- 1 - RADI O FREQUENCY TRANSPONDER SYSTEM FI ELD 5 The present invention
relates to a radio frequency transponder, a radi o frequency transponder
system and a process perfornmed by the system In particular, the
transponder is passive and the system may be used for identifying and
tracking itens where the transponders are in close proximty, such as when
applied to books of libraries. 10 BACKGROUND Radi o frequency identification
(RFI D) systens are based around the use of an RFID tag which is a radio
frequency transponder attached to an ob} ect and used to store a unique
identification code for the object. The code is read fromthe tag by an

RFI D reader of the 15 t in libraries use
an RFID tag that incl ui%*é)l(@&%%@h@%ﬁﬁiﬁ%hﬁﬁmS%ﬁ&r sem conduct or
chip that stores the unique identification code for the tag. In Australia,
only about gg/l%ﬂ) public libraries currently use RFID systens for

i dentifying itenms they hold. It is considered that one of the reasons
for the relatively | ow adoption of RFID systens within libraries is the
cost of the tags. The primary cost 20.associated wth tags i ncludi
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bar codes a ahispbreles afefih Blosysbamitg Susthasuthen hpplied & hoeksaiibidries.r ead range
(e.g. 30cm and use tags that are small in size, flexible and printable to
reduce cost. Surface acoustic wave RFID tags have been adopted, but are
rigid and bBAIGKGRRUNP t hem unsuitable for many applications, particularly
inlibraries where the itens, or assets, wth tags are stacked in
arrangenents where the tags are in close proximty. 30 - 2 - when
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reader whenideniferiiogatdedr themdidser Therfoge Bgerdtipn the dae e BEPTeskbpidhed

| neLUdesi A SRINES Ml RERS kfhontd %ﬂ{;ﬁBWdelﬁ IWRRIS ySAGH RFSD (65 ARARchAbs @n 5
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particularly in ITbraries. Iculties also arise in printing the proposed
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RFI D tags that have been proposed are their limted gg{,ornatl on carrying
capaci t y20( oassgeigedyvithstegpinclpding migsprenolicedh e SdgoemioRd i85t s for frequency
dormai n responses) and the efficiency and accuracy of the RFID readers used

with the tagz; The reader systens shoul d be abl e.t%a {xi) corrpeglsdate for the
limted 15 ajshipless) RFD;tag icrdt rapmpopftthat Ahpaseive it Patl d9es 105 MR BRI ess
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flexible and printable to reduce cost. Surface acoustic wave RFID tags have been adopted,
but are rigid and bulky making them unsuitable for many applications, particularly in
libraries where the items, or assets, with tags are stacked in arrangements where the tags
are in close proximity.
30
A chipless RFID tag has been proposed which consists of a set of resonant dipoles and



SUMVARY Accordi ng to one aspect, the present invention provides a radio

frequency transponder, including: 25a substrate; and at | east one
pl anar antenna on said substrate, said antenna having a shape determ ning a
correspondi ng resonant frequency of said antenna; wherein said

antenna causes a phase difference between backscattered signals generated
in response to excitation of said antenna by orthogonally pol arised
interrogation 30 signals at said resonq?t_ frequency, and sai d phase
difference represents a code of said anfenna. - 3 - The present invention
al so provides a radio frequency transponder system including: the

t ransponder ;_,and . reader for nerating t i nter tign signals
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and determ %iﬁln%é ‘ggecl%gfeél%%frﬁ%nkg‘%@?c gﬁg]%bﬁzlégﬁuiawgﬁ m Btrﬁg%eﬁglﬁ? g{e%lﬁgoe of said
backscat t er edntgiggthalpsoposd BESORIMPES WhenObe THEINDRAW NOStuprsedapreperdedettbadi ment s
of the presgﬁ&ognqug Jr9 18y € hereinafter described, by way of exanple only,
with reference to the accohpanyi ng draw ngs, wherein: Figure 1 is
a bl ock ¥ agram of an enbodi ment of a radio frequency transponder 25 system
accor di ng t@tﬁe@ﬁmﬂgﬁﬁgg&oéiﬁ&gaﬁh Mplef PifaBle RFS thps HafBR B prépoatdie | 0aded
mcrostrip patch antenna for a tag, Figure 3 is a graph of return signal

| oss agai nsthefrrlisejted drefprofagipn eaeyingrraprmiy (oY Ribifs fa tipie domain responses and 34

bits for frequency domain responses) and the efficiency and accuracy of the RFID readers

used with the tags. The reader systems should be able to: (i) compensate for the limited
15  capacity of information that can be extracted from a chipless RFID tag; (ii) read multiple
chipless tags in close vicinity; and (iii) discriminate between the items the tags are applied

to quickly and efficiently.

Accordingly, it is desired to address the above or at least provide a useful alternative.
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SUMMARY

According to one aspect, the present invention provides a radio frequency transponder,
including:
25 a substrate; and
at least one planar antenna on said substrate, said antenna having a shape
determining a corresponding resonant frequency of said antenna;
wherein said antenna causes a phase difference between backscattered signals
generated in response to excitation of said antenna by orthogonally polarised interrogation
30 signals at said resonant frequency, and said phase difference represents a code of said

antenna.



Figure 4 is a graph of the relative phase of the backscattered signa

agai nst stub 30 length of the antenna of Figure 2; Figure 5 is a diagram of
an enbodi ment of a radio frequency transponder according - 4 - to the
present invention; Figure 6 is a graph of the phase difference

bet ween backscattered signals in two orthogonal polarisations against
absence or presence of stubs on antennas of the transponder of Figure 5,
for different resonant frequencies; 5Figure 7 is a diagramof a dual

pol ari sed stub | oaded mcrostrip patch antenna for a tag; Figure 8
is a graph of return and insertion | osses agai nst frequency for the antenna
of Figure 7; Figure 9 is a radiation pattern for the antenna of Figure 7;
10Figure 10 is a graph of the phase of the backscattered signal agai nst
frequency ailbe fresentinfdngipealto srovibeslaaadje Frequenty ttanspoadsr eystean, afchFingur e 7;
Figure 11 is a di . wo- by-two array of patch antennas of Figure 7,
Figure 12 is a g%ggéﬂ@¢ﬁ$%g?%tion characteristics (boresight gain and side
| obes) agai nst e eswdert fos egpmarating ghe firderraghiéonasipeals ofd Riadjog dhel backsratier@br ner s

| ayout; IL5F; ' iation pattern for the array of Figure 11

Fi gure 1% igg%&gfégﬁ&%ﬁﬁ%éggation characteristics (boresight gain and side
| obes) against elenent translation distance for positions of antennas in
the array; i - 15,41 all 3 kst CSy

(bor osi gni S8 Reogis MIickp ok pvAEER hal ol e AR B  EY oy of
Fi gure 11 i AcquenSeanipopdirtinclpdim:gure 16 is a graph of the phase of the
backscat tered S!eﬂ@x@ﬁueﬁxgsp%t&hﬁe At Or %gﬁénﬂﬁﬁngﬁo%ﬂgdq%erﬁiégﬁd'n_eEigﬁdlé/%n& o stub
| engt h; Figure 17 is a graph of backscattered phase difference

agai nst ¥t utsceieing berkpegticred aznpt feamm e GAnsppRyler B 15Pa98: He array of Figure 11;
Figure 18 is a dj agﬁﬁrpr&fess%@ SIPRHIERAInRE Lcddli §tl 88 SratdhBNRP RHEPhAM t h Si X
two- 25 by-two patch antenna arrays, according to the present invention;
Figure 19 i@ﬁémﬂwaéfﬁﬁﬁﬁ*“éﬁa@ﬁﬂéﬁ¢%ﬁnt of the radi o transponder system
Figure 20 is a block diagram of a reader of the radio transponder system

Figure 21 is a diagramof an antenna of the reader; fi%uye 22 is a block
di agr am of {hfePrpssEBYnF PR OHdGT dihe reguencygrocessy, peluding:
15 transmitting polarised interrogation signals;

receiving backscattered signals from a transponder in response; and
determining a code of the transponder from phase difference of said backscattered

signals.

20 DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention are hereinafter described, by way of
example only, with reference to the accompanying drawings, wherein:
Figure 1 is a block diagram of an embodiment of a radio frequency fransponder
25 system according to the present invention;
Figure 2 is a diagram of a stub loaded microstrip patch antenna for a tag;
Figure 3 is a graph of return signal loss against frequency for the antenna of Figure
2;
Figure 4 is a graph of the relative phase of the backscattered signal against stub
30 length of the antenna of Figure 2;

Figure 5 is a diagram of an embodiment of a radio frequency transponder according



30Figure 23 is a graph of frequency against tine illustrating frequency
nodul at ed conti nuous wave signal analysis for transmtted and received
signals of the reader. - 5 - DETAILED DESCRI PTION A radi o frequency
transponder system 100, as shown in Figure 1, is used for radio 5 frequency
identification (RFID) applications. The system 100 includes RFID tags 102,
at |l east one RFID reader system 104 for interrogating or reading the tags
using radio frequency interrogation or_gxcitation signals, and an
application system 106. The application system 106 is a conputer system
such as produced by |BM Corporation or Apple Inc., having m croprocessor
circuitry, Il e nmenory, and a data 10 communi cati ons

connecti on gf?ﬁg%%%tﬁga §$§ 104. The application system 106 stores and runs
appl i cation and Biawalaise graifh ofcthe phase gifigreaesbaivecn rcksoitivend sgnaly in ddieler 104
and record SHGI ' jte S ] t.ags 102
are pIaced.g%%%mgélgﬁéggﬁggm%%gmﬁgggh%ogpég£%hg ?@g?gﬂf%g%ﬁ%P%bggg a
passi ve and tepippndesef HigureS, for differgnt resopant fressiontiesol | er or i cr opr ocessor)

radi o frequency kiEaRIRONEREMNAL a3 Pbisch sBllchiEy Il f JaftahRpnCRds for
each tag 102. The code Is Obtained fromthe phase data of the back
scattered siahal fromthe transponder in two orthogonal polarisation planes

when the 20 trangpaRQes o bspRYEichRd allindeRhnQodELGHBRMqhdHc P fdr ABdnkARa Si gnal s
produced by the reader 154. The tag 102 includes an array of stub | oaded

mcrostrip PEfiEHednt ennas printed on a dielectric substrate using

el ectrical |y COnelgh by, hasion e tisiind ARARLIHIELOSL 11 p patch 25 antenna
(SLMPA) of the tag 102 . is based on a mcrostrip patch antenpna 202, shown in

Fi gure 210 The anfigRd0 Fopemelsolihephash ¢fithe Rackcatigicd ienekagginstifayensy and
substrate 2@4qiffeamt dub RASh Ok the Whtdida ofF@ad 72 stub 206 which is used to | oad
the antenna. The_stub 20 ,is,tyg{cally relativelg thin wﬁﬁh rgspect to the
di nensi ons of saiigght Srfieerg plo oy e ayesp! peigh agfennapailige Znd Exper i nent
on Differential | pighkiigen aMiEsost fatiipiNERABRS stics |(Elksigl gdinamd sidModys) Vol .

55 no. 10, 2007 2701-8 ('Zhang"),.the antenna 202 is governed by the
fol | owi ng eﬁ%f&?f%%geqﬁqpa’é‘t‘%@égﬁeé’g@)%éwﬁi j eteseryayouliasonant free space

wavel engtsh - 6 Figlte @Rt ar@diddion\patigpe fofitetakrdy bfFigirewhy ch enabl es the | ength
g? drr\glt g; Ih ai[ ;) , bﬁ E:{g\%ee g'[flel(sj abgarestp%do rgdigﬁosnetlzh%rca%’%gst%gl(goergsig% ggll;l agxld's?de lgglees) choi ce
against element translation distance for positions of antennas in the array;
Figure 15 is a graph of radiation characteristics (boresight gain and side lobes)
against element separation for the array of Figure 11 in a NSEW layout;
20 Figure 16 is a graph of the phase of the backscattered signal from the array against
frequency and relative to stub length;
Figure 17 is a graph of backscattered phase difference against stub length for the
antenna of Figure 7 and the array of Figure 11;
Figure 18 is a diagram of an embodiment of a chipless transponder with six two-
25 by-two patch antenna arrays, according to the present invention;
Figure 19 is a diagram of an embodiment of the radio transponder system;
Figure 20 is a block diagram of a reader of the radio transponder system;
Figure 21 is a diagram of an antenna of the reader;
Figure 22 is a block diagram of the reader reading a number of tags; and
30 Figure 23 is a graph of frequency against time illustrating frequency modulated

continuous wave signal analysis for transmitted and received signals of the reader.
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DETAILED DESCRIPTION

A radio frequency transponder system 100, as shown in Figure 1, is used for radio
frequency identification (RFID) applications. The system 100 includes RFID tags 102, at
least one RFID reader system 104 for interrogating or reading the tags using radio
frequency interrogation or excitation signals, and an application system 106. The
application system 106 is a computer system, such as produced by IBM Corporation or
Apple Inc., having microprocessor circuitry, computer readable memory, and a data
communications connection with the readers 104. The application system 106 stores and
runs application and database software to process data provided by a reader 104 and record

data associated with the items or assets on which the tags 102 are placed.

The RFID Tag

The tags 102 of the system 100 are each a passive and chipless (i.e. without a
microcontroller or microprocessor) radio frequency transponder that stores a unique
identification code for each tag 102. The code is obtained from the phase data of the back
scattered signal from the transponder in two orthogonal polarisation plancs when the
transponder is excited by radio frequency interrogation signals produced by the reader

104.

The tag 102 includes an array of stub loaded microstrip patch antennas printed on a
dielectric substrate using electrically conductive ink. The stub loaded microstrip patch
antenna (SLMPA) of the tag 102 is based on a microstrip patch antenna 202, shown in
Figure 2. The antenna 202 has a quadrilateral shape is printed on a substrate 204, has a
length L, width W and a stub 206 which is used to load the antenna. The stub 206 is
typically relatively thin with respect to the dimensions of said antenna. According to Y.P.
Zhang, "Design and Experiment on Differentially-Driven Microstrip Antennas," IEEE
Trans. on AP, vol. 55 no. 10, 2007, pp 2701-8 ("Zhang"), the antenna 202 is governed by

the following equations for a substrate with thickness 4 , resonant free space wavelength



5 W= 11" 2A W2Vvseff LW= 0.412t h (E ff+0.3)(- + 0.264) (s ,--0.258)(-L
0.8) 106+1 = ar , 12h 1-F- L To obtain a maxi mum transfer of power
fromthe antenna to the load, the characteristic i npedance of the | oading
provi ded by the stub 206 needs to be matched to be the same as the real
part of the input inpedance of the antenna. This is desirable to maxi m ze
the effect 15 that the load will have on the backscattered signal produced
when the antenna 202 is excited by the _interrogation signal. This allows a
conj ugate matching condition where the Poad ZL = ZA*, where ZL is that
antenna | oad i npedance and ZA is the antenna input inpedance. For

sinplicity, 5 mmecrostrip line is,used f t he. st 206 a accordi ng
to Zhang i ts/&oéfrggee t“ferpg%mﬁ Wétycégh%)v;}ggﬁ%tlﬁgﬁeeﬁﬁéﬁ S?CPWH@‘ g’ﬁtfeesﬁgﬁteggﬁse?s gi ven
by: 20 O f S@h aTeloQBvaliés oﬁé((?e.gheé&hoke_%?maf&\f@ﬂ Phand 7, 7 - For ease and cost of

fabrication the antenna is 1 oaded at its edge with’a distributed | oad
rather than a lunped | oad. The sinplest sort of distributed |load is an open
circuit mcrostrijp stub 206. The i npedance of the open circuit mcrostrip
stub 206 of e L (Stub Length), with characteristic inpedancgiyo, can
be cal culated y Epd Richard's 5 Transformation (as discussed in D.M Pozar,
M crowave Engi ngeni ng, Hoboken, NJ: John Wley & Sons, 2005) and is given
by: ZIN:5-./ZO cot (13*SL) 27r 10Tg-

W=t oW @
2\/e,
L
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AW =0.412¢ h 7
(5,-0.258)(;0.8)
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L

To obtain a maximum transfer of power from the antenna to the load, the characteristic
impedance of the loading provided by the stub 206 needs to be matched to be the same as
the real part of the input impedance of the antenna. This is desirable to maximize the effect

15 that the load will have on the backscattered signal produced when the antenna 202 is
excited by the interrogation signal. This allows a conjugate matching condition where the
load Zy = Z,", where Zy is that antenna load impedance and Za is the antenna input
impedance. For simplicity, a 50 Ohm microstrip line is used for the stub 206 and according
to Zhang its offset from the centre of the edge of the antenna 202 is given by:

20
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where .1,g is the guided transm ssion wavel ength. A SLMPA 202 was desi gned
and sinul ated using 3D el ectromagnetic sinulation software 15 that provides
a R ll-wave net hod-of -nmonments sol ver. The paraneters of the patch antenna
202 were L=39.2, W47, Ofset=7.4 and SL=0 (all in nm. The substrate used
was Taconic TLX-0 (si. = 2.45) with a thickness of 0.7874nm and the
conductor thickness was 17 um The sinulated return loss is shown in Figure
3. The sinulated results of Figure 3 shew a well matched antenna with a
return | oss peak of -24.9 dB at 2.4 GHz. The width of 20 the patch 202
gives rise to nultiple nodes being excited and the fundamental node for the
orthogonal g} aisk 234 b&0 of ﬁxbx‘!éa%bxbh)% adfenta @Tl;adea' Q@Itsbe’%%kmt tﬁgth&&ecpro%er ties
of the SMLPA 202 can be anal ysed using Radar Cross Section (RCS) anal ysis.
The practi c&hSpdame wgred Mads The SW@?‘%@ spyd i sdigiibusece tpad j iy el @pepr GiFHD5 an

SLMPA can b@m@eﬁh%( s&d 2oy, 'ﬁ%%ﬂ}aé&aﬁ& Jrhige fffem cGhAY ﬁs‘c}cﬁ{ripsgmb%acgf 1&d3en @Nt enna
202 when illumnated with ane wave linearly polarized in the E-plane.

The main ph&¥ed éﬁﬁgﬁbtﬁﬂhé@?@%ﬂﬁFcﬂ%@“%&@kgea%Pe‘%6“@#@%5W$P&épéﬁﬁié phase
shift tha d%@ﬂ%ﬁﬁatﬁﬂ (s BsciisePinl 880 PRzASMEROWe ER zEéeng§ &dbokethRyPRAsE shi ft

data in Figure 4 is shown relative to the backscattered phase of an SLMPA
202 with no Y&tsurk Pense?d9g) antieeiy %t i ve phase or phase 30 difference fol |l ows
a generally linear pattern according to the electrical length of the - 8 -

| oadi ng stub. There is sonme discrepancy due to inperfections in the

fabri cati onZpowev@rcot §él)ar e not significant. The tag 102 of the ©

t ransponder system 100 i ncl udes a nunber of SLMPAs 500, as shown 5 in
Figure 5, which have different respective resonant frequencies to enable

t he backgcat eP&d signal from each antenna 500 of the tag to be i qjated or
separated fromigach other. The tag 102 is interrogated in two orthogonal

pl anes using two excitation interrogation signals and the phase difference
bet ween the backscattered signal in the two planes is read and used to

encode and dgterimideliRedtdimibiogdattigpienna. Using a phase 10 difference
of two signals avoids fundanental issues associated with environment al

condi ti ons where the phase of the signal would change, and al so avoi ds

havi ng to detegrni he ati al Sltl n. of nt enna 500 th tag 102.
Each SLvPA S00 RN 2gh e PG S PRt B o et OnRae Sitiuiloy B8 o

t he two 155 dhat progidessd fumvmveme(hﬁd-oﬂnﬂmléﬁ)s safert Tie m@xaacteat ofcthe gatgrmﬂtcmd\n SLMPA
500 can be oded if.0 | oadi nt.e with no
stub in oneSp ane anagt{| ‘gt %%Se 2 %uh gga(; galf mgh'rﬁg ﬁ%ﬁ%tg (gwﬁnl gue

bit of codeTa&sméEIé( ed: wi2idd) ezahlatlacitnessnﬁ 05684 aannd ﬂemomctexthncau@edfaby
compar | ng t e 18& {ed ba? &? gs%'l% e%l?Flglge@al Bﬂf%{rﬁ\ngte& }qulgodf% aéu?laé :, on

st ates, iC trse represent 0. 20
The tag 10_28119&«{‘ﬂpw¢1$m3tchﬁd aatepilwmﬂ a tejurniosSpéaRAS -B00]B &< ‘bﬁHwﬁF herwithglire 5,
printed 24! 19 patch 202 gives rise to multiple modes being excited and the fundamental mode for the

orthogonal polarization is visible at 2 GHz.

The backscattering properties of the SMLPA 202 can be analysed using Radar Cross
Section (RCS) analysis. The practical operating limits of using backscattered signals from
25 an SLMPA can be analysed by examining the RCS characteristics of the antenna 202 when
illuminated with a plane wave linearly polarized in the E-plane. The main phase
characteristics of the backscattered signal include a phase shift that depends on the stub
length as shown in Figure 4. The phase shift data in Figure 4 is shown relative to the
backscattered phase of an SLMPA 202 with no stub loading. The relative phase or phase

30 difference follows a generally linear pattern according to the electrical length of the



el ectrically conductive ink on a paper or plastic substrate 502. The
antennas 500 are square so that the resonant frequency is the sane for the
orthogonal | y polarised excitation signals. Alternatively, the antennas 500
may be pol ygons of equal sides to exhibit this 25 characteristic. The
antennas 500 are of different lengths to correspond to respective different
resonant frequencies. The antennas are each | oaded by a respective
meandering stub 504 having a stub length_SL. The antennas 500 are printed
adj acent each other with set spacing between them Rather than sinply

| oadi ng the edge of each antenna with the stub, as shown in Figure 2, an
insert feed;dgind$&H. fxge; %%Hle%ﬁs‘#@ %Qﬂ'duér taeirﬂp&%@c&ltmsf £ AbriGAGH 30eARt enna
500 is characterised two para P rectangul ar recess sections in th

ant enna 500 they agept hgniligint nsert strip 506 having an insert length IL and an
insert wwdth IW The insert -9- 506 is edge |oaded by the nmeandering
stub 504. The stub 504 is a mcrostrip line that nmeanders away from and

back t owar ddh¢ 138 19hpEtha fraspondensysiepy WPendilss p apmbgriof SLARS S4hdstsbowncr ease

the stub's s;h@ﬁ%sé o, | Shitg ma@peﬂﬁa@ﬁ re'slbécew ngsohﬁﬁ gﬁéqubmdaﬁ%ﬁaﬂé qnbe
achieved with rter overall stub |ength 5 To illustrate operation of
the tag 102! ac&SO@?tf‘a?fhwwaé?mmhrﬁnteﬁ?ae‘é)O%ﬁlart@ tapgpakted 0psappeted fomeafiengt hs

(and wi dt hs})th’e?ﬁ e 43 1om @m@lteﬁf}ogmal #Ndv@ oStBEEInAgpiahies lusHp W@o%ﬁ&ﬁﬁ&r{ uct ed
so as to provide antennas with es ective resonan? frequencies of 2.52 GHz,

2.33 GHz anthtesrogatiopysiennls apdihg phpse Hé&&?&? beieghele bagk ?Fé‘é"ﬁﬂje?lglh‘blnstf‘ﬁﬁ"’%04 of

| ength 10. Opidfksid Rad Rl WedtdlerRodk dﬁmd_&&aﬁmﬂéjﬁﬁ@@atﬁ%féﬁbﬂraﬁ@ﬁ{ht £pgede a |
bi t eaglétt he absence ,of any, oadi.ng stub on the antenna 500 was used to
represen{ CHPEe. OTHEOt FEEpBYRRS MRARIH PTGy A5G t W ieRYEMPNb| ar i sed

i nterrogati wmdﬁiowaih&ehmwpl@s&off iRl Hgnal GHAAIS cRink€ Nir@daléd atdi@s HaviCtd ons El

and E2, hown | he phas eren e at boresight in the
electric flg p‘éscmof“;%] ﬁrﬁ ﬁ%‘gj?ré g d %)bt ained are shown in
Figure 6 when 15 d| ffer ent conbi nati ons of absence and presence of the stub

504 were used i.Ss. shows t hat ner el rocessing the fference as
Che 17 equontyy™ SNEARIRSE oo Frami abhaires BUane LA ORAB i quo
bi nary hist Soﬂ@gorbep}axésr(@q:hﬁxﬁ]ij)rcﬁmheaexbwoﬂ@%nalsIMgSBMQALﬁ@D&aszNB%d&DO The

phase differ nce.r e 104 however, ., varies betwee o 180,
and by using' ﬁisg1 “i ?é{d%an@s(? (gf‘ BlyE V\Elnﬂﬁ fub 1 Qp% %%’f‘b e tag
102 can be Eﬁ)gthlSE(ﬂnth@o&mﬁpld& althd iuhiqoasit ofkiogé tmbcmtétf witmhaﬁtenrﬁcﬁno exanpl e, a

si ngl e antenna 500 roduce .CO rising a hexa it if phase
i { Per encecir th S EaR M Fiegfe 1 SRR o° HEPeRi i EE Safifnr 1) brbhate

di f f er ence muldrizatgmfsfatas) e}mbh selpadiitisohby the ambi¢rd0é b byrechenyomny t he | oadi ng
of the apt enna by adjusting the length of the stub 504, for exanple by 1 to
2 nun for the exanple transponder. Therefore at each resonant frequency a
25 hexadeci Heltagli @i ¢on1paisesbné aphtaitneSIMbAs 500 at shgwh 0RFighre SRpiliided agngl 02 wi t h
n ant ennas feren ue rray

confi gurat |§o%%c%§ sﬁrﬁﬂ&u "E bif aﬁ?} {Pﬁglc a8 tga?(eagem ma% &a? %O€

obt ai ned bysqudre sq thatibe r@@ﬁ‘anv\ﬁmemdyes tha gark® for iths qrthpgcmtab}gaculwetbyxmhmon

ort hogonal Isy ' j and 104
scans acr oss “tgﬁe%‘l?%‘gdﬁéﬁ ws%%[rg]qs §?@9}%%%e§)%b§g%st aqg% éd\-/%g?%g% hésr code)
conpri si2ag chiecterities Bie edetmanAf®arachdiffereThingibe ¢qusprmiespept esemgestitehe

uni que

different resonant frequencies. The antennas are each loaded by a respective meandering
stub 504 having a stub length SL. The antennas 500 are printed adjacent each other with
set spacing between them. Rather than simply loading the edge of each antenna with the
stub, as shown in Figure 2, an insert feed is used for each stub 504. The insert feed of each
30 antenna 500 is characterised by two parallel rectangular recess sections in the antenna 500

to define an insert strip 506 having an insert length IL and an insert width IW. The insert



- 10 - identification data (or ID) of the tag 102. The reader 104 converts
the magni tude of the phase difference of the backscattered signals at each
resonant frequency f1 to fn into a digital hexadeci mal integer conprising a
code and repeats the process at the next resonant frequency, until the stop
bit of the codeword is found. 5 An alternative SLMPA 700 for use in the tag
102 is shown in Figure 7. This SLMPA 700 is square and is |oaded with two
open circuit stubs 702 and 704 whose | eggths are orthogonal to one another
and extend fromrespective and adj acent sides of the patch antenna 700.
This antenna 700 is dual -resonant and will exhibit a nmaxi nrum ant enna node

10 RCS at t higg glesdab %aé@ﬁp;}@pheatae%g%%yso@y 15els8Ht4 qswﬁctogtﬂgmé fpd the

characteristic inpedance © di scussed bel ow. antenna 700

has the advaeedses avyastirom ang hagkipvards ths @mms Sithtotimerope piratinleetfigiensy sod be
utilised as i@inkRELMRNGSE ARG PERN I8 p AL ﬁfo ggbﬁhﬁ)@@éng& to bOGenriyMPA 700

is again fabricated of conductive naterla an p aced on a dielectric

substrat e 706hakrEROYeslstbderetksn a conductive ground pl ane 708. An SLMPA 15

700 was designed to resonate at 6.12 GHz on a 1. 5 mmthick FR4 (Sr = 4.9)

substrate wth L = StubXL = StubYL = 1.5 mm and St ubXW = St ubYW
— 0. 2mm  OpdPatusapic @Perttw@ qfﬁtwctag tl 04cdragnendes el th@? BgparneL NP S¢awih

et hod- of - maent@tﬁqwcem v;s? 43h@inS iaTuhAL hN4 afnk snmr@aahg%?ct M%@n i nput
i npedance equal to that of free space at the end of the oadlngbstu S,

Por 1 at  t hETBAEEIS SO b Proie ADisATas 2 igh reptreieriaoBAnt SieqhreieT RE250 GEt v n

| 0ss obt ai ned3 @1z dnhe. 1BIAYRAN 7R drho QMﬂarieB Kingh®riBe stib 80Loft 10 mlolo and S22
pl ots ar g, the s nd the S21 and Si 2 plots are tgﬁﬁ me and the

subscri pfs ?@s‘e‘ﬂ% G wpiadd %fﬂ@ rBQi?SBHttan fgraode &l % Wagfeasigabsence of

t \r/]vo %I i me 35|H extyatloacﬁ@g:lstaﬁ b0 fhePtehd 5B W@rustd® BR6HKECAD bar athe Satpohder Was DOt h

t he an

shown n Fi.gure 9. Thi s sho ood retur | oss of
5.5 b ay Epasied 91 ppeitly PalaneetiSoShaton el ot B Lttt dor f L om
one port tothkslitthienobhesid B2, as3hown ﬁtBﬁnghe Iht eRd3a ditRSende gdtiofesipht th. the dBI |
and the radiati

.0 attern sho pbe radiating in. t rd normal
direction of® ?tﬂ%%ﬁlgt‘@?f t('lg f%ht?gaﬁfef reélﬁ | e e éﬁ‘?’fﬁ‘ insplﬁgréaf’t Wgersend and
recei ve i gdifle®ni d@nﬁ&ﬁhorﬁ@lf&lﬁsleﬁcﬁtahd)ﬁte&h@étﬁ'thdd&& J0achaie wsacmgﬁnequazts tan i s
given by p 2.17 PT 0703 r .4 (8 ere, PRz The receiye w
T The t r BRETREParochtae o sttt s g S IR o e PR st ance
bet ween t hefrequgndssd thréeeuri@adeihary Mits Tad lbe Rasard Eoass tagei2i aing( ReQ)arof t he
t ransponder varied wth L e ect
frequency a%@ﬁgééﬁ@ﬁOﬁmﬁPgﬁﬁgﬁéymigggﬁé?Ffe ﬁﬂ%t 0%?@%#%&? 5%@@2 in the
phase and ahﬁfjmﬂd@tmmgﬂnb&enwghkemﬁmhmmRﬁﬁqﬂomﬁhsm§0@bfmmmgdmammnaﬂts
referredto, gﬁ & B coﬁé‘ta&t‘{’?natr%@:taﬁ% tgtgolnngF(?fn&a}nQFe 5 Luk &tau[ce%lna '§§ SR f the

scattering. truct sC uhavo e po
RCS t hat ocpudise etuée tonprismgsd hexatlasingal Cdﬁglt tfeahsdsl\d?ﬁenen@e Mith asgaeiosbds f or

al | possi bl r e L | onen S not
e
conponent s. bylthenging tbe lvading dbthe gntennh by edjnsing dfe 1t:rtwh ofabld sith iﬂ4 fohaquﬂeer istics

of 1 h.e ant elg};?; éﬁb tZSﬁ"tM fcﬂ'ntqe ie§mﬁiﬁ<§ itrggs%gnc{é§.i %el%%o%] (3?‘ &Lhalggo%gﬁtafretqu ncy as

descri bed a
25 hexadecimal digit can be obtained from the tag 102.

An RFID tag 102 with » antennas 500 resonant at different frequencies f;, f5 ...£,.;, f, in an
array configuration, as shown in Figure 5 allows n hexadecimal digits to be obtained by the
reader 104 when the tag 102 is interrogated by the orthogonally polarised excitation signals
30 Eand E,. The reader 104 scans across the frequencies f; to £, to extract a codeword (or

barcode) comprising the codes of each antenna 500. The codeword represents the unique



The two scattering conponent paraneters are defined with respect to the
total electric field 20 scattered from an antenna given by the follow ng,
as discussed in C. A Balanis, Antenna Theory: Analysis and Design, 2"
edition, Hoboken, NJ: John Wley & Sons, 2005 ("Balanis"). T.E, Al It (9)
25 wher e, - 12 - of ZL Es (4) = The electric field scattered by the
antenna when it is conjugate matched The conjugate antenna input i npedance
= The current induced when the antenna 4gs in transmitting node with a
conjugate 5 match 1", = The current induced when the antenna is in
transmtting node Fs = The conjugate matched reflection co-efficient = The

time-varyi nﬂieﬁt‘ﬁ‘i‘c%ﬁ&d @atef {of 'Iﬁ) Pnd g oo Sﬁhetr@aﬁﬁpeﬁgec((?@en's 'i‘heeﬂy%ﬁdx&nof(tﬁ%

represents t he antenna node” scatteri ng a term FsEl the

structural R ddErmeepf Ay baplessyicmdnugnls & saghgicsrgarthiEcduensyi fnde fnip®dance of

the ant ennad@ﬂﬁ%ﬁaﬁle&&@l 1% é%%ﬁh AQAea §é‘d%tah@l€éf@e9s &9%&@&%% th@hedth&oe®, as
di scussed above for th B and 700 regard to the

structural ﬁ‘ﬁ‘@l’émiyolmttlﬁ@S@EWRfW@Od‘IW%ISé%dbe det ermi ned by providing the
antenna A0 with different |oading stub | engths. In sinulating the RCS of
the antenna 700, the structural mpde was found to be al npst constant across

the frequendy abandiveSEMPA ?QS)rthu%?I“éﬁ’F farge‘é)ér’l%ﬂ@wﬂl”bl? ighred. 1USGMPAIPG| de of
t he resonanis %@5}6 dnB g5 36 SFibNEyL OFkRl &lctit Rfub® MY ahder0at whist Usmatns sle

conmponent, orthoggnall I:c]o togee anoétll?e;cri aInEI elxi'senc{i1 from respective and adjacent sides of the patch
antenna 700. This antenna 700 is dual-resonant and will exhibit a maximum antenna mode
10 RCS at the desired resonant frequency by selecting the lengths and the characteristic
impedance of the stubs, as discussed below. The antenna 700 has the advantage that it
allows the signals in the H plane to also be utilised as a reference and provide greater
discrimination, The SLMPA 700 is again fabricated of conductive material and placed on
a dielectric substrate 706 which is placed on a conductive ground plane 708. An SLMPA
15 700 was designed to resonate at 6.12 GHz on a 1.5 mm thick FR4 (g; = 4.9) substrate, with
L =W =10 mm, StubXL = StubYL = 1.5 mm and StubXW = StubYW = 0.2mm.
Operation of the circuit was simulated using the full-wave method-of-moments solver and
the simulation ports were placed with an input impedance equal to that of free space at the
end of the loading stubs, Portl at the end of StubY and Port 2 at the end of StubX. The
20  return loss obtained for the SLMPA 700 is shown in Figure 8, where the S;; and S;; plots
are the same and the Sy; and Sy, plots are the same and the subscripts represent the input
and output ports examined. The two-dimensional radiation patterns for the backscattered
signals in both the E and H planes are shown in Figure 9. This shows a good return loss of
-22.2 dB at 6.12 GHz for both ports, and transmission leakage of power from one port to
25  the other of -31.3 dB. The antenna has a gain of 4.4 dBi, and the radiation pattern shows a

main lobe radiating in the outward normal direction of the patch (boresight).

If a single antenna is used to send and receive signals in each polarisation state, the radar
range equation is given by

30



20 conbi nation of both the antenna and structural node conponents. The
resonance appears as a null in the RCS indicating destructive interference
between the two scattering conponents. The phase response showed a snooth
pattern except in the resonant band where a steady increase in the phase is
observed as the |l oading stub is extended. Wen the I ength of the | oading
stub is varied froml to 2 mMmmwhil e keeping all other paraneters 25
constant there is a clearly observabl e 82 degree phase shift at 6.12 GHz in
t he backscattered signal that only occurs within the SLIVIPA s resonant
bandw dt h, as shown in Figure 10. The resonant peak changes by 80 MHz for a
1 mm change in the,|pading stub | ength however this is not significant
since the bandw M & the resonance is 200 Mz and the sel ect ed (%gsi gn
frequency ofP. .1@4 .4remains in the operating band at all tines. - 13
- RCS E-field cross-polar plot showed that the axial ratio is never poorer
than 15 dB, which ensures the interrogation signal in one polarization does
not substanwhekl y i nfluence the backscattered signal in the orthogonal

pol ari zation. For nultiple SLMPAs 700 to generate multiple frequency

si gnat ures L frequency overlap and thus maxim ze the 5
am%unt of dg}fa%ﬁ}wéy@s@?‘g{@ on tﬂe taé 102, ilto is desirable that the
phase shift in the non-resonant portions of t he spectrum be substantially
0, as shownPrnTH apswmitteopowes(Wher ease the gain and introduce an el enent of
symret ry si ”Gbﬁfﬁér&lﬁ%réﬁ?e%h %Qf the tag 102 and the backscattered signals
produced, an array is used. For a two-by- 10 two array 1100, as
shown in Fi gurTéeilitanqel’?é‘i’“@e’aﬂlét%aﬁ@uﬁ@é?ad@f(n?)actors that affect the overall
radi ation Chai?ﬁél@id‘aﬁ@ﬂo%e@tfloﬁqg S§bf € iatsponadN@Se i nclude the layout of the
array (linear, planar etc e distance between the elenents and the
excitation anplitude and phase of each elenent. The transponder 102 is

i Il um nat edAwgordingy, pthaﬁ@&/\mmebe\/Warihd owrithf mpwh@gﬁlﬁquw& aafdroteas dreawdeso t he

Four 1 adlti HRH MG 0SB ARERi Rl ok B A QU AR ISEE %
shown i n Fi gusiets bf twol henwhemewfesredmasme aatlemmg@d# ssattening e Hiclsyuaiirohg a

square O )98 AN The sHhifubiih6ds SLEARDY: %%gw%bgﬁg%ah&wﬁ@cma{ he

par amet er ori en ation escril e translation

par anet er Dpccwlsidohtorthsstiratureesf tRBLENBinits@df, Brdxists for @Flsﬂsﬂhéad@r targsisain on
described b r I t C rection
i ndicated i %n@&?&lﬁ}g S?%Eh% Jem}gé%?gﬁ%e%grg%ﬁ%t F%drgleé C?gerg%cga?ée%ieﬁag%d SO

t hat t héSStwﬂwgmaély mﬁd@edsmnoemtﬁg Tha agigenp Wd@wéﬁg@ﬁwﬂl%pﬁﬁh@z@mabw is
equal, and &}Pafacﬁggx%s of QQ&.I Qntérﬁxa(i\'tselg%ng Q§ d&ierRl ru%%g Qfanb 48 Hhicaad t}{eéig" aling

el emrents 700 e total radiated f as a product of the singlé el ement
radi ati on p%ﬁsﬁléeﬁa%ﬂYG the Array Fact or (AF) is: ETotal = ESingle elenent *
AF(10) - 14 -

The two scattering component parameters are defined with respect to the total electric field

20 scattered from an antenna given by the following, as discussed in C. A. Balanis, Antenna
Theory: Analysis and Design, 2" edition, Hoboken, NJ: John Wiley & Sons, 2005
("Balanis™).

B(2,)= £°(2))- 22T ©)

¢

25 where,

E*(Z,) = The electric field scattered by the antenna when it is Joaded with an impedance



I's given by the follow ng, as discussed in Balanis. - NAF = Ei.n E
nilei(rn-1)(kcl, sin 0 cos O+flx) n=1_n7,1 jdy sin O sin 0+13),) 5 For
the 2x2 array layout of Figure 11 the array factor expands to jk-s sin O
sinejkD sin 0 cose- jk -Si sin sin _sin 0Ocos 0O AF=e 2 S . jksn
cos-i_sin sine2 jkO cos 0 2 e jkDsin 0 sin 0 (12) There are two

| ayouts or cases that exist which are referred to herein as the NSEW case
(as 10 shown in Figure 11) and the Corngrs case. The NSEWcase exists when
D =0, and the Corners case exists when D = 0.5* S. In the Coners case
Equation (12) becones - j5k- sin 9 sin 0 - O,k - sn 9 cos O0jk - sinsinO
S..S. sinopzsos 0 AF = e 2e2e 2e 2

ES(Z’,) = The electric field scattered by the antenna when it is conjugate matched
Z', = The conjugate antenna input impedance
I" = The current induced when the antenna is in transmitting mode with a conjugate

5 match

I, = The current induced when the antenna is in transmitting mode

" = The conjugate matched reflection co-efficient

E’ = The time-varying electric field

10 The first term E°(Z}) in equation (9) represents the antenna mode scattering and the

second term QF*E’ the structural mode scattering. Accordingly, changing the loading

t

impedance of the antenna changes the antenna mode scattering component of the RCS, as

discussed above for the SLMPAs 200 and 700.

15 With regard to the structural mode for the SLMPA 700, this can be determined by
providing the antenna 700 with different loading stub lengths. In simulating the RCS of
the antenna 700, the structural mode was found to be almost constant across the frequency
band except for a clear resonant dip at 6.12 GHz. Outside of the resonant band the
scattering consists of only the structural mode component, while in the band it is a

20 combination of both the antenna and structural mode components. The resonance appears
as a null in the RCS indicating destructive interference between the two scattering
components. The phase response showed a smooth pattern except in the resonant band
where a steady increase in the phase is observed as the loading stub is extended. When the
length of the loading stub is varied from 1 to 2 mm while keeping all other parameters

25 constant there is a clearly observable 82 degree phase shift at 6.12 GHz in the
backscattered signal that only occurs within the SLMPA's resonant bandwidth, as shown in
Figure 10. The resonant peak changes by 80 MHz for a 1 mm change in the loading stub
length however this is not significant since the bandwidth of the resonance is 200 MHz and

the selected design frequency of 6.12 GHz remains in the operating band at all times. An



Jk.- sin 0 cos O -sin sin 0-j.k"2- sin cos O jk-S sin 0 sin 0 22e22 15
Equation (13) is the sane array factor as for a standard 2x2 planar a
with an inter-el enent separation of S. The nornalized formcan be expressed
as 1 sin(kSsin sin 0) sin(kS sin 0 cosca) AF, 4. sink -2 sin O si
sit-1(S k - sin 0 cosO0) 2 20 According to Balanis the angle, 0, where
main and grating | obes of the array factor will exist is given by -

For the NSEW case equation (12) reduces%to j el si nGCsi n0esin 0j 7c."' 2-si

t

Ocos 0 AF

= e 2+e 2+e 2e 2 5 This can

en be nornmalized to = Co Ss -

(*in 0 + cos0) * cos4sin 9(sing5- cosO) Using the sane procedure the

maxi mum of tR*@% ﬁélﬁ%rofsé‘g&%f plYf sh&%é?ﬁﬁé{ rthe"%%[‘ralﬁo lssﬁé%e;i&o Vﬁe& 'ilhaﬂ%dﬁ%hx);ﬁm 111

=0,1,2,

coS nmeans t hat

mai n and gr a@ﬁuﬁg th%@&m@aﬂqnh@gra} iragnevipolldrizggiogdoegmot substantially influence the

10

15
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backscattered signal in the orthogonal polarization. For multiple SLMPAs 700 to generate
multiple frequency signatures without substantial frequency overlap and thus maximize the
amount of data that is stored on the tag 102, it is desirable that the phase shift in the non-

resonant portions of the spectrum be substantially 0, as shown in Figure 10.

To increase the gain and introduce an element of symmetry in both the design of the tag
102 and the backscattered signals produced, an array of SLMPAs is used. For a two-by-
two array 1100, as shown in Figure 11, there are a number of factors that affect the overall
radiation characteristics of the structure. These include the layout of the array (linear,
planar etc.), the distance between the elements and the excitation amplitude and phase of
each element. The transponder 102 is illuminated with a plane wave with uniform

magnitude and phase and so the excitation amplitude and phase are equal.

The array 1100 consists of four identical SLMPAs 700 in a North, South, East, West
(NSEW) layout as shown in Figure 11. The elements 700 are arranged symmetrically
along a square of side length S. The inter-element spacing is described by the parameter S
and the element orientation is described by the translation parameter D, which has values
from —0.5*S to 0.5*%S. The translation described by the parameter D for each element is in
the clockwise direction indicated in Figure 11. The transponder ground plane is square
shaped so that the structural mode scattering in each orthogonal polarization is equal, and

its edge length is G.

For an array of identical radiating elements 700, the total radiated field as a product of the

single element radiation pattern and the Array Factor (AF) is:
Erota = ESingle clement © AF (10)

For an N x M element planar array where the x separation is denoted by dy, the y separation

is denoted by d, and each element is excited by amplitude I,,, and phase B, the array factor

rray

n 0)
t he
15 -
n cos
sin

t he



Equations (15) and (19) show that the | arger the separation between the

el enrents defined by the paraneter S, the smaller the angle 0 where the 1st
grating lobe will occur. In other words the closer the elenents are to each
ot her than the better the sidel obe performance 20 will be. Al so, the NSEW
| ayout should have its optimumsize with | arger values of S since there is
a factor of 2 in equation (19) that does not exist in equation (15). The
performance of the 2x2 SLMPA array 1100;gas simulated using the full-wave
met hod- of - nronents sol ver, and the radiation characteristics of the
structure relate directly 25 to the antenna node scattering conponent. The
array 1100 i ) I 4f: ane wave, and so the excitation
for each poﬁéﬁsﬂy%?géﬁq%%ﬁgﬁlgwgﬁgggh@%fset, and to - 16 - make the
result conparable with that for a single SLMPA 700 only 25% of the power
used previously was gejivered to the whej e array 1100. The radiation
patterns obt I?Fn_gzqr V\%i(rilﬂ)(lﬁsigmsesﬂx)l /arfi<,239skhérs k he Corners case

| ayout 5 with S ==0! — "30 mm). The anfenna array showed an i nproved
maxi mum gai n of 19. 2B with a side Iobe of -13.9 dB, as shown i@k gure
12. The side | obe | evel beconmes |larger as the el enent separation noves
beyond halJ f of the free space,L wavel ength, and then nmultiple side |obes
begi n t o “app&afe gxlzl"?éraﬁﬁ?ty@ﬁrﬁ’g%fg&feﬁI%eaqrgﬂaég’rcﬁ’r%paa 4P 10 dBi when 0.5*2. < S
< X, as shown in Figure 12, while the side |obe | evel remains below -3 dB.
10 To all ow nore f/léexi bility in pl acenent of the array elenents the

transl ation, ;0. 5%SskBingd Q. 5% §,c was -gxandshed. ;A5 904 NCreases i n magni t ude
the array f &bk oT €t ends tﬁ\?\k/ards t¢h4éef o)rsmforetjhe Cor{’;lé"rs case until the
upper limt iss¢f ed. As D decype in magni tude the array factor tends
t owar ds the éﬁa;ar/\?%g&!wﬁ&%s&ﬁiﬂg {kﬁg'tﬁﬁlt%ﬁeﬂ‘%s“i9§m% uni f orm change i nl¢he 15
radi ation pattern for both, when Dis varied the change in the boresight
gain and side | obe level is as shown in Figure 14. Both curves are

symret ri cal TAsrouRAwd oo bindasashiien exifd vhicharenfreed etherdinm eNIEWas{ k2) and

this is ere the mnioumgaj n_|evel is._ob d. The case | sts when
D = 0, a]\r,¥8 o 8 F{p@r‘?/gbi aélgad?%cgingétc 5t Wge @glé%ﬁ%fs%jg’gf‘%%%vé%f %rﬁxt ¥ acenment
shown in Fi guimersthse ekiststwhies Dpos0.54S0Mm thé Corserd edst Exudtion () dedohes el enents 700
farther 20 away than for the Corners case and the side | obe magnitude is
smal l er. The above applies to the antenna node scattering conponent,
however the structiunal,,paescatt ertnds.;s- dapsngdent on the overall size of
the structurd E=ncludi nget he subserate and the ground plane. If the
structure of the tag %02 iiaf togsl arge tshen the antenna node scattering 25
conponent wigl'2 be”t 08288l | eofipar 6d eMzt h the structural node scatldering
conponent and

15 Equation (13) is the same array factor as for a standard 2x2 planar array with an inter-

element separation of S. The normalized form can be expressed as

AF = 1 sin(kSsin@sing) sin(kSsind cosg)
4 sin(lc%sin@sin ¢) sin(k‘—;sin(;’ cos¢) (14)

20  According to Balanis the angle, 0, where the main and grating lobes of the array factor will

exist is given by

6 =sin™ *mA =gin™ _511/”:_ ,m,n=0,12...
Scos ¢ S'sin ¢ (15)



no | onger observable. As the edge length Gis increased the structural node
scattering increases significantly and the resonance is increasingly
difficult to observe. Al so, when the ground plane size is too small the
radi ati on of the elenments is disturbed at the edges. To determ ne the
optimal size of the ground plane, the ratio of the total RCS and the
structural 30 node conponent of the RCS at resonance for the array 1100
with SLMPAs of L = 1 Onmwas exam ned using RCS analysis, and the ratio
was found to be largest when Gis 64 mm - 17 - since this is the snall est
Ssize where the radiation of the antenna el enents is undi sturbed. Wth the
size of the structure set the length of the |oading stub was varied to
determ ne correspondi ng changes in the scattering characteristics, as shown
in Figures Ier@nifSEW casp epyatica (@sedacesitp ght change of 80 MHz in the resonant
frequency within tke resonant. bandw dth of thesoptimally matched structure,
and a co- pol g pbasE ’pl’at . S B @@’kés‘"seﬁT”f;eafESTgﬁs¢f or a change of 1 mMmin
the loading stub length (from1l mn to 2m). The range of the phqg&
difference in the orthogonally polarized backscattered signals reallzed by
changing the length of the |oading stub by 1 mmis significantly greater
for the arrays cd@enl® SiRglEq & ement SLMPA 700 provided a phase change of
82, whereas the array 1100 provi ded a phase change of 189, as shown in
Figure 17. To illustrate operation of the tag 102 using the array structure
1100 di scussed aboke a prototype tag or transponder 1800 was designed. The
t ransponder 41809 kqs?lﬂé’fmmcmﬁ Ieo Ijijpﬂilr%in@&wfi | udes 24 SLMPA pat ch

el enents 700 and s designed‘to operate in the UWB spectrumfromild.1 to
10.9 GHz. The transponder 1800 contains six resonant frequency signatures
over the band from4.5 to 6.75 Giz. As the tag 102 is fabricated using | ow
cost conducVripethe sung pragedusgithermaximpump of the prrpl faget willogbwtwhehe, the prototype
transponger 1800 operates on an inexpensive |ow performnce PCB (FR4, sr =
4.9) 20 substrate material with a thickness of 1.5 mmand a | oss tangent of
0. 025. The §ﬁ&m&ugm@hu&@@gmbghgg%ﬁﬁﬁhp‘t&@nsponder 1800 includes optimally
mat ched SLMPAs 700 at six resonant frequencies that do not interfere, and
their par amgégfns@@,; g_lcgs%gdmi, n-Iabl e 1 below. Gven the optimal gpgcing

di stance (S) 4or the Corners layout is larger than 25 for the NSEW /I ayout,
the SLMPA arrays with shorter resonant wavel engths are placed at a snaller
S, and with D closer to 0. The transponder 1800 is symetric for al
resonant f rabjeierieinsghat the swin and gratips labasckiahs angy elilbpest & are pl aced or

positioned so their nutual coupling effects are symmetric as well, 30 and
cancel each other out. This produces a main radiated beam for each resonant
15 ¢9=sin“(—-—“-~t—21'—1i?°——»—J=sin"I _ Emd m,n=0,1,2..
S(sing + cos @) S(sing—cosg) S 7 (19)

Equations (15) and (19) show that the larger the separation between the elements defined
by the parameter S, the smaller the angle  where the 1% grating lobe will occur. In other
words the closer the elements are to each other than the better the sidelobe performance
20 will be. Also, the NSEW layout should have its optimum size with larger values of S since

there is a factor of 2 in equation (19) that does not exist in equation (15).

The performance of the 2x2 SLMPA array 1100 was simulated using the full-wave
method-of-moments solver, and the radiation characteristics of the structure relate directly
25  to the antenna mode scattering component. The array 1100 was illuminated by a uniform

plane wave, and so the excitation for each port was uniform with no phase offset, and to



frequency that is aligned directly to boresight, with al nost equal
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make the result comparable with that for a single SLMPA 700 only 25% of the power used

previously was delivered to the whole array 1100.

The radiation patterns obtained are shown in Figures 12 and 13 for the Corners case layout
with S = 0.61 X (30 mm). The antenna array showed an improved maximum gain of 10.2
dBi with a side lobe of -13.9 dB, as shown in Figure 12. The side lobe level becomes
larger as the element separation moves beyond half of the free space wavelength, and then
multiple side lobes begin to appear. The antenna main beam gain is over 10 dBi when

0.5*A < S <A, as shown in Figure 12, while the side lobe level remains below -3 dB.

To allow more flexibility in placement of the array elements the translation, -0.5%*S <D <
0.5*S, was examined. As D increases in magnitude the array factor tends towards the form
for the Corners case until the upper limit is reached. As D decreases in magnitude the
array factor tends towards the NSEW case. Assuming that there is a uniform change in the
radiation pattern for both, when D is varied the change in the boresight gain and side lobe
level is as shown in Figure 14. Both curves are symmetrical around the point where D = 0
as expected from equation (12) and this is where the minimum gain level is observed. The
NSEW case exists when D = 0, and when S is varied to create the second design curve for
placement shown in Figure 15, in this position it is better to have the elements 700 farther

away than for the Corners case and the side lobe magnitude is smaller.

The above applies to the antenna mode scattering component, however the structural mode
scattering is dependent on the overall size of the structure including the substrate and the
ground plane. If the structure of the tag 102 is too large then the antenna mode scattering
component will be too small compared with the structural mode scattering component and
no longer observable. As the edge length G is increased the structural mode scattering
increases significantly and the resonance is increasingly difficult to observe. Also, when
the ground plane size is too small the radiation of the elements is disturbed at the edges. To
determine the optimal size of the ground plane, the ratio of the total RCS and the structural
mode component of the RCS at resonance for the array 1100 with SLMPAs of L = 10mm

was examined using RCS analysis, and the ratio was found to be largest when G is 64 mm

all - 18 - resonant frequencies. This is significant as it
1800 to be read froma



12 5.45 1.75 13 5.06 2 14 4.7 2.3 Table 1 In Figure 18 the six sets of
2x2 SLMPA arrays are labelled with a nunber that indicates their patch
width (9,10,11,12,13,14 nm. The highest frequency (smallest size) SLMPAs
are placed on the inner |layer which has space for two sets of 2x2 SLMPA
arrays (9, 10 15 mm). The outer |ayer includes the remaining four sets of
2x2 SLMPA arrays with the highest frequency array of these (11 mm) placed
in the NSEWorientation, and the |owest;-frequency array (14 nm in the
Corners orientation. The i nternedi ate frequency arrays (12, 13 mm are

pl aced in between NSEWand Corners |ayouts wth 1131 closer to O for the
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shown in Figure 2 the elenments to e pl ace oser toget her
whil e m nimzing nutual coupllng effects. The effects of altering the sub

l'engths for ygach. L0 oPYE! s\ﬁ@ctﬁ% @tythé ﬂzn%tﬂ%f ttﬁeal'3§cﬁf?§'g§t5 \&%§QQ1ed%‘ Qetgﬂﬁn@-b' lity

to create a difference 1 n the backscattered phase shif f erent
stub 25 | enetrisseadiag shanged inethe yedtiagng ﬁerw@rlﬁﬁ%whﬁwh@@%fasdérﬁeﬁﬂg sol ver,

and the opt ginedy.val Ueht ehfigs WIRBNIELGn BR! R Fadefoy2within tHS resonant
bandwidth of the optimally matched structure, and a co-polar phase plot exhibited a shift of

189° for a change of 1 mm in the loading stub length (from 1mm to 2mm). The range of

the phase difference in the orthogonally polarized backscattered signals realized by

changing the length of the loading stub by 1 mm is significantly greater for the array: the

10  single element SLMPA 700 provided a phase change of 82°, whereas the array 1100

provided a phase change of 189°, as shown in Figure 17.

To illustrate operation of the tag 102 using the array structure 1100 discussed above a
prototype tag or transponder 1800 was designed. The fransponder 1800, as shown in
15 Figure 18, includes 24 SLMPA paich elements 700 and was designed to operate in the
UWB spectrum from 3.1 to 10.9 GHz. The transponder 1800 contains six resonant
frequency signatures over the band from 4.5 to 6.75 GHz. As the tag 102 is fabricated
using low cost conductive ink trace with a paper or plastic substrate, the prototype
transponder 1800 operates on an inexpensive low performance PCB (FR4, & = 4.9)

20  substrate material with a thickness of 1.5 mm and a loss tangent of 0.025.

The six-signature chipless RFID transponder 1800 includes optimally matched SLMPAs
700 at six resonant frequencies that do not interfere, and their parameters are listed in
Table 1 below. Given the optimal spacing distance (S) for the Corners layout is larger than
25 for the NSEW layout, the SLMPA arrays with shorter resonant wavelengths are placed at a

smaller S, and with D closer to 0.

The transponder 1800 is symmetric for all resonant frequencies. Also, the non-radiating
elements are placed or positioned so their mutual coupling effects are symmetric as well,
30 and cancel each other out. This produces a main radiated beam for each resonant

frequency that is aligned directly to boresight, with almost equal beamwidths for all



Patch Wdth (nmm Resonant Frequency (GHz) StubYL mn onmi ' StubYL Max (nmm
Phase Shift (Degrees) 9 6.72 0.1 1.1 12.02 10 6.06 0.5 1.5 33.77
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resonant frequencies. This is significant as it enables each antenna array and thus the

transponder 1800 to be read from a fixed location.

Patch Width Resonant Frequency Stub Length Stub Width
5 (mm) (GHz) (mm) (mm)
9 7.24 1.1 0.2
10 6.47 1.5 0.2
11 5.91 1.6 0.2
12 5.45 1.75 0.2
13 5.06 2 0.2
10 14 4.7 2.3 0.2

Table 1

In Figure 18 the six sets of 2x2 SLMPA arrays are labelled with a number that indicates
their patch width (9,10,11,12,13,14 mm). The highest frequency (smallest size) SLMPAs
are placed on the inner layer which has space for two sets of 2x2 SLMPA arrays (9, 10
15 mm). The outer layer includes the remaining four sets of 2x2 SLMPA arrays with the
highest frequency array of these (11 mm) placed in the NSEW orientation, and the lowest
frequency array (14 mm) in the Corners orientation. The intermediate frequency arrays
(12, 13 mm) are placed in between NSEW and Corners layouts with [D] closer to 0 for the
higher frequency array. A 90° bend is introduced on the loading stubs, as shown in Figure
20 18, to allow the elements to be placed closer together while minimizing mutual coupling

effects.

The effects of altering the sub lengths for each two-by-two array in the transponder 1800,
and the ability to create a difference in the backscattered phase shift for a different stub
25 length were simulated using the full-wave method-of-moments solver, and the obtained

values are summarised below in Table 2.

30



11 5.6 0.7 1.7 10.21 12 5.16 0.7 1.7 23.73 13 4.8 1 2 12.8 14 4.48 1.3 2.3
24.12 Table 2 To verify the sinul ated val ues, the transponder was al so
used in an experinmental 10 environnent based on the operating principles

descri bed above, and a sunmary of the experinmental results is shown bel ow

in Table 3.
-19-
Patch Width Resonant Stubyr, | StubYL Phase Shift
(mm) Frequency |y (mm) | M2% (Degrees)
(GHz) (mm)
9 6.72 0.1 1.1 12.02
10 6.06 0.5 1.5 33.77
5 11 5.6 0.7 1.7 10.21
12 5.16 0.7 1.7 23.73
13 4.8 1 2 12.8
14 4.48 13 23 24.12
Table 2

To verify the simulated values, the transponder was also used in an experimental
10 environment based on the operating principles described above, and a summary of the

experimental results is shown below in Table 3.

Patch Width | ROSOMANE | o VT Max | StubYL Min Phase Shift
(mm) Frequency (mm) (mm) (Degrees)
(GHz)
9 6.987 0.6 0 15.75
15 10 6.591 1 0 162.73
11 6.118 1.2 0 14.21
12 5.621 1.2 0 11.29
13 5.244 1.5 0 24.65
14 4,878 1.8 0 19.66
Table 3

20 The above shows an average measured phase shift of 41° at each signature frequency for
the transponder 1800, and confirms the backscattered phase difference for each frequency
signature can be controlled by adjusting the lengths of loading stubs of the antenna
elements of the arrays. By increasing the operating frequency to higher frequencies, such
as 40 GHz, the transponder size can be considerably reduced, such as to the size of a credit

25 card or smaller. A tag 102 of this size can be fabricated on a plastic or paper substrate by
printing the patch with conductive ink using a flexography printing process. The stubs of
the patches, however, need to be varied for each tag 102 and to reduce cost are printed
using conductive ink and an inkjet printing process. The ground plane can be printed, like
the patch, using conductive ink and a flexography process.

30
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Phase Shift (Degrees) 9 6.987 0.6 0 15.75 10 6.591 1 0 162.73 11 6.118 1.2
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The Reader

The transponder system 100 utilizes two orthogonal polarization states during both
transmission and reception when interrogating the tag. The separate polarizations can be

5 provided at the reader 104 with a single dual-polarized antenna, or two separate
orthogonally polarized antennas (Ap; and Ap, for polarization states P1 and P2
respectively) as shown in Figure 19. The system can also function using a mono-static
setup where the same antennas are used for transmission and reception or in a bi-static
setup, as shown in Figure 19 where separate antennas are used for transmission (Ap;,r and

10 Apyr) and reception (Apir and Appr). The reader 104 generates the interrogation signal,
(Ipi(Y) and Ipx(f)), at a frequency, f (GHz), and then divides the power equally between
Api,r and Ap;.r. There are now two signals that propagate through free space towards the

tag 102. The signals reach the transponder and are scattered according to its Radar Cross
Section (RCS) characteristics. The tag 102 is designed so that the RCS characteristics

15  differ in the orthogonal polarization states P1 and P2, as discussed above. The phase shift
is set so that the return signals (Rpi(f) and Rpy(7)) that propagate back towards the reader

have a phase difference of, Aoy.

The signals are orthogonally polarized and travel through the same propagation path, so
20 the path loss should be almost the same. The difference between the return signals is only
due to differences in the scattering properties of the transponder for the two orthogonal
polarization states. The phase difference is then converted into a set of discrete bins (each
defining an accepted range of phase difference values) called phase signatures that are
used to obtain digital data from the return signals at each resonant frequency. For
25 example, for 7 frequency signatures, each frequency signature will contain a discrete phase
difference between 0 — 180° and each phase signature is resolved to the nearest 10°
creating 18 possible combinations for each frequency signature instead of the standard 2

combinations (binary).

30 At a number of distinct resonant frequencies fj to f, a phase difference, gy can be

generated as defined in Equation (20).



0 14.21 12 5.621 1.2 0 11.29 13 5.244 1.5 0 24.65 14 4.878 1.8 0 19.66
Table 3 20 The above shows an average neasured phase shift of 410 at each
signature frequency for the transponder 1800, and confirns the
backscattered phase difference for each frequency signature can be
controlled by adjusting the |l engths of |oading stubs of the antenna
el enments of the arrays. By increasing the operating frequency to higher
frequencies, such as 40 GHz, the transpgnder size can be considerably
reduced, such as to the size of a credit 25 card or smaller. A tag 102 of
this size can be fabricated on a plastic or paper substrate by printing the
patch with conductive ink using a flexography printing process. The stubs
of the patches, however, need to be varied for each tag 102 and to reduce
cost are prigpt=edRuéinNg <BndHCk Whee 0 alp datBoan i nkjet printing prodé®s. The
ground pl ane can be printed, like the patch, using conductive ink and a
fl exography process. - 20 - The Reader

For a transponder system 100 configured to resolve the phase of the backscattered signal

5 with a tolerance of = T/2 degrees then ( 180 / T ) unique combinations or bins can be used
for defining digital data. This means we can calculate the total number of digital bits

("BITS") of information in the transponder which is presented in Equation (21).

BITS = | N log, (122 @)
10
That is, the number of represented bits (BITS) is at least equal to the highest integer value
equal to or less than (i.e. the "floor" of) a product of: the number of frequency signatures;
and the base-2 logarithm of the number of bins. The number of bins is determined by the
total detachable phase angle (180°) divided by the resolution of the bins (T°).
15

For example, if 7 frequency signatures exit between 2 and 2.7 GHz, (meaning that N = 7),
and each of the frequency signatures can be broken up into phase signatures with a

tolerance, T/2 = 5 degtrees, (so T = 10 degrees), the number of bits is:

20 BITS =|7log (82)]=29
So in a 700 MHz section of the EM spectrum which previously held 7 bits of data, 29 bits

can now be held.

25 The reader 104, as shown in Figure 20, operates at microwave frequencies, and includes a
planar array transmit and receive antenna 2002, a high frequency interface unit 2004
connected to the antenna 2002, and a digital control unit 2006 connected between the

application system 106 and the high frequency interface unit 2004.

30 The digital control unit 2006 includes microcontroller circuitry to perform digital signal
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i ndi vidual RFID tags 102, as shown in Figure 22. 15 The exact bearing of
each tag 102 fromthe reader 104 is calculated fromthe beam position of
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The interrogating signals fromthe reader transmt antenna Tx, as shown in
Figure 22, are sent to the tag 102 which returns frequency nodul ated echoes
towards the reader 104 and 25 the receive antenna Rx of the reader 104
recei ves the nodul ated echoes. The reader 104 can use frequency nodul at ed
continuous wave (FMCW signals fromthe transmt antenna Tx, with an

i nst ant aneous frequency that varies linearly in time, as shown in Figure
23. The receive antenna Rx receives nodul ated echoes after a tine del ay,
wher e




30 the echoes for tags with different resonant frequencies are received at
different tinmes, as shown in Figure 23. If the frequency response of the
tags are well separated in frequency, - 24 - the FMCWecho signals wll
automatically be placed in different frequency bins for separate
processing. In the signal processing both anplitude and phase of the radar
cross section (RCS) are stored and processed. If the frequency response of
the tags are not well separated, and t% s' echoes overlap in the received
ti me-frequency spectrum then the 5 added phases and anplitudes can

i ndi cate the nunber of tags which send the echo signals. For the phase
encoded chi gl and the
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t he baclggcattered signals at each of the resonant frequencies are used to

generat €”a uni que code for the t ransponder
The reference in this specification to any prior publication (or information derived from it),

or to any matter which is known, is not, and should not be taken as an acknowledgment or
admission or any form of suggestion that that prior publication (or information derived
from it) or known matter forms part of the common general knowledge in the field of

25 endeavour to which this specification relates.



2. Aradio frequency transponder as clainmed in claim1l, wherein the shape
of said 15 antenna determ nes said phase difference. 3. A radio frequency
transponder as clained in claim2, wherein said antenna includes a | oad

el ement to control a value represented by said code. 20 4. A radi o frequency
transponder as clained in claim3, wherein said shape is a polygon with
equal sides. 5.A radio frequency transpogﬁpr as clainmed in claim4, wherein
said shape is square. 25 6. A radio frequency transponder as clained in
claim5, wherein said |load element is a stub of said antenna, said stub
having a |l ength which determ nes the value of said code. 7.A radio
frequency tFeRSgenidds DA TNINMOREEE INVENGINGAREMSS HALAY WSconduct i ve ground
pl ane, and said substrate is on said ground plane. 30 - 26 - 9.Aradio
frequency transponder as clained in claim1, including arrays of antennas

with the sane reseadiotrefiagyenaypoader, irttidng:a synmetrical layout. 5 10. A
radi o frequency transponder as clainmed in claim9, wherein each array
represents a fréhﬂ%ﬁ@?egﬁﬁnature wi th one of a nunber of phase signatures

determ ngd fromf ?ﬁg&’lﬂ?sﬁf fiahl.e Eﬁt@&%goén _%%59 CKSEALLR! BilerilD HQ\liﬁ%aat sﬂ%@
resonant frequenc or“the array, and said phase signhature represents
val ue of t hiztaodeng 2Qotrksphndagi resdnapgfteneycy phtieponaes aad saildanmmda icauseb ai m

10, wherein_ the | ayout of th rrays |s symetrical to cancel nutual .
coupl i g efHBes ATiGrenc ety backsasticrey! SRt AeReraifd MiesRATaE @ cEgHeR of s
response atyn@aeh u &ﬂﬂ%@hm&fﬁHMﬁQQthmniﬁﬁmﬁs@ﬁQhQnﬁﬁﬁﬂH§8&¥nHR%H&R@P@QH as
claimed in claim 11, including a first l'ayer of the 15 | ayout with arrays

of hi gher rdwendiferehcerppessentesy 4 ¢rals odsridygtenfia andsecond | ayer of the | ayout
entificati

i he fi . 13. A radi oz i
e L T e R LA A T
on sai d sulitdmairedf R6maBehadd Miffchacksbateet et batbaiteRd dnals at each of the

resonant frequencies are used to generate a unique code for the transponder.

2. A radio frequency transponder as claimed in claim 1, wherein the shape of said

15 antenna determines said phase difference.

3. A radio frequency transponder as claimed in claim 2, wherein said antenna includes

a load element to control a value represented by said code.

20 4. A radio frequency transponder as claimed in claim 3, wherein said shape is a

polygon with equal sides.
5. A radio frequency transponder as claimed in claim 4, wherein said shape is square.

25 . A radio frequency transponder as claimed in claim 5, wherein said load element is a

stub of said antenna, said stub having a length which determines the value of said code.

7. A radio frequency transponder as claimed in claim 6, including a conductive
ground plane, and said substrate is on said ground plane.

30
8. A radio frequency transponder as claimed in any one of claims 1 to 7, wherein said

antenna is printed using electrically conductive ink on said substrate which is dielectric.



different resonant frequencies for different polarisations; and | oad
el enents of said antennas which each determ ne a phase difference of the
different polarisations of said backscattered radiation, said phase
difference representing a value of a code of said transponder. 25 14. A
radi o frequency transponder as clainmed in any one of clains 1 to 13,
wherein said transponder is passive and i pl ess. 15. A radio frequency
transponder system including: 30a transpgonder as clained in any one of
claims 1 to 14; and a reader for generating the interrogation signals and
readi ng the backscattered signals to extract said code. - 27 - 16. A
radi o frequency reader for interrogating a radio frequency transponder,

i ncl udi ng: . i it far,t. i t1] | arised
nterrogatidn si ifafis oo YR b e Bfndtlln Bl 1 BRERE BT oP R hhE

t r ansponder with theesapes®na@equency and haviggal sypiegasgilayguuni t for determ ning
a code of the transponder from phase difference of said backscattered
signals. 17. A radio frequency reader, as clained in claim16, wherein:
Lothe Treaugncy ARLEDiRGEMY ant AhbARSIARIAD EiR Ol kol ERRANRY ?ﬁﬁégehﬁs' ng
and recel ving frequency nodul at continuous wave signals wth equency
and pol ar i safre@rndy vignagiteywitlooneafth nurhbérplf phtseangpondedaernanet from the phase

signal proc ing upi.t processes the received sigpals usi.ng.a direction  of
arrival andiIREEC B ficchisheatiare el dEsant BequEaCy for, g 45ap el aey
t ransponderpiase SRt deprBschts MHlddohe ddde. Wherein the interrogation signals
are orthogonally pol ari'sed and the phase difference is the phase difference

of the orthogonal conmponents of the backscattered signals. 20 19.A radio

frequen rocess, i.ncluding: transptti L. arj sed J nterrogatjon signals;
Fecaivi 1 boke kTP a B BVarb PRRRL & PR RE SR o SHBERR FPunt o8
t r ansponderarias i£SPENSEcaladdancel mutual codplirgy SifdtiNGl the @REGadibtihid 8ntennas and

transponder from phase di fference between the 25 orthogonal conponents of
sai d backsd%PYide agymmghigakresponse at each resonant frequency.

12. A radio frequency transponder as claimed in claim 11, including a first layer of the
15 layout with arrays of higher resonant frequencies than arrays of a second layer of the

layout surrounding the first layer.

13. A radio-frequency identification transponder, including:
a dielectric substrate;
20 a plurality of antennas on said substrate for generating backscattered radiation at
different resonant frequencies for different polarisations; and
load elements of said antennas which each determine a phase difference of the
different polarisations of said backscattered radiation, said phase difference representing a

value of a code of said transponder.

25
14. A radio frequency transponder as claimed in any one of claims 1 to 13, wherein
said transponder is passive and chipless.
15. A radio frequency transponder system, including:

30 a transponder as claimed in any one of claims 1 to 14; and

a reader for generating the interrogation signals and reading the backscattered signals to

extract said code.
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16. A radio frequency reader for interrogating a radio frequency transponder,
including:

a frequency interface unit for transmitting polarised interrogation signals and
receiving backscattered signals from the transponder in response; and

a signal processing unit for determining a code of the transponder from phase

difference of said backscattered signals.

17. A radio frequency reader, as claimed in claim 16, wherein:

the frequency interface unit includes a phased array antenna transmitting and
receiving frequency modulated continuous wave signals with frequency and polarisation
diversity to read multiple transponders; and

the signal processing unit processes the received signals using a direction of arrival

and phase difference detection process.

18. A radio frequency transponder as claimed in claim 16 or 17, wherein the
interrogation signals are orthogonally polarised and the phase difference is the phase

difference of the orthogonal components of the backscattered signals.

19. A radio frequency process, including:

transmitting polarised interrogation signals;

receiving backscattered signals including orthogonal components from a
transponder in response; and

determining a code of the transponder from phase difference between the

orthogonal components of said backscattered signals.



