Pe Near-field Radiative Region

g;Near-ﬁefd Reactive Region

- - = Switch

-

__.=Transmission Line Antenna
for Near-field Coupling

~ = Resonating Antenna for
Feeding Port ) Broadside Radiation

UHF RFID Desktop Reader

Fig. 2.1. - General scheme of a modular antenna for NF-UHF Rdé¢Bktop readers: a central near-field
travelling wave antenna and a low-gain resonatittgrana located at the reader border. The switchwalto
connect the TWA end port to either the resonatintgrana or a matched load.

The TWA has been chosen to increase the field &amialion the antenna surface,
with respect to a conventional low-radiation mi¢ripsor CPW printed line. Spiral or
meandered structures are preferred to distrib@eldgctromagnetic (EM) energy among
all the field components. The TWA is favorably leexh at the middle of the reader
surface, where a tagged item is more likely localdte resonating antenna (ANT2 in
Fig. 2.1, which is placed in the TWA surroundingios, can be optimized to cover the
radiative near-field region with a circularly palaed field. Since most of the reader
surface must be used to accommodate the TWA antemmainiaturized layout is
preferred to realize the resonating antenna. Wasth noting that the miniaturization
also helps to meet the low far-field gain requiraméMoreover, thanks to the series
connection between the two modules (with one enth®fTWA directly connected to
the reader circuit output), return loss requiremeah be met in a relatively large
bandwidth. The matched load is needed to avoidreewgustanding wave when the
TWA is implemented, since this can degrade fieldanmity on the reader surface. The
orientation and layouts of the two antenna modukge to be chosen by considering
that the mutual coupling between the radiators isbathe reader surface is not
negligible, since the radiating elements are vdogec to each other and they must
operate at the same frequency.

2.3 AntennalLayout and Numerical Results

The multifunctional modular antenna for near-fielHF RFID readers here proposed
represents a specific implementation of the modaméenna concept introduced in Sect.
Il.

The antenna layout is shown in Fig. 2.2. A®BGQoaxial cable, placed close to the
antenna surface center, feeds a spiral-shaped stigrd WA printed on a grounded
1.6mm-thick FR4 4=4.4,tand=0.025) dielectric substrate. The TWA is an arcliean
spiral of width W=3 mm, with around 7 turns that are 4.8 mm apannfeach other.
The TWA is series connected to either a planaryaofatwo miniaturized circularly-
polarized square patches [38],[39] (Fig. 2.R&dular Antenna Configuratignor a
matched load (Fig. 2.25piral TWA Configuratioh
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275mm [V
110 mm

Modular Antenna

i FR-4 (5,=4.3, 1and=0.025)

1.53 mm

275mm )
110 mm

Spiral THA

E . ——T — "
& | FR-4(5=4.3, tand=0.025)
(b)

Fig. 2.2. - Top and lateral view of the proposed NEKiltifunctional Modular Antenndor UHF RFID desktop
reader applications: (aModular AntennaConfiguration and (b) Spiral TWA Configuration For each
configuration related to the switch position, tleliating elements are denoted by a light coloue Tain
geometrical parameters values are listed in Talfteg bn UHF RFID FCC band (902-928 MHz) reader.

The simulated reflection coefficient (Fig. 2.3)bslow -14 dB in a frequency range
that is much larger than the UHF RFID FCC band {922 MHz), for both the
Modular Antenna Configuratio(solid line) and th&piral TWAConfiguration(dashed

line).
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Fig. 2.3. - Simulated reflection coefficient versus frequenoy the Modular AntennaConfiguration (solid
line) and theSpiral TWA Configuratiofdashed line), in the UHF RFID FCC band.

TABLE |
MULTIFUNCTIONALMODULARANTENNADIMENSIONS
FORUHF RFID FCCBAND READERS

Parameter A B C D F L
Value (mm) 31 334 6.2 24 194 69.7

In Fig. 2.4, the broadside gain of tModular Antenna Configuratiogsolid line) is
compared with that of th&piral TWAConfiguration(dashed line). As expected, the far-
field gain (dashed line) of thepiral TWA(when the latter is closed on a matched load)
is very low (about -13 dBi). This low value advigkat aTWAended on a matched load
cannot be used alone if a reading range more thaw &m is required. The broadside
gain of theModular Antennais about -5 dBi, with variations less than 2 dBithe
whole UHF RFID FCC band. Such a value accountsbfith the array gain and the
TWA insertion loss. It is large enough to allow tdgtection in the antenna radiative
near-field region, yet minimizing false-positivegeats outside the defined detection
volume.

4
6 ‘_—__—_\
8
-10 .
42|

14

Realized Gain, dBi

16 = Modular Antenna
7 [ == Spiral TWA

%00 905 910 915 20 925 930

Frequency, MHz
Fig. 2.4. - Simulated broadside far-field gain versus frequeiacythe Modular AntennaConfiguration(solid
line) and theSpiral TWA Configuratiofdashed line), in the UHF RFID FCC band.
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231 Electricand magnetic field distributions

Since both dipole-like tags and loop-like tags t@nemployed in NF UHF RFID
systems, it is important to analyze both the elecand the magnetic near-field
distributions.

In Fig. 2.5-8 the simulated electric and magnettdfdistributions of both antenna

configurations are shown, in thg-plane and the&zplane, at 915 MHz.

X, mm

(b)
Fig. 2.5. - Normalized electric field distribution (dB) on aaple parallel to the antenna surfacglane) at a
distance of=1 cm andt=915 MHz: (a)Modular AntennaConfigurationand (b)Spiral TWA Configuration
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Fig. 2.6. - Normalized magnetic field distribution(dB) on a méaparallel the antenna surfacg-plane) at a
distance of=1 cm andv=915 MHz: (a)Modular AntennaConfigurationand (b)Spiral TWA Configuration
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Fig. 2.7. - Normalized electric field (dB) distribution on amttmogonal planey&0) andf=915 MHz: (a)
Modular AntennaConfigurationand (b)Spiral TWA Configuration
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Fig. 2.8. - Normalized magnetic field (dB) distribution on arthmgonal planey0) andf;=915 MHz: (a)
Modular AntennaConfigurationand (b)Spiral TWA Configuration
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Thexy-plane parallel to the antenna surface has beeseohat a distance afl cm
(Fig. 2.5-Fig. 2.6), and th&zplane is chosen a=0cm (Fig. 2.7-Fig. 8), where
(x,y)=(0 cm, 0 cm) is the overall antenna center. FEmheplane, the field distributions
are normalized to the maximum field value amongttheantenna configurations.

The Spiral TWA Configuratiomexhibits an almost uniform field distributions ¢F2.5b-
Fig. 2.6b) on the antenna central area. Moreovled a&mplitude reduces significantly
close to the reader borders and away from the gir&o confirming the expected rapid
amplitude spatial decay.

On the other hand, tidodular Antennaadiates a field whose amplitude decreases
more slowly (Fig. 2.7a-Fig. 8a), as it is requimgden multiple tagged items are stacked
on the reader surface. It is worth noting thatdlits in the metallic patches are effective
to give a satisfactory field uniformity even in therface section surrounding the TWA,
except for the expected deep nulls of the elefigid at the patch center (Fig. 5a).

24  AntennaReading/Writing Perfor mance

To simplify the antenna construction, two differgmototypes have been fabricated,
one for theModular Antenna Configuratioifgsee a photo in Fig. 9a) and one for the
Spiral TWA Configuratioigsee a photo in Fig. 9b).

~ Matched Load

(b)
Fig. 2.9. - Prototype of the modular antenna for the UHF RFIDCFband: (a)Modular Antenna
Configurationand (b)Spiral TWA Configuration.

By doing this, we avoided to add the switch inte firototypes. It is worth noting
that the patch array is present in both prototypeen if the array is disconnected in the
Spiral TWA Configuratioy to account for the effect of the mutual couplbegween the
spiral TWA and the patches.

The antenna prototypes have been integrated intalesktop reader case
(30 cm x 18 cm) and connected to the CAEN readetueoA528[40] Tests have been
performed by using compact-dipole LABID UH414 t44%]. The reader output power
has been set at 23 dBm.
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24.1 Reading/Writing testsfor singletag

The detection tests have been repeated in eacheof383x33 cells in which a
99 cmx99 cm plane coplanar to the antenna surfasd&en subdivided into (cells sizes
are Ax=Ay=3 cm). In Fig. 2.10, the RSSI and read rate dhstions are shown, for the
tag orientation parallel ,e-axis andy-axis, on the entire square plane.

For each cell, the RSSI value has been obtainedvieyaging the RSSI samples
collected in a 10 s interval.

When theModular Antenna Configuratiois employed, the tag can be read at any tag
position and orientation on the reader surface. (&i0a and Fig. 2.10b). Also, there are
no false positives if tagged items in the casecsunding are located at more than 10-15
cm from the case edge. The average read rate oantieana area is around 8 tag/s.
Reading performance is worse at the lower edgheotiesktop reader, where the reader
electronic circuit is accommodated.

By using theSpiral TWAConfiguration the tag is read when it lies directly above the
antenna central area (Fig. 2.10c and Fig. 2.10¢)afroaching the antenna borders,
the tag detection fails, so successfully avoidelgd positives. For both tag orientations,
an average read rate of 8 tag/s has been measuaedeitection area of about 4x5 cells
(12 cm x 15 cm).

To measure the reader antenna read range, fuebty lhave been carried out by
moving the tag away from the antenna surface, wiltep of 5 cm. At each distance,
the RSSI value has been averaged in an intervalOod, for two orthogonal tag
orientations. The read ranges (Fig. 2.11) are afdiihcm and 60 cm for thdodular
Antenna Configuratiorand theSpiral TWAConfiguration respectively, regardless of
the tag orientation. This result is in agreemenhbhe difference between the simulated
gain values of the two configurations (Fig. 2.4).
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Fig. 2.10. - RSSI (left column) and Read Rate (rigth columisjributions on a 99 cmx99 cm (33x33 square
cells with Ax=Ay=3 cm) plane parallel to the desktop reader surfageusing a LABID UH414 tag and a
reader otuput power of 23 dBm. The following readetenna-tag configurations have been consideadd: (
Modular Antenna@ x-oriented UH414, (bModular Antenna@ y-oriented UH414, (cBpiral TWA@ x-
oriented UH414, (dBpiral TWA@ y-oriented UH414.
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.: --Modular Antenna vs. UH414 (x-oriented)"
30y -+-Modular Antenna vs. UH414 (y-oriented) |
-=-Spiral TWA vs. UH414 (x-oriented) |
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Fig. 2.11. - RSSI distribution by varying the tag (LABID UH41djstance from the antenna center (along a
direction perpendicular to the reader surface)hveth input power of 23 dBm, for two orthogonal tag
orientations and for both antenna configurations.

\
*---o

Writing tests have also been performed, as suchrabpe requires higher field
amplitudes with respect to the tag reading opematand then they represent more
demanding tests. Results in terms of writing attisnape shown in Fig. 2.14.

When theSpiral TWAConfigurationis employed, the area of successful writing is
concentrated at the antenna center, and only éemgitis required to initialize the tag
for any considered tag position and orientationg(fR.14c and Fig. 2.14d). If the
Modular Antenna Configurations used, the area on which the writing operation
enlarges and also includes sectors beyond thebmasder (Fig. 2.14a and Fig. 2.14b).
Then, the latter configuration is not suitablehié tonly tag to be encoded is that one on
the reader surface.
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Fig. 2.12. - Number of attempts of writing operations on a 9%8fcm (33x33 square cells with
Ax=Ay=3 cm) plane parallel to the desktop reader surfageising a LABID UH414 tag and a reader otuput
power of 23 dBm. The following reader antenna-tagfigurations have been considered: {4ddular
Antenna@ x-oriented UH414, (bModular Antenna@ y-oriented UH414, (cSpiral TWA@ x-oriented
UH414, (d)Spiral TWA@ y-oriented UH414.

24.2 Multipletagsdetection

Finally, 11 LABID UH414 tags have been placed irstacked configuration at a
distance of 2 cm from each other, up to an ovéetiht of 20 cm (tags are separated by
a foam layer). The lower tag has been placed dyrect the case surface. The stacked
tags readability has been tested on a surface\sdbdiinto 9x5 cells (cells sizes are
Ax=Ay=3 cm). The total number of tags that are deteicted10 s time interval has been
recorded, when varying the tag orientation andsthek position on the antenna surface.
Results are shown in Fig. 2.13. When using khedular Antenna(Fig. 2.13a-Fig.
2.13Db), almost all the 11 stacked tags are reashah cell of the antenna surface, for
both orthogonal tag orientations. As for single-tegts, performance get worse at the
desktop reader lower border, where the reader reldct circuit is accommodated.
Besides, theéSpiral TWA Configurations able to detect just an average number of 5
tags, with a maximum number of 7 at the antennaeceregardless of tag orientation
(Fig. 2.13c-Fig. 2.13d). This was expected duetgsocharacteristic rapid field spatial
decay. Similar considerations apply to the reae,rathich is shown in Fig. 2.14.
Indeed, a high read rate is observed forMuelular Antennalll tag/s (Fig. 2.14a) and
100 tag/s (Fig. 2.14b) for theoriented tag ang-oriented tag, respectively. For the
Spiral TWA Configurationthe average read rate on the whole antenna surifac
32.6 tag/s (Fig. 2.14c) and 27.5 tag/s ((a) (b)

Fig. 2.14d) for thex-oriented tag and/-oriented tag, respectively. These results
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confirm that the proposed multifunctional modulamtemna represents a low-cost
solution that allow to select the best shape amd sf the near-field reader detection
volume, as a function of both the operation regli{reading or writing) and the number
(and material properties too) of the tagged itelmas the operator is going to put on the
reader surface.
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Fig. 2.13. - Number of detected tags on the antenna surfacenpjoging 11 LABID UH414 stacked tags at a
distance of 2 cm each other, up to a height ofr@(tbe first tag has been placed directly in cantéth the
surface of the antenna): (&)odular Antenna@ x-oriented UH414, (bModular Antenna@ y-oriented
UH414, (c)Spiral TWA@ x-oriented UH414, (dppiral TWA@ y-oriented UH414.
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Fig. 2.14. - Read Rate on the antenna surface by employing lBIDAJH414 stacked tags at a distance of
2 cm each other, up to a height of 20 cm (the faigthas been placed directly on the antenna ®)rféx)
Modular Antenna@ x-oriented UH414, (bModular Antenna@ y-oriented UH414, (cBpiral TWA@ x-
oriented UH414, (dppiral TWA@ y-oriented UH414.

2.5 Conclusion

A multifunctional modular antenna for near-field BHRFID desktop readers has
been designed and tested. It operates at the F@d dval fits into a reader case whose
size is around 30 cm x18 cm x 1.5 cm. In the pregdayout a spiral-shaped travelling
wave antenna is positioned at the center of thdereaurface. By using a common
switch, the spiral can be connected to either aayanf two miniaturized circularly-
polarized patches or a matched load. When the Ispirerostrip is ended on the
matched load, the reader detection volume is lonitea small area at the center of the
reader surface. The latter configuration being erefl during writing operations,
namely when the only tag to be encoded is moslyligkaced at the antenna center, or
when tagged items are read one at a time. Conyerkéhe power at the output of the
spiral microstrip is used to feed the array (indte& being absorbed by the matched
load), the two-module antenna exhibits a lower @tehe field spatial decay when
moving away from the center of the reader surfabe. latter feature is of interest when
reading of stacked tags is required.

It has to be underlined that by simply adjusting lgmgth of the microstrip spiral (the
latter being a non-resonant antenna) the proposedular antenna can fit in reader
cases with shape and size that are different fluyee here considered by the authors.
Full scalability of the proposed antenna is ontgited by the topology selected for the
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low-gain resonant antenna used to cover the radiatear-field region. Work is in
progress to find a class of antennas that can allevdesign of modular antennas
suitable to meet almost arbitrary shape and sigeirements. The latter is an important
feature when designing low-profile near-field amas for RFID-based smart storage
spaces (such as drawers and shelves).

Finally, it is worth noting that replacement of tBwitch with a variable power
divider would allow for a further degree of freeddondynamically size and shape the
reader detection volume, in addition to the powenrtimol that is already available in any
commercial reader.
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3 Accuracy of a Conformal
Sensor for Estimating Deep
Tissues Dielectric Constants

3.1 I ntroduction

AGNETIC resonance Imaging (MRI), X-ray and Computerizedmdgraphy
(CT) are the most used surgery-free technologiedetect tumors and produce
deep tissues images. Nonetheless, they are notalpiovide real time human tissue
characterization, as they are not body-worn syst&is®, they are expensive and not
portable for use in rural areas or in the fielddarergency diagnostics.

There is of course a strong need to develop lowt health monitoring devices.
Devices such as those in [42]-[43] pursue monitpriof breathing, heart rate,
temperature or blood pressure monitoring. But thdseices are not suitable for
imaging as they penetrate only few cm within thiesk

Toward this goal, a new on-body health-monitoriagsor was proposed in [44]-[46].
This is a multi-probe sensor operating at 40MHbyjating penetration depth of 10-15
cm within the human body. Therefore, it can be usedense deep tissue dielectric
properties. Specifically, the dielectric constahthee medium of interest is calculated
using a linear combination of the S-parameters oredsat the sensor’s passive probes.
In this way, the classic inverse-scattering appnoacavoided. That is, we avoid the
solution of ill-posed matrices [47]-[50]. As claichén [45], experimental results have
demonstrated that the proposed method can prowecttic constant estimation with
accuracy better than 11%. However, this level aueacy is not sufficient. Therefore,
there is a need to improve the imaging accuraalddiric constant prediction) down to
2-3% by optimizing the sensor in [45].

In this Chapter, a numerical study is performedb&iter assess the algorithm’s
prediction capability and determine critical paréene that affect its accuracy.
Specifically, a stratified dielectric medium is ds® model the human torso. The probe
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sensor is a linear arrangement of transmitting maoiving ideal dipoles sources or
probes (see Fig. 3.1). For a specific excitatipectral domain Green’s function is used
to calculate the received fields at the probe looat The dielectric constant at a
specific depth inside the torso is then expressed aveighted sum of the computed
electric field samples. General guidelines for serdesign optimization are extracted
and employed to achieve dielectric constant estimatith accuracy better than 3%.

Chapter Il is organized as follows. In Paragrap® the overall imaging sensor
concept is briefly described. The proposed model aomerical approach used to
estimate the deep tissues dielectric constantas tiresented in Paragraph 3.3. In
Paragraph 0, we discuss the results and give gugdefor further improvement of the
sensor design.

3.2 Sensor Overview

The sensor concept to estimate the dielectric anohstas been presented in [44]-[46],
and is briefly summarized below. The proposed semsmsists of a finite set of
electrodes, as in Fig. 3.1. Only one port (a pothe gap between two electrodes) is fed
by a 40MHz input signal, while the rest are usedéaeiving the radiated fringing field
after propagation and attenuation into the tissues.

t

=4
o]
Q

5
c

Port# 2
(S)Port# 1

Passive Ports Electrodes  Active port

v -
- o e

- - - -

Unknown dielectric

Fig. 3.1. - Top and lateral view of the multi-probe sensor. €hetric field force lines inside the medium are
also shown.

Specifically, the S-parameters are collected frbmn passive ports, denoted &g,
where i=2, 3,....16. Port #1 is always active anddtieers terminated with a matched
load. Using the collectefi; parameters, the dielectric constanj (s then represented
by a weighted sum of the measured scattering paeasnaa the relation

N
& = Z Wi—1Si1 1)
i=2

The coefficientswy in (1) are computed to minimize the error in appmating &, for a
set of known configurations. That is, they are duieed by enforcing (1) for several
combinations of assigned outer tissue layers amuvknvalues of the inner layer
dielectric constant [46]. This process generategséem of equations solved via a least
squares method to extract the coefficiemisin (1). Measurements given in [46]
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confirmed the effectiveness of the representatignHowever, for the selected sensor,
the estimation error was up to 11%. Below, we exanthe needed sensor length and
required number of probes to obtain accuracies dovi3%.

3.3 Layered Model

To optimize the sensor length and number of prdbesninimal error, we consider
an ideal dipole excitation depicted in Fig. 3.2(bhe excited infinitesimal dipole is
oriented along the-direction. Also, instead of measuring the fields the voltage
between two electrodes, for the computational madelill simply use thex-directed
electric fields along thg-axis (see Fig. 2(b)). These fields are, of coypseportional to
the voltage between the electrodes and will be tsaeépresent th&; values in (1).
We specifically chose to examine the surface fieildso 30cm away from the dipole
excitation. That is, we examined sensor lengthegdcm.

(M+1)th port Mt port 2" port  Fed port

// |

T
1 ! i |
i i i i i
I i 1 1
! 1
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structure T i layers
hy, & tandy

(b)

Fig. 3.2. - (a) Actual multi-probe sensor with ports, and (hjitidayer model for dipole excitation simulation.

Spectral field representations are used to forrauldte problem since simpler
calculations are involved (algebraic instead ofwadution integrals). Let us consider
the radiation of an infinitesimal dipole located the surface of a stratified medium
(along the x axis) as shown in Figure 1. The Four@nsform of the x component of
the electric field can be expressed as in [51]:

_]> e ~Jk1zlzl

_ —jZi -
Ex(kxl ky' Z) = k_lllx(kx’ ky)(k% B k,%) (7 klz (1)

in which k; = w\/u &, is the wavenumber in region 1 add = /u,/&; is the
intrinsic impedance in the same region. This regrtesa plane wave traveling along the

z direction with a propagation constantigf, = |[k? — k2. To consider the reflection

of this wave from the dielectric interface it issiructive to decompose it into TE and
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TM components and calculate the generalized réflectoefficients of the multi-layer
structure for the two componenis;; andR,, [55].

R.. ) + ~R . e_zjki+1,zhi+l
—_— i+ i+1i+
= _ 2)
i+ C <2 jKiy N (
j+l 1_ R R e K1 21

i+l i+1i+2

where
* ki is the wavenumber of theh layer
* hiis thei-th layer thickness
* Ri+1 is the reflection coefficient between tith andi+1-th layer

Specifically, the reflection coefficient for the T&ode is

R_TE — H,; kiz _ﬂika 3)
J /uj Kz + lul ka
and for the TM mode is
™ _ € k, — & kiz
Rj gj kiz + gl ka (4)

For the TE field,E, = 0, and for the TM fieldH, = 0, and to accomplish such a
decomposition the fields must be expressed in terirtkeir E, and H, components.

Since% - +jk, from Maxwell's equations we obtain [51]:

_ 1 [. (0E, . -
Et(kx,ky,kz)=k2 = Vel 5, + jkiZ,2 x V. H, (5)

1 1

The transforms of the z-components generated bgdbrce alone are found to be:

B —iZ. _ —i\ e Jkazlzl
E,(ky Ky, 2) =%]x(kx,ky)kxkz (7]) - 6)
1 1z
- - _] e_jk12|Z|
A, (ke by 2) = =i (e by )iy (51) ™)
1z

Each of these components gives rise to a refldatbwhich is given by
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E;(kx; ky;Z > 0) = RTMEZ(erky;Z = O)e‘jklz|Z| (8)

H;(kxy ky;Z > 0) = RTEHZ(kx: ky,Z = O)Q_jklz|z| (9)

where z=0 is the interface between region 1 andrihii-layer medium. By combining

(6) to (9) the z-components of the total TM and fidlds above the interface can be
expressed as:

~ _] e —jkizlz|
Ez(kx,ky,z>0)= ST (fe Jey) ek, (1 — RTM)< ) - (10)
1z
_ _] —jkizlz|
1, (ke by, 2) = =T (Res by Yoy (14 Reg) (5) (11)
1z

Upon calculating the expressions for the TM andspEctral components, the fields in

terms of spatial variables x, y, z can be derivgdebaluating the following inverse
Fourier integrals:

Xk klz ykyklz A
Erm = _Z_kl 2n ff ([ iz, | k(1 (12)

= RTM)]x(kx, ky)e‘fklzZef("x“kyy) dk,dk,

E.. = klZl ﬂ k, (1
TE 271' kfz

—]k 2Z

(13)
+ RTE) ]x(kx! ky)

e/ (kaxtkyy) gl dk,

The evaluation of the above integrals must take mtcount any possible
integrand poles and branch cuts when the obsenvaint is near or on the surface.
The steps followed to obtaiB!Z, which is the dominant component, are indicatively
presented below. Similar procedure can be follofeeall other components.

kiZy1\° k2
EIP(x,y,2) = — 11(—) ﬂ—y 1
v (%7,2) 2 22 J) ezl 1)
—-jk

+ RTE) j:c(kx! ky) c

1zZ
e/ (kextkyy) gl dk,

Z
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kiZ
ETE(x,y,2) = ——

2171) ﬁ (J'ky)(fky)kig (1

e_jklzZ

(15)

+ Ryg) 1, e (kxxtkyy) dk,dk,

Z

where k) = kf — kf,. Since bothR;; and Ry, are functions ofk,, the double

integral can be reduced to a single integral bykmg the well-known Sommerfeld’s
and Weyl's identities [51].

[oe)

10 9> (1 @ e Jkzz

Z
—00

2
where we made the replaceméit,)* — aa? . Taking into account that:

2 9
—HP (k,p) = —k, sin ¢ 3 HP (k,p)

2
i 17)
= —kj sin® ¢ IH(Z) (kop) — H(z) (kop)
kpp
equation (13) can be written as:
TE — I 2 (2)
E " (x,y,2) = —klZlgsm © | k,|Hg (kpp)
(18)
1 @) —jkizz
- H; (kpp)l (14 Rrg) dk,
pP z
N
BIE(x,y,2) = jlaZy 5-sin? @ ] Gy [Hé”(kpp)
(19)
1 ) —Jjk1zz
- H; (kpp)l (14 Rrg) dk,
pp z
I
EX5(x,y,2) =jk1Z1éSin2 ‘Pa_ j IH(EZ)(ka)
(20)
1 ) —jkizz
— (kpp)l (1 + Ryg) —/—dk,
pP z
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Also, considering that:

d 1
|16 o) = 212 0)

1 @ 2 @ (21)
= = 1 () + (= b ) 1 ()

(17) can be written as:

1 1
EX(x,y,2) = jkaZy g -sin® @ f [——Hé” (kop)
& P 22)

2 (2) e_jklzz
P Z

which is the only the field component parallelte ised dipole orientation.

As is well known, direct numerical computation loétSommerfeld’s integral is time-
consuming and computationally expensive. This ie thu the oscillatory and slowly
decaying nature of the integrands, especially whend¢he source and observation
points are on the same interface [52]-[53]. Indeseleral techniques have been
proposed in the literature to numerically evalustenmerfeld’s integral.

Similarly to [51]-[55], we invoke Cauchy’s theoretm deform the original path of
integration off the real axis (Fig. 3.3) and avdifficulties associated with integrand
singularities along the real axis of integratiod]ff64]. Specifically, we decided to split
the integration path in to three pathg;; = (—o —ja,a —ja), v, = (a —ja,a + ja)
andy; = (a + ja, o + ja), wherea is chosen equal @8k,.

Imag(K,) Imag(K,)
1 1
! k, =k : SIp
L sip Pt el : —
L. \/
X x - - 7N R >f Redl(K,)
k,=—ky k=0 : i i

I I
Fig. 3.3. - Initial Sommerfeld Integration Path (SIP) on thelraxis of the complek, plane (a) and deformed
SIP to avoid singularities and branch cuts (b)

A MATLAB code was developed to obtain the totalo#le field on the
interface of the stratified medium with the ambieagion. To verify the calculations,
the code was used to compute the total electrid fiadiated from an infinitesimal
dipole in free space and the results were compatitd the theoretical equations as
described in [56]. As depicted in Figure 3, gooteagnent is observed between the two
curves. The calculated generalized reflection eoiefits for TM and TE fields were
also verified using examples included in [56].
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Field Distributions Comparison
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Fig. 3.4. - Radiated fields from an infinitesimal dipole indrspace calculated with implemented numerical
evaluation (red curve) and from [56] (black curve).

3.4 Dielectric permittivity estimation method

Doing so, the fields can be computed on the interfand used to estimate the inner
layer dielectric constant. Having the fields at thiginal probe locations, and given that
S is proportional to the compute@adirected electric field denoted &g, we proceed
to expresg, as

M
& = Z WiEii11 (23)
i=2
Specifically,
[er]ixy = Wlixm [Elpxn (24)

Here,[g,] is the vector representing the “known” dielectramstant at the chosen depth
for each of theN simulated combinations of other layers paramefer$,is the matrix
containing the coefficients to be determindd,is the number of points where the
electric field is computed or probed, afi] contains the calculated surface electric
field values. As in [46], since N>>M, (23) is sotleia the least squares method to
obtain[w].

The accuracy of (23) will likely depend on the:

1. Number,N, of random simulated combinations used to popula€¢E],,y matrix
in (24), and

2. sensor length, and

3. distance between sampling points.
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As in [46], we chose to generate the system (2digubie parameter variations in Table
| for each layer. Below we discuss the accuracy2df) for predicting the dielectric
constant of deep layers representing the lung.

TABLE |
NOMINAL VALUES AND VARIATION RANGE OF THETISSUEELECTRICAL PROPERTIESAND THICKNESSES
[57]
Tissue Dielectric Loss tangent Thickness If)
Constant ) (tand) [cm]
Skin 93.73 £ 10% 2.17 +10% 0.3+10%
Fat 7.33+10% 2.09 + 10% 1.5+10%
Muscle 82.57 + 10% 3.64 + 10% 1.5+10%
Bone 26 +10% 1.55+10% 2.0 +10%
Lung 65 + 40% 2.65 + 20% 15+ 20%

35 Numerical Results

The accuracy of the proposed deep tissue dielembristant extraction method was
evaluated as a function of: (a) the sensor lend@ththe number of points where the
electric field was probed, viz. number of field rmegements points, and (c) the number
of equations, N, used to populate the matrix {E} ([@4). Two scenarios were
considered, shown in Fig. 3.5. In one case, theotorodel included 3 outer layers (skin,
fat, and muscle) (see Fig. 3.5(a)). Of course, gheposed deep tissue monitoring
method must be able to provide accurate resultarfgrarbitrary number of tissue layers
and sensing depths. Therefore, to demonstrate érsatdity of this method, we also
considered a torso model with 4 outer layers (skah, muscle, and bone). The latter
scenario is depicted in Fig. 3.5(b).

N N v ; N
S ,:\ Z'\’f’t\”’b (E3) ‘\4@" (S)} oo-0-0 e(El)-e e-;/ 4
( .) o9 0000000 Skin\ ¢ hy, &4, tand;
Skin \_ ] f hy, &, tand, Fat h,, €, tand,
Fat h,, €., tans,
Lung hy, €4, tand, Lung he, €5, tanSe
(a) (b)

Fig. 3.5. - Human torso equivalent model taking into accouptl{eee and (b) four outer layers. Electric field
propagation inside the medium is also sketched.

To calculate the weight coefficientss,), we considered the parameter variations
shown in Table | for each layer, leading to N=2@@ations. After obtaining;, the
average error of the approximation (24) was thetaiobd using different and random
combinations of the top 3-4 layers. Specificallg averaged the errors computed over
1000 random combinations of tissue electrical priogeand thicknesses.

Fig. 3.6 and Fig. 3.7 show the average error inmasing the lung’s dielectric
constant for the scenarios depicted in Fig. 3.%(a) Fig. 3.5 (b), respectively.
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Fig. 3.6. - Average percentage error in estimating see Fig. 3(a)) when the sensor includes: (a) brebes,
(b) M=10 probes, and (c) M=20 probes.

A different set of weight coefficientsw{) was computed and used for these two
scenarios for several sampling points or probe raupid. Three different values of M
were considered, M=6, 10, and 20. The error fohezddhese M values was plotted in
Fig. 3.6-Fig. 3.7 for different number of equatiphk Specifically, the vertical axis of
Fig. 3.6and Fig. 3.7 refers to the numbhll) 6f equations used to determine tirg
coefficients and the horizontal axis is the ovesalhsor length for M=6, 10 and 20. As
indicated to the right of the plots, deep red co®lonply large errors (8-10%), whereas
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light yellow refers to low errors (<2%).
From the results in Fig. 3.6 and Fig. 3.7, we camnaet the following guidelines for
sensor design optimization:

» the electric field must be recorded across a sgraina that spans at least 20cm
from the source point;

« for a given sensor length, a larger number of prghpoints leads to greater
accuracy;

* increased accuracy is achieved as the number @ftiegs used to solve faw; is
higher .

Remarkably, for the scenario of Fig. 3.5(a), anrage error of less than 2% may be
achieved by: (a) using at least 10 probes or Belthpling points, (b) distribution of the
probes should be over a length at least 18-20cih,(@nat least N=100 equations are
needed to compute the coefficients For the scenario in Fig. 3.5 (b), an averagererro
less than 3% is achieved by: (a) using at leaspr@bes, (b) distributing the probes
across a length of at least 20cm, and (c) consigeat least 100 equations to compute
the coefficientsw;. The two scenarios provide consistent results achieving an
accuracy of 2-3% in extracting the lung;s As would be expected, the accuracy of our
expression (6) is lower for the case in Fig. 3)5 ¢ompared to that of Fig. 3.5 (a).
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Percentage Error Average with M=20
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(€)
Fig. 3.7. - Average percentage error in estimatingsee Fig. 3(b)) when the sensor includes: (a) lrebes,
(b) M=10 probes, and (c) M=20 probes.

3.6 Conclusion

A theoretical analysis was presented to assesadberacy of a novel method for
extracting the dielectric constant, of deep human tissue. To do so, the human torso
was modeled as a stratified dielectric medium dreddlectric field distribution on its
surface was computed using a custom numerical obdey aspect of the extraction
method was the representationepfas a linear combination of the surface electatdfi
samples. The Chapter presented guidelines for sem@sign optimization. It was
concluded that the deep tissue’s dielectric constan be estimated with errors lower
than 3%, at almost any arbitrary depth.
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4 Integration of Slot Antennasin
Commercial Photovoltaic Panels
for Stand-Alone Communication

4.1 I ntroduction

AUTONOMOUS communication systems often use photovoltaic (Paf)gls that are
physically separated from the antenna, and thisadeisifor a compromise in the
utilization of the available space. Moreover, irvesal applications, as for example
monitoring, vehicular communication and satellitgstems, distinct PV panel and
antenna may be anti-aesthetic, expensive and carsgeeering issues. For above
reasons, antenna integration in large PV panelesgable and it has become a research
topic. Designing the antennas such that they caadsdy integrated in a commercial
PV panel without modifying the panel geometry (aftearket integration) can result in
a low-cost implementation of additional functiomsa solar PV field. For example, a
low-data rate wireless communication system cowddirbplemented for the remote
control and monitoring of PV panels in large sdi@tds. In this context, low cost
antennas with proper polarization and pattern dteristics are needed to improve
panel-to-panel radio links or maximize a tunnelgagation effect (Fig. 4.1). Most
recent solutions for antennas integrated in PV Igame those based on the innovative
transparent antennas [58]-[60], or patch [61]-[@ddl slot [71]-[70] antennas.
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Fig. 4.1. - A simplified scheme of a solar PV field where aelMiss communication link can be used for
remote control and monitoring functions.

Transparent materials have been proposed to implenmnovative transparent
antennas, as they can be easily mounted on sdlar Teansparent antennas have been
optimized for different applications, at 3.4-3.8G58] and 2.5GHz [59] frequency
bands. Nevertheless these materials are stilivelgtexpensive. Besides, meshed patch
antennas printed on the top of PV cells are comsitl@ cost-friendly solution. An
example of such antennas, optimized for a 2.52GHallssatellite application, is
described in [60]. However, a 90% sunlight transpay needed for the proper
functioning of the solar cell [60] cannot be easithieved.

Solar cells have been employed themselves as atiragpatch [61] or as a coupled
patch [62]-[64], for GPS vehicular applications, d®ands or 3.76 GHz satellite
communications. In such cases the cell dimensioastictly related to the operating
frequency, and this limits the possible applicagidar PV panels made of cells with
standardized cells. Solar cells may also be useal g®und plane for an upper patch
element [65]-[67], but with a reduction of the PMay efficiency.

Slot antennas placed between solar cells have bpemized for high frequency
applications [68], or by requiring modificationsthie DC bus wires [69]. Alternatively,
slots have been realized by properly etching omthié0]-[71] into the solar cell, but
reducing the cell solar efficiency.

In this Chapter, two configurations of low-cost tslantennas suitable for their
integration in a class of commercial large PV paregk described. As test cases, two
antennas operating at the GSM/UMTS and WIMAX frague bands have been
designed to show the achievable performance inst@intompactness and percentage
impedance bandwidth. A considerable reduction & &mtenna physical size was
obtained exploiting the presence of the cover glager that is always present in
commercial PV panels. Measurements on antennatppet® attached to real PV panels
have been used for a fine tuning of the antenmaaysiding detailed numerical models
that would result in complex models but not ablat¢oount for the several propagation
phenomena involved in the periodic/multilayer stowe of a PV panel. Indeed, the
effects on antenna performance of the cells cloghé slot, as well as of the DC bus
wires and panel aluminum frame cannot effectivelyoainted for by numerical models
(dielectric permittivity values of the PV cell matd at the UHF and microwave
frequencies are also difficult to find).
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42  Slot antenna design

The antenna integration concept here proposeddedban the exploitation of the
room available between adjacent solar cells of stemge PV panels, so without
decreasing the panel solar efficiency. In particul&o cell arrangements often used in
large PV panels are considered, and they are shotig. 4.2.

(a) (b)
Fig. 4.2. - Two typical arrangements for PV cells in large gdan(a) square cells separated by a distance D;
(b) octagonal cells close to each other, with azouared square-shape space whose side lengthdteddny
J. Possible locations for slot antennas are alsastfwith dark color), which are such that the slpérture is
not crossed by the DC voltage bus wires.

For such configurations, a linear or square sle¢érmma etched on a low-cost substrate
can be attached just on the back side of the martlocated in such a way that the slot
aperture is not obstructed by the cells (whichdzlsi behave like shielding conductive
surfaces). Also, the DC voltage bus wires havaematoss the slot aperture, as it would
result in an antenna shorting effect. For examntpis,means that in the cell arrangement
shown in Fig. 4.2a, gaps parallel to thaxis are not functional because of the presence
of the DC voltage bus wires; on the other hand,emoom is available along tlyeaxis
(it being only limited by the panel frame size),alowing either the allocation of some
long linear slots (resonating at low frequencies)he allocation of linear arrays made
of shorter linear slots (higher resonance freques)cio implement high-directivity
arrays or a number of low-directivity arrays opergtat different frequency bands
(electronic beam scanning can also be implemehtedigh a proper feeding network).

To better understand how to make use of the aboearlor square gaps, the stack-up
of two typical PV panels are shown in Fig. 4.3.icsih or GaAs (Gallium Arsenide)
solar cells are usually incorporated between twylehe vinyl acetate (EVA) layers.
Also, two cover glass layers are placed at theatogh bottom sides of the PV panel. In
some commercial panels, the bottom cover glass lege be replaced by a plastic
backsheet, as a Tedlar® film (Fig. 4.3b).
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Solar Cell

Plastic Backsheet (b)

Fig. 4.3. - Stack-up of two typical commercial photovoltgianels: (a) a glass- cells-glass PV panel, with
square solar cells and (b) a glass-cells-Tedlar® gaviel with octagonal solar cells. In both PV panel
configurations, the solar cells matrices are endajed between two EVA layers.

Therefore, a slot antenna positioned accordinghéotivo above mentioned criteria,
could be enclosed by cover glass and EVA layersh Bayers are low-loss dielectrics
and their effect can be accounted for during th&gieprocess. EVA layer is relatively
thin (usually less than 0.1mm) and its effect caméglected up to some Gigahertz. The
glass layer is thicker, going from a few mm up @rm when both a top and a bottom
cover glass layer are present (see Fig. 4.3a).bNotthe glass layer of the PV panel
that will appear to be positioned on the top of sha helps in reducing slot resonance
frequency [72], so giving rise to an extremely attageous antenna miniaturization
effect (without requiring any antenna meanderinglistributed reactive loading, or any
other complex configuration).

As test cases for the proposed design approadahear Islot antenna and a square slot
antenna have been designed and prototyped, to dibmmercial PV panel topologies
like those in Fig. 4.3a and Fig. 4.3b, respectivElg. 4.4 shows the top view of the two
proposed antennas: a three-stepped slot ant@r8%®4([73] and a square slot antenna
(SSA [74]. Both slots are realized on a 1.6mm thiclkdFRbstrates=4.4, t$=0.02); a
CPW and a microstrip are used to feed the TSSASSW, respectively (both with a 50-
Q characteristic impedance). The three-steppedcsinfiguration has been chosen to
check the best performance that can be achievaeérin of percentage impedance
bandwidth, in the framework of slot antennas whiosimum width is limited by the
presence of nearby PV cells separated by a givdardie D. Specifically, it is shown
that the antenna can operate in frequency bandslibaate both GSM (1710 — 1910
MHz) and UMTS (1920 —2170MHz) applications (aro#®o percentage bandwidth).
The three-stepped slot is etched on the same $iteedCPW feeding line. The main
parameters related to the resonant frequency atttetbandwidth off SSAare the slot
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length ) and width W), respectively. An antenna impedance fine tuningaowide
frequency bandwidth can be achieved by varyindahgthsA, B andC.

AB|C y
! X
. zl_, \
N L jg—- N
S
i ! microstrip
:,i/feedingline
== '
= ,
N
-—
M

Fig. 4.4. - Layout of the proposed slot antennas suitablbetontegrated in a typical PV panel: (a) three-
stepped slot antenna, TSSA; (b) square slot antSBA.

In the SSA the microstrip feeding line is in the oppositdesiwith respect to the
square slot. As in other square slot configuratitims length of the open-circuit stud (
behind the slot is optimized for input impedanceirig. The SAhas been designed to
operate at higher frequencies, in the WIMAX 3300¢B4Hz frequency band, as it
represents the lower frequency band that can beredwhen the side of the square
space available at the corner of octagonal cellsss than 30mm (and a cover glass
layer of less than 4mm is considered).

The numerical simulations were performed using toenmercial software CST
MWS®. Simulation results on the miniaturization effdae to the PV panel cover glass
layer are discussed in Paragraph 4.2.1. The eftdctse solar PV cells close to the
antenna have been numerically checked by addingrequr octagonal metallic patches
positioned nearby the slots, between the slot pdaaethe glass layer (Paragraph 4.2.2).
Finally, the influence of a reflector behind the oMh structure (needed if an
unidirectional beam is required) is analyzed inageaiph 4.2.3.

4.2.1 Miniaturization effect dueto the cover glasslayer

A simplified model of the PV cell multilayer struce has been adopted during the
numerical design process (Fig. 4.5). Indeed, ongjlass layer ¢f =4.82, t@=0.0054)
has been considered.

The TSSA and SSA have been optimized by considddnghe cover glass layer a
thicknessG equal to 8mm and 4mm, respectively. These valugsecfrom the
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corresponding value of the cover glass layer ofttvte commercial photovoltaic panels
that have been used for the measurements. The gemahearameters of the two
optimized slot antennas are listed in Table I.

GI Glass (8mm) G Glass (5mm) |

S~ z

Ground plane  co-planarfeeding line v « Microstrip feedingline  Ground plane
(@) (b)
Fig. 4.5. - Stack-up of the proposed slot antennas suitalihe integrated in two typical PV panels: (a) TSSA

and (b) SSA. The cover glass layer on the topeasothly layer of the PV cell that has been consitiénehe
numerical model used for the slot antenna design.

TABLE |
ANTENNA DIMENSIONS OPTIMIZED WITH COVER GLASS LAYERMM)
TSSA SSA
N 020 A 35.2 L 195
M 70 B 40.7 N 140
L 492' C 43.5 S 114
wW 13

The TSSAand SSAfit an overall volume of 200x70x1.6 mrand 140x140x1.6 min
respectively. Tha'SSAslot is 92.4mm longl() and 13mm wideW). The square slot
exhibits an area of about 19.5 x 19.5 fhmith aS =12.3mm stub. Fig. 4.6 shows the
reflection coefficient of the two antennas.
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Fig. 4.6. - Simulated reflection coefficient for the slattannas: (a) TSSA and (b) SSA. A reference curve
showing the reflection coefficient when the coviarsg layer is removed.

To give evidence to the miniaturization effect, the same figure the reflection
coefficient for an identical slot antenna withobetglass layer is shown. It has been
numerically estimated that the presence of the rcéayger leads to a quite important
miniaturization level: 36% for the SSAand 25% for th&SSA It has been also verified
thatTSSAandRSAantenna gain are stable in the frequency bandefast, as shown in
Fig. 4.7.
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Fig. 4.7. - Simulated gain for the proposed TSSA and SSA in @&M/UMTS and WIMAX bands,
respectively.

4.2.2 Numerical analysisof the effect of the PV cellslocated near by the slot

The effects of the solar PV cells close to the mm&chave been numerically checked
by adding square or octagonal metallic patchestiposd nearby the slots, in the
middle of the glass layers (Fig. 4.8). The 1-mnackiplastic backsheet effect in the PV
panel of Fig. 4.8b can be neglected in the numiesicaulation.

Solarcells

G 1\ 1—;4| Glass (Smm)%

Solarcells

G $| ——— Glass (5mm)————|

Fd

Groundplane co-planarfeedingline v x Microstrip feeding line Ground plane
(@) (b)

Fig. 4.8. - Stack-up of the proposed slot antennas suitalide fategrated in two typical PV panels, for (& th
TSSA and (b) the SSA. The cover glass layer ontadlpeis the only layer of the PV cell that has been
considered in the numerical model used for the ddsign, while simple metallic patches have beed s
model the PV cells.

Fig. 4.9a shows the reflection coefficient behavadrthe TSSA, by varying the
distanceD between the PV cells from 10mm up to 50mm. It eg¢ed that when the
distance between two solar cells is smaller thad 8SAslot width V=13mm), there is
a significant impedance mismatching, as expectecesihe slot is partially covered by
the PV cell.

Numerical results for the SSA are shown in Figh4l9results that for a slot side of
19.5mm, the distance between nearby octagonal R¥ (€eg. 4.2b) should be enough
large to allow that the side of the square spacEign 2b,J, is at least greater than
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26mm. The presence of the solar cells determirsglat mismatching and a 100MHz
shift toward lower frequencies (this shift can loenpensated through a small reduction
of the square slot sidk).
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Fig. 4.9. - Simulated reflection coefficient for the slot amtas, as a function of the size of the room avialab
between adjacent cells (parameters D and J inde2). PV cells have been modeled trough simple lireta
patches: (a) TSSA and (b) SSA. As a referencenaedwas been added for the simpler cell model whehe
the glass layer is present.

4.2.3 A metallic reflector to get an unidirectional radiation pattern: its effect on
the antenna input impedance

An aluminum reflector placed at a distanRefrom the bottom side of the FR4
substrate (Fig. 4.10) can be used to achieve wuiitmal radiation at broadside and
increase the antenna gain.
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G I Glass (8mm) G J| Glass (5mm) |

R Grounaplane o F R _ . ~ Groundplane
co-planarfeeding line v x microstrip feeding line

™ Reflector s Reflector

(a) (b)
Fig. 4.10. - Stack-up of the (a) TSSA and (b) SSA with a 250side square reflector plane. Its presence
ensures a low back radiation and an improvemetiteoéntenna gain.

The effect on the reflection coefficient of a 250rside aluminum square reflector
is shown in Fig. 4.11 for different distand@sThe presence of the reflector results in a
slight impedance mismatching that can be competidgterarying the main parameters
of the two antenna configurations. HB=30mm, antenna gain increases up to about
8dBi and 7dBi for the TSSA and SSA, respectiveljie Tradiation patterns in the
principal planes (Fand E components), evaluated at the center frequendidbeo
bands of interest, are shown in Fig. 4.12. A baatkelamplitude less than -13dB is
achieved for both antennas. The two slots ante(imath they are linearly polarized
antennas) exhibit a cross-polar component levetsabel 8dB.
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Fig. 4.11. - Simulated reflection coefficient of the slot antas versus the distance R between the FR4 bottom
and a metallic reflector: (a) TSSA and (b) SSA. Téference curve shows the antenna reflection icoeft
when the reflector is absent.
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Fig. 4.12. - Normalized radiation patterns in the principal glarat GSM and UMTS centre frequencies for

the TSSA, and at WiMAX centre frequency for the S®Ametallic reflector is placed at a distance &nrir
the FR4 bottom: R=30mm for the TSSA, and R=20mntHerSSA.
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43  Expeimental results

Fig. 4.13 shows th& SSAandSSAprototypes. Two different commercial PV panels,
corresponding to the cell arrangements in Fig. &ehbeen used to estimate antenna
performance when it is attached on a real PV panel.

i
(@) (b)

Fig. 4.13. - TSSA (a) and SSA (b) prototypes realized on a 1.8hiok FR4 substrate.

431 Measurementsresultsfor the TSSA prototype

A 140-W-BRP6336064-140 PV panel [75] was employedheck the TSSA input
impedance for different locations of the antennthwespect to the panel surface. The
panel consists of 36 high-quality polycrystallinédcen square solar cells (156x156
mny); the aluminum panel frame is 1655x991frand its thickness is 40mm. The total
thickness of the top and bottom cover glass laige8nm, that guarantees a good light
permeability and protects solar cells from atmosiggheagents. In the standard
BRP6336064-140 panel the distarigédbetween the PV cells is set to 25mm. A panel
with four columns at different distance®=20, 30 and 50mm) was specifically
manufactured, to measure the effect of the celkipmby on the antenna reflection
coefficient. The distance between cells along #rical direction is set to 25mm.
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Fig. 4.14. - The BRP6336064-140 PV panel used for testing ®8A. The panel is made of four columns at
different distance: D=20, 30 and 50mm. The distabeveen cells along the vertical direction is teet

25mm.

Measured values of SSAreflection coefficient are plotted in Fig. 4.15r fthe
isolated antenna (without the glass layer) and wherantenna is attached on the back
of the PV panel, at the 133mm-wide space at thddyaf the panel (Fig. 4.14), in order
to maximize the distance from the cells and so mize their effect.

Measured Reflection Coefficient, dB
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Fig. 4.15. - Measured reflection coefficients of the propos&SEA, with and without the cover glass, and in
presence of a reflector at a distance of R=30mm.
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The miniaturization effect of the 8mm-thick glassyédr is evident, while the
variations introduced by a reflector at a distaRe80mm are much smaller. The cover
glass layer determines a frequency shift of ab&@@MHz. Subsequent to the above
preliminary measurements, a fine tuning of somengdacal parameters was used to
get a return loss greater than 10dB in the wholedbaf interest, in presence of a
reflector at a distancB=30mm form the panel bottom. Final geometrical galare
shown in Table Il. Reflection coefficient measuremseare shown in Fig. 4.16, when
the slot is attached on the back side of the P\épampresence of the metallic reflector
at a distance oR=30mm, and at different distances from the nead\cé@lls; indeed,
the slot antenna has been measured when positairted center of the room available
between the four columns that are separated bystantieD=20cm, D=30mm and
D=50mm.

—— S” @ D=20mm with reflector
=S, @ D=30mm with reflector
w— =S @ D=50mm with reflector

GSM."U MTS Band

{ AW

1200 1400 1600 1800 2000 2200 2400 2600
Frequency, MHz

Measured Reflection Coefficient, dB

Fig. 4.16. - Measured reflection coefficient of the TSSA byyiag the distance between the slot and the
nearby PV cells (the slot is positioned at the @enf the room available between adjacent colunirR\b
cells, Fig. 4.14). The metallic reflector is plda a distance of R=30mm from the panel bottom.

TABLE Il
PV PANEL INTEGRATED PROTOTYPES

TSSADIMENSIONS(MM)

N 200 A 42.5
M 70 B 49
L 105 C 54.3
W 14.5 R 30

If the specific application requires a bidirectibnadiation pattern (as that about solar
fields and mentioned in the Introduction) the retite can be removed. The absence of
the metallic reflector results in a slight impedamoismatching (Fig. 4.17), which can
be recovered by varying some of the antenna gemakparameters, as for example the
lengthC (see Fig. 4.4).
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Fig. 4.17. - Measured reflection coefficient of the TSSA bgrying the distance between the slot and the
nearby PV cells (the slot is positioned at the @enf the room available between adjacent colunirB\b
cells, Fig. 4.14). The metallic reflector has besmoved.

A possible approach to improve impedance tunindpauit changing slot geometrical
parameters consists in moving the slots with resfpethe nearby cells, for example by
shifting the slot along the direction of its longexis f/-axis) In Fig. 4.18, the reflection
coefficient of the antenna placed in three différpasitions A, B, andC) is shown,
when the distance between two solar cells columms=R0mm, which corresponds to
the worst case in terms of impedance detuning &itj/). InPosition A the centers of
the slot antenna and solar cells are aligned allo@g-direction (Fig. 4.18a). Instead, in
Position Bthe slot center point corresponds to the symmeeter of a group of 4 cells
(Fig. 4.18b). TheéPosition Cis a intermediate position betwearandB.
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it ' om
: L AL T 22 ix GSM/UMTS Band
i — PE :
i i ;2 4 Q§ < > - :'\;
| u_ £ L 3 ‘f
’ i : 8 6 {q
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: I E'“_l : = x lI Sl1 @ Position C
| ! -16 :
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Fig. 4.18. - Measured reflection coefficient of the TSSA byyiag the relative position of the slot antenna
with respect to the nearby solar cells, along taeig. Different position were considered. The BasiC is a
intermediate position, between Position A and B.
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Measured results in Fig. 4.18 show that a smalft shith respect to they-axis
represents an effective parameter to match thenaateiithout changing its geometry
Moreover, this effect must be considered when aangement of slots is used to
implement a linear array along tlyeaxis, since the input impedance of each array
element will be a function of its relative locatiaith respect to nearby cells.

4.3.2 Measurementsresultsfor the SSA prototype

A 180-W-RSP180S-50M PV panel [76] was employed heck the SSA input
impedance for different locations of the antennthwespect to the panel surface (Fig.
4.19). The 1580x808 mhpanel consists of 72 monocrystalline silicon octajcsolar
cells (125x125 m#A); a 25mm-thick aluminum panel frame can be empulayefix the
panel on a supporting structure. In the top andobotside of the solar cell matrix, a
4mm-thick cover glass and a 1mm-thick Tedlar® fiame present, respectively. The
available space between each 4 octagonal solargrellp is & =30mm-side square.
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Fig. 4.19. - The RSP180S-50M PV panel used for testing the SB. J-side square space (Fig. 4.2b)
between cells is 30x30mm2.
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WiMAX Band
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Measured Reflection Coefficient, dB

Fig. 4.20. - Measured reflection coefficient of the proposed\38ached to the back side of a PV panel, with
and without the reflector (the reflector was atsiahce H=20mm or H=30mm from the FR4 bottom).

Fig. 4.20 shows the measured reflection coeffictdrthe SSA when it is attached on
the PV panel backside, with and without a reflec#an aluminum reflector can be
easily fixed to the metallic frame, at a distan¢ealbout 20mm from the FR4 bottom
side. In the prototyping stage a decreasing ofstind length § was necessary, by
setting this parameter equal to 12.3mm. The medsefection coefficient (Fig. 4.20)
of the integrated antenna without the reflector wal®w -14dB in the band of interest.
The presence of a reflector resulted in a slighgnmaitching and in a frequency shift.
Anyway, the antenna reflection coefficient wad sdlow -10dB in the whole WiMAX
band.

4.4 Conclusions

Two slot antenna configurations have been optimieéit the room between adjacent
PV cells of a class of commercial PV panels. Adinslot (three-stepped slot antenna)
with width of 13 mm and length of 94.2 mm can aghia return loss greater than 10dB
in a 24% percentage frequency bandwidth, like thequired for GSM/UMTS
applications. Moreover, a square slot with a sidaler than 20mm can be used to
implement an antenna operating in the 3300—3800M#MAX bands. The cover glass
layer of the PV panel has been employed to achaeveffective and valuable antenna
miniaturization. Experimental investigations oneamta prototypes attached to real PV
panels have been used to evaluate the effect [ wearby the slots. Moreover, the
presence of a reflector has been considered targenidirectional radiation pattern and
increase antenna gain. The proposed slot anteremassent low-cost and compact
solutions, which can be integrated into existing pahels with a relatively easy
mechanical process.
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5 Dual-Band UHF-RFID/WLAN
Circularly Polarized Antenna for
Portable RFID Readers

51 I ntroduction

I N recent years, RFID (Radio Frequency Identificatiorgpidly attracted a
considerable attention as an effective and low-taseling technology, in supply
chain management, logistics and access controluber of frequency bands have
been assigned to the RFID technology: 125 KHz (lfimguency band, LF), 13.56
MHz (High frequency band, HF), 866-928 MHz (Eurapeand FCC Ultra-high
frequency bands, UHF), 2400-2485 MHz and 5725-34Hz (Microwaves, MW). In
this context, dual-band antennas have been inagstigfor different frequency bands
and/or applications: HF/UHF [77], UHF/GPS [78], UNW [3]-[84] and MW-
2.4GHz/MW-5.8GHz [85]-[89]. Among them, those dbahd antennas that are
suitable to operate at both the UHF-RFID and 2.4®BH&lzds are of specific interest for
portable readers, as they enable the RFID readé&amsmit collected data toward a
management data center through a wireless localreggvork (WLAN). The dual-band
(FCC UHF and MW bands) antennas that have beermexsin [3]-[82] are linearly
polarized antennas. In [3], the dual-band functibnavas obtained by combining a
single patch with an aperture in the antenna grquade; in [4], an annular plate with
curved rectangular slots has been designed; finatlyaperture-coupled patch and a
marquise-brilliant-diamond-shaped patch have beeopgsed in [81] and [82],
respectively. On the other hand, in order to mdieRFID tag detection and WLAN
link performance independent from the handheld eeagrientation, a circularly
polarization is preferred, at both frequency bardss feature was achieved in [7] by
resorting to two circularly polarized stacked patghwhile two concentric ring radiators
excited through coupling apertures have been stedes [84]. The antennas in [7]-
[84] exhibit an extent of about2xA/2xA/40, wherel is the free-space wavelength at
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the UHF-RFID central frequency. A more compadbki/5x1/50) and low-cost dual-
band antenna solution for handheld readers waepiexs in [78], where two circularly
polarized printed quadrifilar antennas at UHF RRHD2-928MHz) and GPS (1575
MHz) frequency bands, concentrically arranged, hheen designed. This compact
solution presents four orthogonally arranged TLXu®strates for the lower band (UHF
RFID) and an FR4 substrate placed parallel to tbargl plane for the higher frequency
band.

In this Chapter, a compact, low-cost, dual-portldugand circularly polarized antenna
is presented for UHF-RFID (FCC UHF band, 902-928 2)lldnd WLAN (2400-2480
MHz) applications. Two radiators (a series of fawerted-F meandered monopoles
and a miniaturized patch, for the UHF-RFID and WLABIuency bands, respectively)
are printed on the same side of an FR4 substrateroper layout optimization was
needed to mitigate the mutual coupling between rlearby radiating elements.
Reflection coefficient and isolation parameter hdeen investigated. The achieved
antenna compactness (60mmx60mmx7mm, corresponaliaigouth/5xA/5xA/50 at the
UHF RFID central frequency of 900MHz) allows for aasy integration in handheld
UHF-RFID readers. Furthermore, the measured radigpiatterns and axial ratio (in
both the operating frequency bands) are shown amgbared with the simulated results.
Simulated results have been obtained by CST Micvev&udio.

5.2  AntennaDesign and Performance

The antenna is composed of two FR-4 substrdtagef 1 andLayer 2in Fig. 1)
separated by a distanekthrough a set of 4-pin headers. The distdtia@an be used to
effectively control antenna gain performance.Lbyer 1top surface (Fig. 2a), four
identical inverted-F meandered monopoles operaahghe UHF-RFID band are
realized. Each monopole is 65.4mm long, but 7 meentave been introduced to fit
the available space; thus, their actual ledgtfeduces to 48.2mm (73.7% reduction).
Each monopole inputéyer J) is close to an antenna corner, at a distancenofi 4rom
the edge, and is fed by a microstrip lineayer 2 that implements the sequential
rotation technique [90]-[91]. The sequential raiatiechnique consists in sequentially
rotating each element together with imposing a &@set in the feed excitation phase.
Sequential rotation feeding is effective to improeeoss polarization (circular
polarization purity) and radiation pattern symmefriie feeding network is realized on
the Layer 2top surface and has been designed with a singte(port 1) in the middle
of the substrate; 4-pin headers have been usedniwect the two layers. The antenna
ground plane is in théayer 2 bottom surface. A detailed representation of the
connection between the feeding lineayer 2 and the feeding pin is shown in Fig. 3. In
each of the 4-pin headers, one pin connects théinigenetwork to the monopole,
meanwhile another pin connects the monopole dstalyer 1) to the Layer 2 ground
plane, thus working as a shorting pin. Two othe@sgre not connected to the radiating
structure, but they give mechanical robustneshéoantenna and set the distamte
between the two substrates. Since the feedingdm the ground plane have been
realized onto two opposite surfaced.ayer 2 the feeding pin would result shorter than
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the other pins of a length equal to 1.53mm, whiolresponds to the FR-4 substrate
thickness. To simplify antenna realization processia has been realized in thayer

2, and the electrical connection (soldering) betwiwenfeeding line and the pin header
occurs in the.ayer 2bottom surface.

A WLAN miniaturized patch antenna has been realiagdexploiting the available
space between the four meandered monopoles, withorgasing the overall antenna
volume. AW-wide circularly polarized square patch has beesigned on the same
surface as for the meandered monopdleyd€r 1. Since the available space (among the
four meandered monopoles) was not enough for aerdgional patch operating at
2.4GHz, four cuts at the patch corners have beteoduced in order to decrease patch
resonance frequency [92] (so reducing the patctaceiarea of about 30%). The patch
cuts are asymmetric (C=2.3mm, D=1mm), in orderatdiate a CP field. Thanks to the
patch miniaturization, the design of the meandaredhopole layout is only slightly
influenced by the presence of the patch. The pat¢hnna ground plane, 30mmx30mm
in size, is printed on the bottom surfacelLafyer 1 A narrow frequency band of the
axial ratio is expected for the WLAN antenna, asdonventional miniaturized patch
[92]. It is known that the adopted miniaturizatitechniques (the meanders in the
monopoles and the cuts in the patch) reduce trenaatgain. Thus, a trade-off between
the antenna miniaturization and the achievable maxi gain has been considered in
order to guarantee satisfactory WLAN connectivitg dag reading range. Antenna cost
and complexity have also been considered.

Dipole antenna Patch antenna Dipole antenna
[UHF-RFID band) (WLAN band) (UHF-RFID band)

N4 W N4
[ <« . — Shorting Pin
Z ! )
! X T !
- a =~
y L | “1.“1

Ground Plane
"T[WLAN band)

< Ground Plane
(RFID band)

Coaxial Cable = Coaxial Cable Microstrip feeding line
[WLAN band) (UHF RFID band) [UHF-RFID band)
Fig. 5.1. - Stack-up of the proposed dual-port dual-band &Ergupolarized antenna.

Ground Plane (WLAN band},
layer2 bottgm side

S-.., é_-

Patch Antenna Meandep;ddrpoke
(WLAN band) (UHF-RFID band)

(a) (b)

Fig. 5.2 - Antenna top view: (a) Layer 1 and (b) Layer 2
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Isolated € — °
-,

Connected to
the feeding line

> Feeding line

= \ias

» Shorting pin

Fig. 5.3. - Header pins connection between the meanderedpotes, feeding network and ground plane, for
the proposed dual band circularly polarized antenna

In Table I, the final values of the antenna georma&tparameters are shown.

TABLE |
ANTENNA SIZE (mm)

DUAL BAND ANTENNA FORPORTABLERFID READER
A B C D L P R S W H

5 2 4 7 7 2
2 e 3 1 8 ! .8 .8 7.7 !

The antenna has been optimized for the FCC UHF R#dDd (2.8% percentage
bandwidth). Anyway, by properly increasing the efige length of both the meanders
(A andB parameters) and thé4 transformer in the feeding line (Fig. 5.2),9tgossible
to obtain an antenna design operating in the narayF RFID ETSI band (865-868
MHz, 0.34% percentage bandwidth). The patch grquiade size and shape have been
optimized in order to reduce the mutual couplingMeen the patch and the monopoles.
For the same reason, the patch sides are 45°doiatie respect to the four meandered
monopoles (Fig. 2).

In Fig. 5.4, the surface current peak on the patuth the meandered monopoles is
shown, at 915MHz and 2440MHz whPBortl andPort2 are fed, respectively (the input
port that is not fed is connected to a matched)loadow coupling level between the
patch and the meandered dipoles can be noted.
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Port 1 (915MHz) Port 2 (2440MHz)

Fig. 5.4. - Surface current peak for the proposed dual-baralilerly polarized antenna, at 915MHz (Portl
fed) and 2440MHz (Port2 fed).
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Fig. 5.5. - Reflection Coefficient of the proposed circulapglarized dual band antenna for the UHF-RFID
band, when the WLAN patch is either present or nedo

In Fig. 5.5, the reflection coefficient Rortl is shown, withand without the presence
of the WLAN patch. A 15 MHz frequency shift of tla@tenna resonance occurs when
the patch is removed. In the design process, almateh effect has been easily
compensated by a fine tuning of the length of tieamadered monopoles. In Table II, the
simulated gain in the broadside direction and #wkation efficiency for the UHF RFID
and WLAN band are shown. The simulated 3dB axi@b r@gercentage bandwidth in the
two bands of interest results to be 3.1% and 0.9%.
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TABLE Il
SIMULATED ANTENNA PERFORMANCE

Gain Radiation Gain Radiation

fIMHZ [dBic] Sty | A [dBic] Efficency
905 -1.6 38% 2400 1.5 33%

910 -1.2 35% 2420 1.6 34%

915 -0.5 45% 2440 1.7 34%

920 0 48% 2460 1.7 34%

925 -0.1 50% 2480 1.8 34%

5.3 Expeimental results

A prototype of the dual-band UHF-RFID/WLAN antenfaa portable readers has
been fabricated; photos of the RFID feeding line #me two radiating elements are
shown in Fig. 6. Both measured and simulated resattthe reflection coefficient and
port isolation are shown in Figs. 7-8, exhibitingeasonable agreement. The measured
reflection coefficient (below -14dB in both the UHRFID and WLAN bands) results to
be lower than the simulated one, and it is probahlg to the losses in the FR4

laminate.
The measured port isolation is greater than 25 miBath the UHF-RFID and

WLAN frequency bands. Radiation pattern measuresnbave been performed in the
anechoic chamber of the Department of Electricadjiigering of the University of
Oviedo. In Fig. 5.9-Fig. 5.10 the measured radmpatterns (for both antennas a right
hand circular polarization has been consideredhetXZ and YZ planes, at 915MHz
and 2440 MHz when thPort 1 andPort 2 are fed, respectively, are compared with
numerical simulations. The maximum gain in the bedde direction Zaxis) is -
0.6dBic in the UHF FCC RFID band and 1.2 dBic ie tWLAN band. The measured
HPBW is about 80° and 85° in the XZ plane and Ya&ngl, respectively, for both the
operating frequency bands.

Fig. 5.6. - Prototype of the proposed circularly polarizedléhend antenna: (a) the feeding line on the top
side of Layer 2 and (b) the two radiating elememtshe top side of the Layer 1.
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Fig. 5.7. - Simulated and measured reflection coefficienhsnWHF-RFID and WLAN bands.
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Fig. 5.8. - Simulated and measured isolation betwertl andPort2.
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Fig. 5.9. - Simulated and measured radiation patterns (ca-polaponent) in the (a) XZ and (b) YZ planes,
at 915 MHz (central frequency for the UHF RFID bgpidhen Port 1 is fed and Port 2 is matched.
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Fig. 5.10. - Simulated and measured radiation patterns (ca-golaponent) in the (a) XZ and (b) YZ plane,
at 2440 MHz (central frequency of the WLAN bandyhen Port 2 is fed and Port 1 is matched.
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Measured and simulated antenna axial ratio in tleadside direction is shown in
Fig. 5.11. Moreover, the axial ratio in the XZ a¥id planes (Fig. 5.12-Fig. 5.13) is
below 3dB in a beam of at least 60° around theadsme direction, for both
applications.

10 -

== Simulated

=8=Measured

Axial Ratio, dB

[l vl [ ' i | |

904 908 912 916 920 924 923 2460 2420 2440 2460 2430
Frequency, MHz

Fig. 5.11. - Simulated and measured Axial Ratio in the antdmoadside direction for the RFID UHF and
WLAN frequency band, when Portl and Port2 is fedpectively.
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Fig. 5.12. - Simulated and measured Axial Ratio in both XZ g&dplanes, at 915 MHz (central frequency of
the UHF RFID FCC band).
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Fig. 5.13. - Simulated and measured Axial Ratio in both XZ &dplanes, at 2440 MHz (central frequency
of the WLAN band).

54 Conclusions

A compact, low-profile, low-cost, two-port dual-lwhaircularly polarized antenna for
UHF-RFID and WLAN applications has been designediictv is suitable to be
integrated in the PCB of a portable reader. Théatind) element for the UHF-RFID
band (902-928 MHz) has been realized through auleircarray of four inverted-F
meandered monopoles, where the array elementsxared with a 90° phase offset
(sequential rotation feeding technique) throughi@astrip feeding network. In order to
also provide the portable reader with a wirelesb aecess, a miniaturized CP patch has
been added for the WLAN IEEE 802.11b,g radio link.exploiting the available space
between the four array elements, without increading overall antenna volume
(60mmx60mmx7mm). The patch loading effect on thexopoles can be compensated
by adjusting the meandered monopole length (medssoéation is greater than 25dB).
Reflection coefficient, port isolation, axial ra@md radiation patterns are evaluated by
numerical simulations and compared with measuresnent an antenna prototype.
Reflection coefficient, port isolation, axial ratiand radiation patterns have been
evaluated by numerical simulations and comparett wieasurements on an antenna
prototype. Despite of the limited antenna volumepd) performances have been
measured.
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Conclusions

In this dissertation, the mutual coupling effecairsalyzed and studied in a number
of wireless systems for identification, sensing aachmunication.

In Chapter | and Chapter Il low-cost and low-pmfidntennas for Near-Field UHF
RFID desktop readers have been presented. Themanargolutions have been designed
and optimized to maximize the field generated anahtenna surface and up to few tens
of centimeters from the antenna. This allows faniting the far-field radiation and then
avoiding the undesired detection of farther tagls@-positive).

Furthermore, in biomedical engineering applicatjiossveral devices used to
monitor the real-time human health conditions make of the electromagnetic near-
field coupling. Specifically, several systems amanerical methods have been designed
to estimate the internal human status. In Chajitest hovel method suitable to estimate
the internal human tissues condition (i.e. estintis®ue permittivity variations due to
the presence of lung water content or tumor massescribed, and the mathematical
approach used in the accuracy analysis is repohtedddition, numerical results are
shown and commented.

In Chapter IV, antennas for GSM, UMTS, WiFi and WAM applications are
presented. Specifically, they are optimized to b#egrated in a commercial
photovoltaic panel, exploiting the available sphetween solar cells and taking into
account the near-field interaction with other elame(e.g. other radiating elements,
glass layer or close solar cells).

Finally, in Chapter V a dual band antenna integtatean UHF RFID handheld
reader is presented for UHF RFID and WiFI applmadi In this case, the near-field
coupling between the two radiating elements repitssan undesired effect that limits
the overall system performance. To face with thifect a proper geometry
optimization is chosen for the two radiating eletsemesulting in a good compromise
between antenna performance and occupied volume.
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