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Présentement, l'identification a ondes millimétriques (MMID) est une technologie émergente
qui pourrait étre préserg&€omme une évolution de l'identification par radiofréquence (RFID) qui
fonctionne ades bandes de fréquence relativement basse aux bandes de fréaummies
PLOOLPpWULTXH &HV EDQGHV GH IUpTXHQFHV RITUHQW OHV
taille, un débit de données plus élevé et des modules de lecteur plus compéetseitigades
antennes a faisceau étroit peuvent étre miseése DHLQ GIDVVXUHU OD GpWHFWLR
Le concept MMID peutétre intégré avec les applications futures de la technologie a ondes
millimétriques dans la communication sans fil g 5G.

Le guide d'ondes intégré au substrat (SIW) avec son blindage naturel présente des performances
exceptionnelles dans la conception de circuits en bande d'ondes millimétriques, le SIW peut étre
LQWpJUp IDFLOHPHQW DYHF Gefiifs YaysifHou aktlfd). DMaEgi\ssnsSp0d@ Q DL U H
MMID basé sur la technolog®lW sont présentés dans ce mémoire.

Tout d'abord, un systéme MMID basé sur une modulation dans le domaine temporel est étudié.
Un modele théorique généralisé est construit premanbmpte le phénoméne de multireflection
existant dans un tag basé sur la technique de réflectométrie a dimension temporelle (TDR). Le bilan
de liaison du systeme TDR MMID est étudié. Un procédé d'égalisation qui dépend de la largeur de
I'impulsion, les ceactéristiques de la ligne de transmission, l'intervalle temporel entre deux bits, la
sensibilité du lecteur et de la fréquence de fonctionnement du systeme MMID est proposé dans le
but de définir le nombre maximal de bits possible par rapport a la dist@atte méthode définie
aussi la valeur exact du coefficient de réflexion de chaque discontinuité du code binaire.

Deuxiemement, la propriété de la structure déployée SIW est étudiée. L'étiquette SIW proposée,
composée de 4 iris symétriques dans le plamvdc antenne a fente intégrée, est étudiée
théoriguement et experimentalement. Une configuration de mesure est construite pour lire la balise
fabriquée, et les résultats de mesure sont en bon accord avec les homologues théoriques. On étudie
le guide d'onds intégré au support demiode (HMSIW) qui peut réduire la largeur du guide
d'ondes de moitié. L'étiquette HMSIW concue se compose de 4 iris simple dans le plan H avec
'antenne a fente intégrée HMSIW. En outre, on étudie le guide d'onde intégré & sulostdes
lentes (SWSIW) afin de réduire la vitesse du groupe de SIW. La baliseSBW congue se

compose d'informations de 4 bits en changeant la hauteur des visités aveugles. Un nouveau guide
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d'ondes intégré a demiodeenondes lentes (SYAWSIW) est poposé afin de minimiser encore
la taille de la balise MMID. La balise SWMSIW congue montre également une bonne
performance sur la frequence de fonctionnement du systeme MMID. Enfin, la comparaison de ces

quatre types d'étiquettes a été effectuée poseptér la différence.

Troisiemement, un systeme MMID basé sur la modulation de phase est étudié. Un déphaseur
SIW est proposé ena@jtant des stubs dans le plan k¢ tag MMID avec la référence et le
déphasage de phase de 45 °, 90 ° et 135 ° sont mdssgé&gsultats expérimentaux correspondent

aux résultats des simulations démontrent laitélde la technique proposeée.

Ceci estle premier travailde recherche sur déeag MMID basée sur la modulation dans le
domaine temporel et la modulation de phaseismous attendons a ce que travail sera combiné
avec d'autres travaux sur MMID tag basé sur d'autres types de modulation afin de maximiser le

nombre des bits codabldans la conception de MMID tag
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Presently, millimetewave identification (MMD) becomes an emerging technology a
alternativedevelopmenbf the conventional radiofrequency identification (REI@hich extend
operating frequencfrom low-frequency band to millimetevaverange Over thesemillimeter-
wavefrequency bands, thelgantages of smaller antenna size, higher data rate and more compact
reader module could be realized and the function of location sensing could be implehrenuigtul
narrowrbeam antennas. Furtimeore, the MMID concept could provide compatble design
platform in connection with thduture applications of millimetewave technology in wireless

communication such as 5G.

Substrate integrated waveguide (SIW) wiith self-shielding naturgresentsan outstanding
performance irtircuit design ovethe millimeer-waveband SIW canbe integrated with plaar
circuits (passive or active)Chipless MMID tag based on SIW technologypiesented in this

dissertation

Firsty, MMID system based on tirrdomain modulation is studiednda generalized theoretical
modelng isdeveloped, whiclaccounts fothe existing multireflection issue during ttagydesign An
equalization method is examined based on the link budget of the TDR MMID sysitérh,could be

used for finding the maximum encodable bits versus the distance

Secondly, the property of théeployedSIW structure isinvestigated The proposedIW tag
consisting of 4 symmetrical iris in-glane with integrated sla&ntennajs studied theoretically and
experimentallyA measurement setupdenstructedo readthe fabricated tagandmeasurement resalt
are in good agreement wittheoretical counterparts Half mode substrate integrated waveguide
(HMSIW) that canreduce the waveguide widthy half is investigated. fie designed HMSIW tag
consists of 4 single iri;y H-plane with tle integrated HMSIW sleantennaln addition,slow-wave
substrate integrated wavegui@N-SIW) is studied in order to reduce the group velocit$W. The
designed SWSIW tag consigtof 4 bits information by changing the height of tiied vias A novel
slow-wave half mode substrate integrated waveguide-tBMSIW) is proposed in order tturther
minimize the size of the MMID tagrhe designedSW-HMSIW tagalsoshowsa good performance
over the operating frequency of the MMID systenmally, the comparison of these four types of tag

is conductedo present the difference.
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Thirdly, the MMID system basedn phase modulation is studiechel SIW shifter igealizedby
adding thestubin H-plane The MMID tags with the phase shifif 45°, 9° and 135Aremeasured
A good agreement fountetween eperimental resultsand simulation resultsvalidates the

proposed technique.

To theauthor$ knowledge, his is the first work about the MMID tag based on tidmnain
modulation and phasdomain modlation, we expect this work will be combined witte future
work of MMID tag based on other modulation types ago maxinize the encodable bits in the
design of MMID tagRESUME
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Radiofrequencyldentification (RFID)is a wireless technology that enables automated remote

identification of the physical objecf4].

The historyof the RFID technology can be traced back to World War Il, under the supervision
of Scottish physicist Sir Robert Alexander Watdatt The British developed the first active
identity friendof foes(IFF) system a transmitter was installed on each British plane, so the radar
on the ground could distinguish whether the plane is friend or enemy by receiving the signal from
the planeBy the early 1980s, the first commercial RFID was used bythied States in order to
track the animal. In 1999, the AulD center was established at the Massachusetts Insbitute
Technology(MIT) to formulate the protocols andestdards for the RFID technologgj.

Thanks tahe explosive growth of global economy and the increased interest from govesnment
as wellas therapid development in integrated circuiCs), RFID has experienced significant
expansiorover the last few decaddsowadays, due to its low cost and ease of use, RFID has been
widely deployedin various fieldssuch adogistics & supply chaiwisibility, item level inventory

tracking, race timing, access control, IT asset tracking, library systeri3, 4]

-

Figurel.1, RFID applications



In RFID system, radiofrequency signal is emgidyfor communication between the two key
components: the tag and the reader. Thewtly the electronic product code (EPC) stored is
attached to conta@ms, books, animaksnd even humansyhich canprovide a unique identity for
these physical objects. fganna integratedith the tag can communicate with the reader by means
of electromagnetic wave. The reader primarily consists of two components: the antenna and the
reading circuits By sending the interrogation signahe datastored in the RFID tagsan be

extractedThe reader device could be handheld, mobile, or statifsjary

Transmitted signal
from the tag

( (¢
/

Computer Reader \

TAG
+|,-

(a)
Power from the reader \ -\ \

Computer Reader ( ( ( TAG
Backscatter Signal
from the tag

(b)

Computer Reader \i/ ( ( ( Y TAG Sensor
+ -

| I

I
Figurel.l (a) Active RFID system (b) Pase RFID system (c) &nipassive RFID system

Generally, the communication technique of RFID system deqagowh the property of the tag
that can be typically classified into three types: active RFID system, passive RFID system an
semipassive RFIBsysten(6].



As shown in Figurd.2 (a), theactivetag has its own power soure¢he internal battery that
helps to deliver the energy for transmitting tte¢a from the tag to the readBrQ G W-ERBR G~
battery can also be used for the power supply of components integrated into the tag. As a result,
these tags have longer r@agiranges (up to 100m) and greater memory compared with the passive
RFID tag. However, the tag nestd be rephcedwhen the orboard battery failsyhichincreass
thecost

As shown in Figurdl.2 (b), unlike theactive tag the passive tag ds nothave the ofboard
batteryduring the operatiomandit needs to operate withe power from the readedncethe tag
is in the reading zone, it will collect the energy from the RF waves by the integrated antenna
Following the logicalsignal processingn the tag, it will send back the signal carrying the bits
information, which is called backscatter. At tepenseof shorter reading range (up to 5m) and

lower memory, passive RFID tags leawnore advantages on size, s lifetime.

As shown in Figurd.2 (c), the sempassive RFID tag also has-board battery, but the battery
is only used for the power supply of coomgnts (sensor, chipsather tharsendng the signal
during the operatiarsimilar tothe passive RFID systempiperats with the power from the reader
WR 3VWDUW™ WKH WDJ DQG WR VHQG EDFN WKH VLJQBrO FRQWI
technique. This kind of tag has both medium reading range (up to 30m) and medium lifetime
compared with the active and passive RFID system

The operatingfrequency in RFID systems determséne application fieldsas shown in
Table 11. Geneally, the higher theperatingrequencyis, the greater theeadingrangebecomes
For low frequency (LF) RFID systesnthe 125 kHz or 134 kHzandare assigned in most of the
countries.For high frequency (HF) RFID systaspcountrieshavereacled the ageementfor the
use of13.56 MHz.However,for the ultra-high frequency (UHF) range, different countries have
allocateddifferentoperatingrequency bang In European Union, the frequency range is from 865
to 868 MHz, in North Americ# is from 902 MHzto 928 MHz,while in Australiait is from 920
MHz to 926 MHz China has approved the bandwidth from 840.25 MHz to 844.75 MHz and 920.25
MHz to 924.75 MHZor the RFIDtechnology.



Tablel-1 Operating frequency of RFID syste

Frequency Read o
RFID Type . Applications
Range Distance
X Animal tracking
Low frequency (LF) <0.3MHz 1 0.1 m0.3m X Industrial plication
x Electronic tcketing
High frequency (HF) 3-30 MHz 0.4mlm x Contactless @yment
Ultra-high 560,550 MH1 o X Asset nanagement
z m3m - :
frequency(UHF) x Container tacking
Microwave frequency | 2.455.8 GHz >3m x  Auto toll roads
X Location sensing
Millimeter-wave band 30-60 GHz <lm x Future compatibility

Based on the typef modulation, chipless RFID tags could tetegorizd into three general

types as shown in Figure [738].
x Chipless RFID tag based on tirdemain reflectometry (TDR) technique.
x Chipless RFID tag based on spectral signature.
x Chipless RFID tag based on amplitude/phase domain modulation.

For thechiplessTDR-based RFID tags, the reader setiek interrogation signal with the time
Z L GW K aRd listes to the echoes from the tag, the tag will generate a train of pulses by adding
discontinuities in the transmission line to encode the bits informatlmadvantages of this kind
of tag are low cost, narrow bandwidthJocation sensing and greater reading rargje, The
disadvantageof these tags amelated to dimited encodable number of bisndthe requirement

of high-speed reader RF freends to generate the pulse signal.



For the chiptss spectral signatubmsed tag, the readsend the swepffrequency signal based
on the operating frequency of the system and lsttethe echo from the tagjhe tag generas¢he
encoded data in the spectrum by using resonant structures, the podgbraesonant part means
ELQDU\ FRGtheDEVHQFH RI WKH UHVRQDQW S.ODhkt\WdvRmds) V WKH
of this kind of tag could be concluded as greater data stddbprintableand low costand the

disadvantage of this kind ofgasthatlarge bandwidths required for encoding the information.

For the chipless amplitude/phasased tag, the tag encaedbe data by varying the amplitude
and the phase of the backscattered sidrad advantage of this kind of tag is the nartamdwidth
requiranentduring the operatiorandthe disadvantage of this kind of tag is tleguirement of
high resolution of the phase for the reader part to read more bits information.

Chipless RFID tags

Spectral Amplitude/Phase
HEEEEEE Signature Based Backscatter Based
| | | 0 l | Left-Hand (LH)
anner ;
Nonprintable Printable Chenical Circuits BelayLines
| | Stub-Loaded
: - Patch Antenna
— o
™ Imped i
Delay-line Ink-Tattoo Space Filling pecance
based tags Chipless RFID Tl Curves
Carbon

Nanotube Loading
— LC Resonant

Multiresonant
Dipoles

Figurel.2 Classification of RFID tags

Millimeter-wave identification (MMID) upgrades theperation frequesy to millimeterwave
range. Compared with the conventional RFID systgraratingat low frequency, the MMID

system has thisllowing advantages:

x The wavelength of millimeter wave is much shorter, wingztuces the size of the integrated
antenna. Furtherme, the shortwavelength makeit possible to desiga small directive

antenna arraywhich canachieve the function of location sensing.



x Over the millimeter-wave frequency band, higler data rate (higher than gigabit)
communication can be implemented, nmakit possible for the mass memdransmission
over avery short distance.

x Applications such as automotive radaase been used over millimet@ave range, which
is possible to be used as MMID readers to detect the MMID tag.

x Over the millimeteiwave bang, its effective wavelength is close to the sizead€MOS
die, which offes the possibility to integrate the antentize MMID tag and theectifieron
the samehip[9].

X The MMID conceptoffers a compdibility with the future applications over millimeter

wave band, such as 5G platform, etc.

A considerable mount of researclwvorks on thechipless RFID tag desighave been done
during the last decadén [10], transmission delay linasused to build the tag with four bits
information at 915 MHz, SAW tagasproposedlue toits unique feature of piezoelectric materials
which enables much slower surface acioustves[11]. In[12], a fully printable plaar chipless
MMID tag wasproposed at 30 GHandthe tag encodes the data iatspectral signature by ung
multiresonatorThis MMID tag comprises of a multiresonatiogcuit with 6 spiral resonator and
two crosspolarized UWB monopole antennas, lautarge bandwidth is occupied duringet
operation (24 GHz to 36 GHand no experimental ressilivere repatedin the article In[13], a
6-bits chipless MMID tagvasproposed at 25 GHandthis MMID tag comprises of 2 orthogonally
polarized slot loaded circular patch antennas, which are connected by a right angle transmission
line. The resonant frgquency is determined by the slon the patch, hence the number of the
identification data bitin [14], a novel compact chipless MMID tagaspresentedandthis MMID
tag consists of a slot éted on the top of the circular Substrate Integrated Waveguide (SIW) cavity,
multi-numbeed bits are achieved by addirmo array of cavities with frequency and polarization
diversity. The challenge isn the reader parivhichmust beaccurate enougto diginguish tlose
very close frequencies arldusthe cavites need to achieve a very narrow resonance in order to
maximum the encodable number of bits at the fixed bandwidth.

However, previous works on TDR RFID tagerefocused on the lovirequencyand theworks
on chipless MMID tagwerebased on th spectral signature modulatiddMID tags based on

TDR technique anghasedomain modulation have not been studied due to the highltodss



work, the SIW will be studied to explore the world of MMID, athé thesis is organized in the
following way:

In chapterl, the operatingprinciple ofthe TDR MMID system is introducedThe theory of
lossy transmission line is studiendthe way of encoding bits information in the tag is illustrated
The interval betwen the bitof information is set considering the distortion issiiggeneralized
theoretical model is built considering the multireflection issue during the TDR RFID tag design.
The link budget is investigated definethe Minimum Detectable Power (MDB) the system. An
equalization method is proposed based on the theoretical modallimgliaasthe link budget of
the system in order to maximize the encodable bits of the tag.

In chapter 2, the studies of the Sl#e discussed and reviewedhe interrogtion signal
distortioncaused by théispersionssueis studied, the meandéne SIW MMID tag is designed
and simulatedand themeasurement setupdsnstructedn order to read the propostd). HMSIW
that can reduce th&IW width by half is investigated The meandedine HMSIW MMID tag is
designed, simulated and measilirSlow-wave substrate integrated waveguid®MSIW) is
investigatedo reduce the group velocigndthe slowwave effectis achieved by the blind vias
array which separate the eledtic field and the magnetic fieldand the meandeline SW-SIW
MMID tag is desiged and simulated. Anovel slow-wave half mode substrate integrated
waveguide $W-HMSIW) is proposed to minimize the size of the MMID jtamdthe meander
line SW-HMSIW tag is aésigned and simulateBinally, the comparison of these four types of tags
is conductedo show the difference.

In chapter 3,the operatingprinciple of theMMID system based on the phase modulation is
introduced.The SIW phase shifter iproposedy addirg the stubs in Fblanewhich could cover
the phase shift range froni t 18C. The resolution of 45° is selected to build the tag, two eross
polarized slot antennas argegratedo the two ports of SIW phase shifter in order to avoid the
interacton betveen then. Reader concept based the VNA togethemwith the two horn antennas
is proposed to demonstrate the proposed technique

The contribution of this work is summarized in the last part. Firgtggeneralized theoretical
modeling is adoptedfor the multireflection issue during th€EDR tag designSecondly, the
proposecdtqualization methoi$ used tanaximize the encodablets of the tag. Thirdlythe MMID
tags based oboth time domain modulation and phasedulation are studied and measured,
showing the feasibility of thevMID system.
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1.1 Introduction

Interrogation Signal
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I I+ 1101 S ——d
T 4 Encoded Signal Tag

Reader Device

Figurel.1 Operatingprincipleof TDR RFID systen

Figure 1.1 shows the operating principle of the chipless RFID system based atotiram
reflectometry (TDR) technigud his system consists of two matomponents: reader device and
transmission line based RFID takhe transmission line could be microstrip line, coaxial line or
other kinds of transmission lin@he tagattached on the object cgenerate ainique ID code
During the operation, the readsmnds the interrogation signgusuallya shortpulse signal with
fixed time width "T), then the signal will be received by the tag antedh a calculated
transmissionlength, the received signakill transmit througha fixed delay By adding
discontinuitiegduring the transmissiont will cause the reflected waves at thesd time position,
which are used for coding thmmique binary code, theheencoded signadill be transmitted back
through the antenn&inally, the reader will receivine signabackand extract the ID codajhich
LV D OV Rraif@e)irgGOOK) modulatioQ -



1.2 Transmission line equations

1.2.1 Lossy transmission lines

A uniformlossytransmission line can be represente@3yG L VW U L E X Whitlds &ivided X L W~

into an infinite number ofcells with infinitesimal length dz. Every infinitesimal cell consists
conductor resistanc®), series inductance.), leakage capacitanc€)and leakage conductance
(G) as shown in Figure 1[25].

' |<7 dz e dz :I
(b)
Figure 1.2 (a) A uniform transmission line (kpistributed circuit representation of transmis:

lines

ParametelL represents theeries inductance per cell tife transmission linéR represents the
series resistance per cell of the transmission Grrepresents the shunt capacitanceged of the

transmission lineandG represents the shunt conductance per cell of the transmission line.
The voltage and thcurrent azand ] ~ ] can be expressed as:
KVL

. . Ve oas ) )
s F oo F g,oeT L "ok ;085 1S3;
A

Z
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KCL
EVAER F) ¢VRVE (VP F %V sd;

Assuming the lengthiz W0, the KVL andKCL equations can be expressed as:

o RVAR i o BEVaR, .
- L FAEVAR F.— DS,
oV oP

o BvVaP, i 0 RVAR .
- L F)EVP F %———— Y.
oV oP

Equations (1.3pnd (1.4) are the timdomain transmission line equations, where the voltage

and the current on the line dgemulatedin terms of the position and the time.
For instantaneous voltage and current, it can be exprassadnction of phasor such that:
RVAP L 4A48: VA &¢ ' Say
EVAP L 4 A+ VA €6 IS&;

The derivatives of voltage and the current can be represented saktine phasor in equations
(1.7) and (1.8), whicare DOVR UHJequerdGG RN DPLQ WUDQVPLVVLRQ OLQH F

@S\ALF'4EFS'+'V Sy,
av : WEV Y- T
@LF-) EFS9:V, Y- &
@V . 7 =V . ’
Taking the derivatives of the above equations with respect to
@8: V. @V,
LF4EFS,— :sd;
% @V 1
@+V, @ 8V,
——— LF!) EFS%—— S&T,
@p ) @V

Then combine the equations (1.7), (1.8) with the equations (1.9), (1.10), the following equations
can be found as:

1 e

E L: EE™ EE™M: 2L @ e 'S& S
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16 oe
Tl

L: EE™ EE™eL @ : e (SEt;

where Us the complex propagation constant of the transmission given by:

UL ¥:4EFSH EFS?L UEFU s& U

The re4 part Uof the propagation constariimeans the attenuation of the signal in the
transmission line with the unit of nepers per meter. The imaginary(maeans the phase constant

of the signal in the transmission line with the unit of radians perrmete

Finally, the general solutions for the voltage and current wave equations could be represented

asfunctions of propagation constafind the positior.
8:VL8 A E8AT 'S& Vv,
VL FANTEFA :S& W

where the8> A’ Tand ¥ A’ | describe the wave transmitted E\Mdirection and the8” A’ and

+ A describe the wavigansmitted irF \direction.

The characteristic impedancais given by

4EFSH 4EFSH

< ] o
«L—5— L yEFs» S&EX
The wavelengtlof the wavesluringthe transmission could be found as
aL te 'S&
U S8

A key point of designing TDR based RFID tag is to calculate the speedle€tromagnetic
wave. The phase velocityaccounts fothe speed at which a point of fixed phase prapegFor
the waveguide witha chosen mediugrthe phase velocity could be givbg

1S& Z
where:

S .
GL—¥Y% 1S3 {;
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. le 6 Jeb ,
GL @®AF @; A ;sdr;
Parametersaa and b mean the width and the height of the rectdagwaveguidem andn

represent modeTEmn that propagate in the waugde, Q is the relative permittivity of the
waveguide.
The group velocity describes the spegdvhichthe electromagnetic wave traveFor the
waveguide witha chosen medium, the group velocity is expressed as:
® U _
8_] L@ L?S 'sds;
Through equation(1.18) and (1.24), it could be found that phase velocity is faster than the

group velocityin the waveguide.

Obviously, for the design of tag, we needisethe déay timealongtransmission line, which
means that the exact travelling time retdbe set and the length of the transmission line xeed

to be calculated, so the group velocity is adopted.

1.2.2 Transmission line discontinuity

For the incident signal, wheh encounters a discontinuity in the transmission line, paitsof

power will bereflectedback and other part of the power will continue to travel along the electrical

transmission line as shown in Figure[16.

Figure1l.3 Transmisson linediscontinuity

ParameteiZo: representthe characteristic impedance of the left transmissionZineepresents

the characteristic impedance of the right transmission\Winmepresents the voltage of the incident
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signal at the boundary/; represents # voltage of the tresmitted signal at the boundaapd V;

represents the voltage of the reflected signal at the boundary.

The reflection coefficient+is given by:

. 8% <sF<s .
AL§ Lms 1sdt;

The voltage and power of the reflected power are expressed as:
&L AHS; 'sdu;
2 L 88 <L A% 'sdv;
The voltage and power of the transmitted power are expressed as:
& L:sFASg rsdw
2.LsF2L:sFA%2 sdix;
The method of adding the discontinuitythe transmissiofine is employed to encode the bits

of information in the TDR RFID tag design.

1.2.3 Multireflection issue

For the design o& TDR RFID tag withmore than one bitof information, more than one
discontinuiyy should be placedlongthe transmission line with the same interfeslencoding the
binary code which will bring upthe multireflectionissue. For example, the multireflection issue
of tag with four discontinuitiess shown n Figure 1.4 Vi represergthe amplitudeof the incident
wave, AaAaAaArepresentespectivelythe reflection coefficierstof thefirst, second, third and
fourth discontinuies 8 &3;&8; & representespectivly the amplitude othe first, second, third
and the fourth reflected wasieR represents the interval between two discontinuitées] Z

represents the distance from the excitation to the first discontinuity.



14

Figurel.4 Multireflection issue (4liscontinuitie$

By utilizing the equatios (1.14) (1.25) and (1.26), theamplitudeof 8&; &;&8;&; could be
expressed in terms of propagation constapbsitionz, reflection coefficiers AaAaAaAand

interval between the two discontinuitiBss follows:

&LAART :sdy;
8 L :sF AP, AN 1>6E 'sdz;
8 L:sF A APAR B E SF AP isF AP AR (TPBE s {;

& L SF'@(S’/})[B,G[BA? N> E; E:SF[S‘B;:SF/%(;;[BAGA? N> E; E

'SFAS,:sFAS;:sF AS; AR > E (1.30)

1.2.4 Designequations for TDR RFID tag

In the RFID system based on TDR technighe,tagcould be regarded asmeport component.
Theintegratedantenna is not only used for receiving ihterrogationsignal butalsofor reflecting
back theencodedsignal. Assuming: representshe total transmission time from thetegrated
antenna to the terminal of the tagepresentshe transmission time between two discontinuities,
nis the number of the bitsf information,ts representshe time width of the interrogaticsignal,
to means the time from the antenna to the first discontintgityeans théransmissiortime in the
free spaceta represents thdurationof system operatigrthe relationshigmongthem should be

arranged as Fige 1.5shows.



15

Figurel.5 Rulesof TDR RFIDtag design

where:
RLtkR ER EuURO ‘sds
.LUAE<LR L :URER:§ ‘salt;
tR PR ‘saly

Equation (1.31) means that because the reades fmnthterrogation signal and listeto the
echees from the tag,parameterds, to and t; will be doubled.Equation (1.32)representghe
calculation oftotal transmissio lengthL of the tag Equation (1.33)is arrangedn order to

distinguish the tw neighbouring bitef information.
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1.2.4.1 Interrogation signal

Generally,the time width of the interrogation signaiwill affect the size of the tagndthe
bandwidth oft will determinghe bandwidth of the tag antenna. Nowadays, the commercial reader
devicecouldgenerata 2 ns time width pulse signadp this pulse signal with the carrier of E&Hz
is considered athe interrogation signal of theystem. Tie waveformandthe spectrunof it could
beexpressedh Figure 1.6 and Figure 1.7.

Figurel.6 Interrogationsignal

Figurel.7 Spectrunmof theinterrogationsignal
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1.2.4.2 Interval between two neighbouring discontinuities

In the TDR MMID tagdesign the doubled transmission timg &hould bdargerthan the time
width of the interrogation sign& in order WR GLVWLQJXLVK WKHnW&ah&oQHLIKER

andt; should be as small as possible in order to reduceagisze.

In RFID system, the interrogation signal wahcounteisomedistortionuponreceivedby the
tag antennaOver the millimeterwave band, itis possible to design the antenna withGHz
bandwidth and dter the interrogation signal receivday the antenna with GHz bandwidth,
assuming the antenraets as gerfect bandpass filter, the waveform of the signal in frequency

domain andn time domain could be evaluatasin Figure 1.8and Figure 1.9.

Figurel.8 Spectrum of the interrogatiosignalaftertagantenna
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Figurel.9 Interrogation signaleceived by tagntennat{me-domair)
Through Figure 1.8, itanbe foundthat after received by the antenna with 1 Gidndwidth,
the high frequency and the low frequency are attenuated, central frequendglof 86th 1 GHz
bandwidthremains the sam&hrough Figure 1.9 WKH P XW D W L R @f the RterrdgatighR 3 ~
signal is disappeared whidhV UHSODFHG E\ WKH VPR RaWdkeRiXewdh ot RP 3 ~
the signal is expanded from 2 ns to 3Insorder toGHFRGH WKH WZR QHLJKERXULQJ
tr should beat least 0.5 nbread WK H E L Q D U assRo@rHin¥igure 1.10

Figure1.10 Binary code?
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1.3 Equalization method

1.3.1 Theoretical moddling

In order to deal with the existing multireflection issue during the TNRID tag desig, a
theoretical modellings developedoy adgting the equations (1.2.30). In this modellingthe
time width of the interrogation sign&F2 ns the transmission time of the interval between two
neighbouring discontinuities =0.5 ns andthe transmision time from the antenna to the first
discontinuityto=0.1 ns.For the 4-bits TDR MMID tag designas an example in this warkhe

amplitude of the four reflected wave could be expressed as follows:
The first reflected wave:
& L % H A >Y iH4&IoHE 4° - Sdl v,
The second reflected wave:
g L ksF/%e’oH[k H A >Y H7&HigH5 45 - SAIW
The third reflected wave:
8 L ks F AGO%GAA?: >Y H:&8HIoB4° £ .o F [BGUS = '%6?4'63: >Y ;H: &HigH5 45 - Sdl X
The fourth reflected wave:
& LiSFAYISFAS SFAS AR >V inestions 4
E:sF [56; :ée/ée;éA?: >Y ;H=&Hi UH5 45
E:SF@s;:sF/gs;/bAeA?: >Y ;H=%Hi UH5 45> ‘sdly,

where parameters and represent the attenuation constant and the phase constant of the
transmission lineVy represents the group leeity and +, +, +, 4 represent the reflection

coefficient of the four discontinuities.

In the case ofh, , B, 4 equal to 0.25the amplitude of thenterrogation signal equals to 1
and .=1.6 neper/m, = 1000 rad/myy=1.5x10"8 m/stheamplitude of theeflected wave anbe
calculated by thabovemodellingapproactasdescribedn Figure 1.11.
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Figure1.11 Non-optimized reflected wave

Through Figure 1.1theamplitudeof reflected wave will decreaseith time,sothe information
encoded inhe subsequent bits will be loshee they are below the minimum detable power
(MDP) of thesystem It could be found thaheamplitudeof thefirst two bits are higher than MDP,
it is possible to transfer part pbwerfrom theearly bits tothe subsequent bit® maximize the

encodable bits of the tag

1.3.2 Lsqcurvefit

Lsgcurvefit is one kind of optimization methodMuatlab which is usetb solve the nonlinear
curvefitting (datafitting) problems inaleastsquares sense, it could be expressdd7, 18]
-é-!(:Ta"I'@:;FF:U@:!E’I;-é-I' (:T&T @ 3PEU @ 35 = 'Sdl zZ
0
wherex is variable that defirethe valueof (: Tal @ 5P whichhasthe lower and upper bounds
Ib andub, (: T4l @ 5jAsregarded as the input of the methad@ =B considereas the goal of

the optimization. Al the parametersan be vectors or the matricésr (:Tal @ ;Fard U @ 5P =

they need to have the same length during the operation.
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1.3.3 Equalization method

The equalization method is proposiedthis work based on th@bovepresentedheoretical
PRGHOOLQJ DQ @& cr@evidrraXiixeltheleéddable bitsf the tag.

In this method, the parametestsould be set as follows

TL A ? ssdu {;
T@=P8&BB, 7 Lsdrr,
H: >aaa”? Y- T

QL >=&&87 (Sat;
U@=P=#:r; &t r;at:r;at:r;? (S& U

wherex is setasfour reflection coefficiergof each discontinuityxdatais set atheamplitudes of

the reflected wawg Ib andub are set as the equation41) and equation (1.43howbecause the
reflection coefficient has the range from 0 toydatacould be set with respect to the bipnaode
that needto be encoded. RU H[DPSOH IRU WKH yHdta)l YUY HF\RAAMRR, B@& "3 >
andIRU WKH EL QD UyddaRLG/HVHAYADIWWAE> Z Ki¢ptésersgthe amplitude of
the reflected wave.

The advantage of this method is that duopgration we can increase the valuefoto increase
the value of+, &, %, +, the sign of the end of this optimization methodts1, which reahes
the upper boundnd after the optimizatiorthe maximum value ofA is found. The physical
meaning ofit is the last discontinuity is shectrcuited andall the power reeived by the antenna
will be used fo encoding the bit®f information A represents the maximum amplitudethe
reflected wave. Manwhile, the exact value efchreflection coefficient+, +, +, 4 could be

extracted through the matmx

By applyingthis equalization method to the roptimized amplitude of the reflected wave in
)LIXUH WKH RSWLPL]HG UHVXOWY RI WKH ELQDU\ FRGH 3

calculated ashownin Figure 1.12 and Figure 1.13.
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Figurel1.12Optimized ELQDU\ FRGH 3

Figurel1.13OptimizedELQDU\ FRGH 3

Through theabore ILIXUHV ZH FDQ ILQG WKDW 3 forltheé biia¢y\H PD[LP .
FRGH 3 " DQG 3 "LV WKH PD[LPXP DPSOLW&XmefldctidRU WKH |
coefficientof each discontinuity for generating the resudtslso tabulated in thdigures and

compared with theon-optimized results, two more bitd information could be detected.
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1.4 Link budget of TDR MMID system

Thelink budget is used for calculating all the gains #mellosses from the transmittier the
receiver it describes th@ower of the RF signal at any point of the systé&ire link budget oha
passiveTDR MMID system iseasy toget analyzed becaugbe receiver (tag) has raboard
power supply, it only relies on the power from teaderfor encoding théits of information. The
goal of the investigation is to find the power received by the tag and the power fefldbted
backto the reader at the particular conditiiurthermore, iwill help define MDP of the system
[19-23].

Figure 1.14 shows the schematic of the link budiyget TDR MMID system, where Rg o« g &

represents the power transmitted from the reali, tepresents the power received by the tag,
) ag o xEpresents the gain of tlreaderantenna,) . o sepresents the gain of thag antenna,

2 Ng o xepresents the power finally received by the rediegpresents the distambetween the

tag and the reader

Figurel.14 Link budget of TDR RFID system

Typically, the link budget of theIMID system could be evaluated by the famous Friis equation,
which can describe the power transmission betvte® antennas in ideal caj@#].

The pwer received by the tag can be expressed as follows:
2Nodk 2Rpox&a) azoxfa) o tr. K@Wg 4A SdV,

The power finally received by the receiver can be expressed as follows:
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2 Nagal 2RoF )apoxda) o F tr. K@We 4A L& w
The relationship betwee8 No gnd 2 hg o «gan be expressed as follows:
2RPod 2NoHA ' HA?  EL sdad SH X

where . represert theattenuation constant of the transmission line, K @;Mé gAepresents the

path loss in the MMID systenand i :EL sd& &a) represerd the reflection coefficient foeach

discontinuity.

The characteristicef the TDR MMID system is tabulated in Tallel, the sensitivity of the
readerissettobe G%P ZKLFK LV DYDLODEOH LQ WRGD\YfV PDUNHW
to be 20 dBi, which is possible be realized by the use of &orn antenna, the gain of the tag

antenna is set to be 5 dBi, which is also possible to be designed at 35 GHz.

Tablel-1 Characteristicof TDR MMID system

| S 15 | "~ 15 S~ +&c Sgi. Frequency

-80 dBm 10 dBm 20 dBi 5 dBi 35 GHz

By applying the equation (1.44), the power received by the tag based on the characteristics in
Table 11 versus the distan@®uld be calcwted in Figurd..15 As showrhereg the power received

by the tag will decrease with the distance.
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Figurel.15 Power received by the tag

By applying the equation (1.45), the minimum power that sisetereflectedbackfrom the
tag to ensure the encodekits of informationdetectableversus the distance could be calculated in
Figure 1.16, it could be found thiue valuewill increase with the distance.

Figurel.16 Minimum pawer to bereflectedback
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With the twovaluesas discussedbove, the ratidk between thaninimum amplitude of the
reflected signaMttag and the amplitude fathe signal received by the antenrvtag could be

calculatedoy equation (1.47)and the relationship versus the distaiscehown in Figure 1.17.

- L §srEeiP59ng (FRiors4 S&Y,

Figurel.17 Ratio betweelVttagandVrtag

The MMID tag could be regarded ashkack box as shown in Figure 1.18 the previous
equalization method, thétagis normalized to 1, so the following design rule regedbe satisfied

in order to ensure the encodaits of informationdetectable.
Design rule:

#R - S Z

Figurel.18 Design ruls of TDR MMID tag
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1.5 Maximum encodable bits

Based on thaboveanalysis, a combination of the equalization method and the link budget of
theTDR MMID system is proposed toaximizethe encoddle bits in the tag, which is processed
by the following steps.

x Build the theoretical modellingf multireflectionissuebased orthe capacity of theagN.

X In the equalization metho8y adjustng the value ofA to makethe reflection coefficient
of thelast discontinuity+y = 1, thenthe maximumamplitudeof thereflectedsignalA is

obtained

X Based on the characteristic of the MMID systéin@ power received by the tag and the
minimum power that nesdo bereflectedbackcould be found andthe ratioK between

VitagandVrtag versus the distance could be extracted.

X Setthe conditiorthat # L -, which means the maximupower of thebits of information
equals to the Minimum Detectable Power (MDP) of sistem At a fixed distancethe
maximumencodable bits could be foumdich equals tahe length of the matrixdata

In order to verify the proposed metholde tharacteristiof theMMID systemdiscusse@bove

is considered as anxample Following the abovalescribed execution and design procegdiire

Figure1.19 Maximum encodable bits

yieldedresult 5 shown in Figure 1.19.
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As shown in Figure 1.19hé maximum encodable bits versus the distangkedecrease with
the range of the TDRIMID systemshowngthe feadbility of this proposed methodoFexample,
at the fixed distance of 1 m, the maximum @G DE OH ELWYV IR Uomhkfbtet\dBtdntey 3~ EX
of 2 m, the maximum encodable hLssUHGXFHG WR 3 °
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CHAPTER 2 &+,3/(66 00," 7$* &G 21 7'5 02'8/%$7,24
2.1 Full-mode subsrate integrated waveguidetag

2.1.1 Introduction

The substrate integrated weguide (SIW) has received great interest in designing the
comporents over millimetewave band in the past few decad2s] [26]. With this tedinique,
passive componen#nd active devices could be integrated in the gameed circuit boardRCB),
which leads to the minimization of system size. Moreover, the SIW structura saslar
propagation constant as tbkassical rectangular wavegujdehich offes the benefits of higiQ,
high power capability and easy integration etc. Compared with the cost of traditional waveguide,
SIW fabrication is cheaper which enssitiee possibiliy of amassproduction of millimetemwave

integrated circuits.

Figure2.1 Geometryof SIW

Figure 2.1 shows the geometry of SIWrepresents the height of substraterepresents the
physical width of waveguidel represents via diameter as the spacing between tvamljacent
vias. t is one kind of rectangular waveguide which is formed by the top metal layer and the bottom

metd layerwith the substrate sandwiched between them, théitateralsides are rows of periodic
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metal vias which could be regardecdegsiivalentlectrial walls, andthe spacing between the two
vias will affect the amount of leakage power during the transmission.

The transverse electric (TE) modes have no electric field iditbetionof propagation and the
transverse magnet({d@M) modes have no magme field in the direction of propagation.u2 to

the gaps between the metal vias, only.JBodes are supported in the SIW structures.

According to[27, 28] the effective width of SIW is calculated by the equa(i®.1)

L@ _ @ )
Sgud_SFsaz—oEres—S i

The cutoff frequency of rectangular waveguide could be calculated by the equation (2.2)

BL

where Y; representthe dielectric constant of the substratendn represent thenodes transmitted
in the structurea representghe width of the waveguide arfal representghe height of the
waveguide. m particular, the fundamental mode in SIW structure is the MBde, by combining
the equation (2.1) with equation (2.2), the-offtfrequency of SIW structure could be evaluated
in equation (2.3).

"

L———— ta:
t Sy u ¥

B
The bandwidth of the fundamental madeSIW is from B o nearly t B 2For the MMID tag
based on the Rogers 6002 with the dielectric permittivity of 2t@minimum effective width is
calculated to be 2.88m at 35 GHz In order to avoid thpropagation opotentialhigher mods,
the SIW width is considered to be 4m@m.

2.1.2 Extraction of propagation constant of SIW

In order to characterize the modes supported in the SIW and to éstpaopagation constant,
the SIW model is simulatedn the Ansoft High Frequency Structure Simula{eiFSS). he
dielectric filled in the waveguide is Rogers 6002 with the thickness of 20mil, which has the
dielectric permittivity of 2.94The dimensions of the waveguides are kataal in Table 2.
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Table2-1 Dimensions of SIW

0.6 mm 0.9 mm 20 mil 4.2 mm

Figure2.2 Magnitude of electric fielanh SIW

Figure2.3 S parameters of SIW transmission line

Figure 2.2shows thathe TEio mode is supported in SI\&t 35 GHzandthrougha full-wave
simulation, forward gaimr transmission coefficieriz: and return loss g could be calculated in

Figure 2.3wherethe cutoff frequency is found to be 25.5 GHz.
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2.1.2.1 Attenuation constant .siw

In [29], the loss in SIW could be concluded thg total contribution ofconductor loss.c,
dielectric loss.q and radiation loss;. The conductor loss and the dielectric loss are similar to the

traditionalrectangular waveguidéut the radiation loss sunique characteristiof SIW.

2.1.2.1.1 Conductorloss .c

The conductor loss in SIW is caused by the finite conductivity in the top and bottomayetal |
as well as the metal vias, by adopting the formula derieedhe rectangular waveguide, the
conductor loss.c could be calculatedith equation (2.4).

cpt:B9BD
¥eBnY Sguu

L — t&:
o D¥és ¥sF :BoB;S

where Y, representshe dielectric permittivity of vacuumy,; representghe relative dielectric
permittivity of substrateh representshe thickness o8IW, éxrepresentshe metal conductivity,

and Sy ( tepresentshe equivalent width oBIW.

2.1.2.1.2 Dielectric loss .4

The dielectric loss in SIW isaused by the dielectric filled the rectangular waveguide, same
as conductor loss, by adopting the formula derived for the rectangular waveguide, the dielectric
loss could be calculatesith equation (5).

. e B/Y; .
U, L—— 7 p_jy t
?%sF :BoB;s

where P = X€&presentsheloss tangent of the dielectric.

2.1.2.1.3 Radiation loss.r

The radiation loss in SIW is caused by the gaps betweemétal vias, thdistanceof the gaps
will determine the power loss due to the radiation. For the reason that this is the unique
characteristics in SIW structures, the traditional formula derived for the rectangular waveguide is
not available for the caltation. The method based on the analytical decomposition ¢f MBde

into two plane waves is proposed, where the radiation loss coelbheatedvith equation (2.6).
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The compariso between the simulkadiresuls and the calculated ressitegarding the total loss

in SIW has beemjivenin Figure2.4.

Figure2.4 Attenuationconstant of SIW
In Figure 2.4, the red curve represents the calculated séistdughMatlab, the black curve
represents theimulaed resuls by HFSS It could be obswed that the simulatl resuls roughly
correspondo the calculated ressltFinally, the valuef the attenuation constamdiw=1.68 neper/m
at35GHz (theoperatingrequency of the MMID system) is considered for theadization method
proposed in chapter. 1

2.1.2.2 Phase constant sjw

The analysis of the phase constagtof SIW isthekey point for the MMID tag design because
the value of siw will not onlydetermine the group velocitf SIW but alsoarousethe dispersion

issue.
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The phase constandw versus frequency is calculated in Figure 2.5. FoSihétag design, the
value of the phase constanf,=1008 rad/mat 35 GH is considered for the equalization method

proposed in chapter. 1

Figure2.5 Phase constant of SIW
2.1.3 Distortion

2.1.3.1 Group velocity of SIW Vgsiw

When the interrogation signal transmits aldingSIW, the distortion of the interrogation signal

could bedividedinto two parts dispersion and attelation. Thegroup delayiy » gepresergthe

time delay of amplitudenvelopegrersus frequencin SIW, whichcould be used to describe the

dispersion issuasexpressed in equation (2.7).

@T KA? >Y ;AO;
@

where T A1 >V A represerd the total transmission reh of the interrogation signand &

igL F 1y,
represents the angular velocity.

In order tocharaterizethe distortionissuein SIW, the value of.swand siw over the frequency
range from 34.5 GHz to 35.5 GHz is extractbtbugh(2.7), we can adjust the value of the
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transmission length to make iy » a3 NS atthe centre frequency of 35Hz, which mees the

criteria set in chapter 1.

Figure2.6 Group delay and attenuation (SIW)

As Figure 2.6 showshe red curve represents the attenuation o$itireal which increasewith
frequency. he black curve represents the group delasigrial which decreasgwith frequency.
With the optimzed L=42.3cm, the group delay & ns at35 GHz isgeneratecandit could be
observedhat theinterrogationsignalis expanded from 3 ns to 3.08. This level of distortion is

acceptabledr the interval of 1 ns between tweighbouring pulses.

Then thegroup velocity otthe signal in SIW §; .. (¢an be calculated by tleguation(2.8).
ajaeulé? L s&sUsrl O ta;
0

2.1.3.2 Interrogation signal distortion

The spectrum of the interrogatia@ignal after the transmission length of 42.3 cm could be

calculatedoy (2.9),which is showrin Figure 2.7.

BKL B@A: >V A 'ty
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Figure2.7 Spectrum of output signab(Ww)

Inverse Fourietransform isperformedbased on the speat of the output signal in order to
find the output signah time domain

Figure2.8 Interrogation signahnd output signal (SIW)

Through Figure 2.8, it could be observed that the time dagl#ye amplitude envelope 8fns
is achievedwith thetransmission length of 42.3 cm atiek interrogation signal sxpanded from
3 nsto 3.08 ns.
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2.1.4 Meander-line based SIW tag

2.1.4.1 Discontinuities

With the extractedsiw=1.68 neper/m siw=1008 rad/mandVgysiw=1.41*1¢ m/s by applying the
equalization method proposed in chaptethe reflection coefficient of every discontityucould

be calculate@nd givenn Figure 2.9.

Figure2.9 Reflected wave in SIWMatlab)

There arghree method® creatadisconinuity throughthe transmission in SIW such as adding

stubs, metal vias or symmetrical iris ingtaneasshown in Figure 2.10.

Figure2.10 Discontinuity in SIW (a) Hstub (b) metal via (c) iris in Hplane
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For the SIW tag design, the iris inplane is considered for encodirgetbitsof information.
The equivalent circuit ofhis kind of discontinuityis shown in Figure 2.1130], its reflection

coefficientcancover therangefrom 0 to 1 by adjusting widthv as shown irFigure 2.12.

Figure2.11 3 Discontinuity in SIW

Figure2.12 Reflection coefficient of symmetrical iris in-plane

With thevalue offour calculatedA Es depictedn Figure 2.9, thelimensiors of eachiris can

beextractedbased on theurve in Figure 2.12, whicaretabulatedm Table 22.



Table2-2 Dimensions ofliscontinuitieg SIW)
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£y £ £y Ev
Magnitude 0.098 0.2003 0.4185 1
Width (mm) 0.365 0.443 0.545 2.1

2.1.4.2 Antenna of SIW tag

Forthe SIW tag design, th&lot antenna is consideréar its integraton with the MMID tag.

Generally, slots on the waveguide are asslitonéhave a narrow widtthess than 0.1 of wavelength
in the substte) and the length of the siet0.5 of wavelength in the substrf3d-33].

Table2-3 Dimensbns of SIW slot antenna

Thickness

X_slot

Y_slot

P_slot

Magnitude

20 mil

0.35 mm

2.1 mm

2.1 mm

Figure2.13 Topology of SIW slot antenna

Figure 2.13hows the topology adnSIW slot antenna withhe dimensions tabulated Trable
2-3, the model is simulated in HFSS with Rogers 680@the substate thickness is 0.508 mm.
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The antenna is proposeddperateat the center frequency of 35 GHz witie bandwidth of 1GHz
as discussed in chapter 1.

Figure2.14 Return loss of SIW slot antenna

Figure2.15 3D Radiation patterof SIW slotantenna

Figure 2.14shows the return loss tfe SIW slot antenna, the antennajfseratingat thecentre
frequency of 35 GHz, arttie bandwidths 1 GHz, which meetspecificationasmentionedabove
in chapter 1. Figure 2.1&howstheradiation pattern of this antenna with the gain of 6.52 dBi..
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2.1.4.3 Simulation result

The 4bits SIW tag is proposed to achieve thiimeterwave identificatioras well as to verify

the proposecequalization method.

The total transmission length of SIW thagy is calculatedn the following(2.10)

UURER ERR2us
ey aeF? 4RJaeulfyr?l &

The terminal of the tag sshortcircuit because by applying the proposed equalization method
in chapter 1, all the power will be used for encodimg bits. BXW LQ WKH FDVHaRRl FRGH
extra length of 5 cm between the lastdnd the terminal of the tag reserved for the reader to
distinguish the terminal. So the total length of the SIMLtags 75 cm.

By connecting the SIW slot antenna, the topology of the &iy\ist shown in Figure 2.16

Figure2.16 Topology of SIW tag

The size of the tag is 7 cid an with the total transmission length of 75 cm, the four
symmetrical irises in Kblane during the transmission are employed for encoding the information
Time domain simulation of the tagegecutedhroughthe softwareCST MICROWAVE STUDIO
(CST), the tags excitedat the bottomleft corner without the antennd@he simulation resulis

shownin Figure 2.17 the four peaks areasy toget identifiedwhich representhe unique binary
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FRGH 3 " WKH PDJQLW X G Hwidh EbD prével tNah® prapbsed eglializ &igh
method works well in the SIW tag design.

Figure2.17 Reflected wave of SIW tagifnulaton)

2.1.4.4 Measurement result

In order to read the fabricated tagneasurement setupdsnstructed as shown Figure 2.18.
The pulse generator is used for genecptite pulse signal &f ns width which is connected to the
3)" SRUW RI WKH PL[HU W K Kthé 35 QHr@ardiét QuHith x\dbRrdctd i@ tHeU D W H
3/2° SRUW R WekrikePul] Holdhe YWKofip-conversion, after the power amplifier (PA),
the interrogation signal Wibe sentoutthrough the horantenna with the gain of 20 dBhen the
signal will bereceived by the tag antenradier encoding the tgbf information, the tag will send
back the encoded signathich will be received by another horn antenna withsdm@e gain of 20
dBi, thenanother mixer will do the job of dowronveasion with the signal generatdfinally, the

baseband signal will be connected to the oscilloscope to decode the information stored in the tag.
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Figure2.18 Measurement setup

Figure2.19 Reflected wave of SIW tag (measurement)

Figure 219shows the measuremearsult of the SIW tag, it could be observed that the reflected
wave is attenuated and delayed through the propagation in the free space and the transmission in
6, ,Q VSLWH RI WKH XQH[SHFWHG QR todltbeed¢ottedagi.ThéH ELQD L
simulation result and the measurement result are in good agreement whicthmabtree proposed
SIW tag works well at 35 GHz.
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2.2 Half mode substrate integrated waveguide tag

2.2.1 Introduction

In order to reduce the size of tlabovedescribedSIW tag, halfmode substrate integrated
waveguide (HMSIW) is investigatashich can reduce the waveguide width by hglfure 2.20
shows the top view of the geometry thie HMSIW, it is fed by the microstrip line with the
chDUDFWHULVWLF L PtBethictostrip Finé iRWwell matched to the HMSth the
taper the uppeside of the HMSIW is a series of metal sland thebottomsideis open. ih the
mode| 6zandW representhe transmission length and widthMSIW, respectively . and 9
representhe length and the width of the tapér; representshe width of the microstrip line, the

thickness of substrate lisand the dielectric constant of substrateg84].

Figure2.20 Geometryof HMSIW

Similar to SIW, the series of the metal slots coulddmarded asn electrical wall,the open
sidecould ke regarded asmagnetic wall,lhe poweiis confined lketween the top and bottom metal
and propagatalongthe longtudinal direction. h SIW, the dominant mode during the transmission
is  5smode, in HMSIW, it can be said that the SIW istoyhalfin the middle, so the dominant

mode supported in the HMSIW is the guasi,g4 mode.

2.2.2 Extraction of propagation constant of HMSIW

2.2.2.1 Multiline method (HMSIW)

The multiline method is a common way to extract the propagation constantrmform
transmission ling35]. In this method, first the T matrix (transfer scattering matrix) is defined as

shown in Figire 2.211n atwo port networka; andb; represent the amplitude of tieident wave
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and the reflected wave in portespectivelya andb; represent the amplitude of the incident wave

and the reflected in portZhe network could be described by the maTm(%z %ZC

Figure2.21 Two port network

The relationship of tiseparameters is showas follows(2.11).

5 Be~s06 o e
hL %5 5 B C ‘tE S
The advantage afsinga T matrix is that the cascadiaetwork could be easily dedued by the

product ofall theT matrix of each subetwork. For a uniform transmission line with the length of

I, T matrix could be regarded as the diagonal matrix, which is described 2). (2.

2" L
L dF gih st
where UHSUHVHQWV WKH SURSDJDWLRQ FRQVWDQWmatHxWKH +06
and the Smatrix is shown in (2.3).

B55 360 J::'55'66E'56'65; °65 °55 °5

-
B5 B6 Fes6 %65 S %5

By adopting the multiline method in analyzing the HMSIW, the HMSIW could be divided into
three parts, the left microstrip feéde with the taper, the HM®/ and the right microstrip feed

line with the taper, which could be represented by tinealrix as follows.
6 L 624064 £1a5 Ubg ¢ &y
65 L 624U64 2146 Ubg ¢ tEw
The middle part (HMSIW) could be regarded as the uniform transmission line, vdndie
represented by the equation (2.12).
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A5

dA?: >Y N
GariapL x >¥ sl - P

A6

dA?: >Y ; ..
Gagine L 5 >V 6N &y,

wKHUH . ae&attenuation constant and the phase constant of the HM&dWéctively

Throughthe simulatiorby HFSS we ca get the result of land To. Due to the same dimensions
of the microstrip feed line, by subtractifig and T, the influence of the feed line could be

eliminated as follows.

GsL &6 F 6 L 6igians &z

>Y ;c',A

? .
64 £1Am6 L o h &

A >Y ;A
where "L=L1-L,.

Finally, the attenuation constant and the phase constant of HMSIW could be calculated as

follows.

~ S . 6
UL— UH J—

¢ 65
The model ofmultiline line method(HMSIW) is built in Figure 2.22the HMSIW with the

transmission length of 10 cand another HMSIW with the transmission length of 30 cm are

p tdr;

simulatedin HFSS both of them are fed by the same microstrip lithe, dielectric filledin the
waveguide is Rogers 6002 with the thickness ofrl) andthe dimensions of the HMSIW are
tabulatel in Table 24.

Table2-4 Dimensions of HMSIW

W X8 [s f

1.3 mm 1.66 mm 0.5 mm 2.4 mm
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Figure2.22 Multiline method (HMSIW)

2.2.2.2 Attenuation constant .nmsiw

In HMSIW, the loss could be concluded as tb&l contribution oftonductor lossdielectric
loss and radiation loss. The conductor loss iseziy the top rrd bottom metalas well as the
metal slos. The dielectric loss is caed by the dielectric filled in the waveguiddneTradiation
loss is aroused by the leakage from the gap between the metal sltis @pen part of HMSIW.
Based on the multiline mettpthe attenuation constammsiwcould becalculatedand plottedn
Figure 2.23within the frequency range from 34 GHz to 8Hz As described in the figuréhe
attenuation constant of HMSIW is low#ranthat of SIW, it could be explained that for tha
compact size of HMSIWIts dielectric loss and conductor loss are lower tit@8IW counterpart
but the radiation loss ikigher than SIW due to the open part of HMSFKhally, the attenuation

constant of HMSIW .nmsiw =1.64 neper/mat 35 GHzis considered for thegealization mé&hod
proposed in chapter. 1
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Figure2.23 Attenuation constant of HMSIW

2.2.2.3 Phase constant KPVLZ

Similar to the phase constant of the SIW, the phase constant of HMSIWmsiwWill not only

affectthe group velocity but alsarousethe dispersion issue.

Figure2.24 Phase constant of HMSIW
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Based on the multiline methpithe phae constant of HMSIWhmsiwfrom 34 GHz ta36 GHz is
calculatedn Figure 2.24For the HMSIW tag design, the value of the phase constast=1058
rad/m at35 GHz is considered for theyealization method proposed ihapte 1.

2.2.3 Distortion

2.2.3.1 Group velocity of HMSIW Vghmsiw

Similar to SIW, the distortion of the interrogation signal in HMSt@uld be divided into two
parts:dispersionand attenuatianThe group delay of the HMSIWg; » ygan be expressetly
formulation(2.7), thevalueof Uy - &and Uy - g@ver the frequency range from 34.5 GHz to 35.5
GHzis extracted, with (2.7), we can adjust the value of transmission lengthchieve the group

delay of3 ns at 35 GHz to meet the criteria set in chapter 1.

Figure2.25 Group delay and attenuatiodNISIW)

As shownin Figure 225, the red curve represents the attenuatiah@fignalwhich is almost
stable at 6.8 dB, the black curve represents the group dethag sfgnal which decreasewith
frequencyWith the optimized.=48.1 cmthegroupdelay of 3 nat 35 GHas achevedand it @an
be observed that the interrogation sigisadéxpanded from 3 ns to 3.01 fkis level of distortion

is acceptabléor the inteval of 1 ns between two neighbouring pulses.
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The group velocity osignal inHMSIW Vgnmsiwcan be calculated ke following formulation
(2.21).
&aeud~— L s&rulsril O ‘t4s;

o
2.2.3.2 Interrogation signal distortion

The spectrum of the interrogation signal after the transmission length of 4814 dMSIW

could be calculatednd givenn Figure 2.26

Figure2.26 Spectrum of output signal (HMSIW)

Inverse Fourier transform merformedobased on the spectrum of the output signal (HMSIW) in
order to find the output signal in tintomain as shown in Figu&27, it could be observed that
the time delay ofhe amplitude envelop of 3 nsabtainedwith thetransmission length of 48.1 cm

andthe interrogatiorsignalis expanded from 3 ns to 3.01 ns.
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Figure2.27 Interrogation signal and output signal (HMSIW)
2.2.4 Meander-line based HMSIW tag

2.2.4.1 Coupling between parallel HMSIW

In order to reduce the size thfe HMSIW tag,a meandedline structure isised For the SIW,
sincethe two sides of waveguide ageclosed the coupling between them is ordgmingfrom
leakage of gagpbetween the metal vias, tleakagepower is relatively lovenough tde neglected.
But in the casef HMSIW, the open side could be regarded as the magneticseatwill arouse

ahighercoupling between the neighbouring HMSBNuctures

Figure2.28 Position (HMSIW)(a) open side to open side (b) open side to enclosed sic
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In the meandeline HMSIW design, there arevo ways to arrange the positiofhe firstway
isrelated tahe @en side to the open side as shown in Figut&(3), theupper sides the HMSIW
with transmission length;=30 mm fed bya microstrip line the bottomsideis the HMSIW with
transmission length,=20 mmwithout any feding line, the dielectric filled irbothare the Rogers
6002 with the thickness of 20 m8representdte space between the two HMSIWes The other
way s the open side to theacloseal sideas shown in Figure 2.28), all the dimensions are equal
to the model in Figure 2.2&) excepthedirectionof the HMSIW at the bottom sidé order to
characterize the cpling betweenhetwo HMSIW, afull wave simulation is carried obty HFSS
overthefrequencyrange from 30 GHz td0 GHz as a function odlifferent valueof S.

Figure2.29 Coupling between HMSIW (open side to open side)

Figure 229 shons S parameter resslof the 3SRSHQ VLGH WHMRVEH@thi the H ”
frequencyrange from 34.5 GHz to 35.5 GHajth spaing S=0.5 mm, 1 mm, 1.5 mm, 2 mrall
the Siresults arever-20 dB, which means that the bottom HMSIW will affect ttemsmisgon
of theupperHMSIW due to the coupling issue. So this type of posiisomotconsideredo build
theproposedneandeiine HMSIW tag.
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Figure2.30 Coupling between HMSIW (open side to enclosed side)

Figure 2.30shows S parameter resultstioé ®erclosel VLGH W R RIBISIWS, WithdHhe
frequency range fror84.5 GHz to 35.5GHayith spaing S=0.5 mm, 1 mm, 1.5 mm, 2 mm, all
the Siresults are below20 dB, which means that the coupling between the two HMSIW is low
enough to be neglected. Basically, for thedagign, the closer the spag is, the smallerhe tag

becomesTherefore S=0.5 mm is considered for the meantee HMSIW design.

2.2.4.2 Discontinuities

With the extracted.nmsw=1.64 neper/m, hmsw=1058 rad/m,and Vghmsiv=1.603*1¢ m/s, by
applying the equalization method proposed in chapter 1, the ti@flecoefficient of every
discontinuity cald be calculatecand plottedin Figure 2.31 the maximum amplitude of the

UHIOHFWHG ZDYH IRU W KOHSE wigbthie amplitbde of the intérkbgation signal
is normalized to 1.
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Figure2.31 Reflected wave in HMSIVWWmatlab)

For the HMSIWtag designa single iris in Hplane is considered for encoding the lifs
information as showm Figure 2.32By adjusting the width of the iris, the reflection coefficient

of this kind of discontinuity @ncover the range fra 0 to 1 as shown in Fige2.33

Figure2.32 Sinde iris in H-plane (HMSIW)
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Figure2.33 Reflection coefficient of single iris in4dlane HMSIW)

With the value offour calculated+ in Figure 2.31 the dimensios of eachiris could be

calculated bsed on the curve in Figure 2,3ich aretabulated irTable 25.

Table2-5 Dimensions ofliscontinuties (HMSIW)

£y £ £y £y
Magnitude 0.0894 0.1982 0 1
Width (mm) 0.77 1.09 0 2.9

2.2.4.3 Antenna of HMSIW tag

In the HMSIW tag design, the slot antenna is considineits integratiorwith the MMID tag.
As shown in Figure 2.34his antenna is designed on Rogers®@{ih the thickness of 20 milni
order to make the slot resomaf at 35 GHz, a barrier is added in the HMSIW to improve the
matchng, L, andW, represent the length and width of the barmespectivelylLs andWs represent
the length and width of the slotyhmsiw represents the width of the HMSIW, represents the
distance beteen the slatand the metal vias artte antenna is fed by microstrip line with
LPSHGDQFH RI
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Figure2.34 Topology of HMSIW slot antenna

The antenna is simulated in HFSS with the dimensions tabulated in Talolee2 the frequency
range from 30 GHz to 40 GHz.

Table2-6 Dimensions of HMSIW slot arhna

Whp Lb Ws Ls Whmsiw PL

0.2 mm 0.8 mm 0.4 mm 3.08 mm 2.4 mm 1.6 mm

Figure2.35Return loss of HMSIW slotraenna

Figure 2.35hows the return loss of HMSIW slot antenna, the anteroeistingat the centre
frequency of 35 GHz with the bandwidth of 1 GHz, e¥thmeets the goal we setahapterl and
the gain of the antenna is 4.14 dBi.
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2.2.4.4 Simulation result

The 4bits HMSIW tag is proposed to achieve the millimetawve identification as well as to

verify the equalization method.

The total transmission length of HMSIW thgmsw is calculated irthefollowing (2.22)

‘uU:RE Ry Ea;R'JUaanﬁ_ —

laeUd n tdt;

Similar to SIW tag, the terminal of the HMSIW tagaishort circuit andnextra length of 5 cm
between the last bit andelerminal of the ta reserved for the reader to distinguish the terminal.
So the total length of the HMSIW téagmsw is 85 cm.

By connecting the HMSIW slot antenna, the topology of the HMSIWgadown in Figure
2.36

Figure2.36 Topologyof HMSIW tag

The size of the tag is 6.5 ah.5 cm with the total transmission length of 85 cm, three single
irises in Hplane are added into the structwoeencode the bitsf information. Tme domain
simulation is carried out by CST, the tag is excaeéthe bottoraleft corner without the antea.

The simulatio result is shown in Figure 2.3{he three peaks are easy to be found which represents

WKH ELQDU\ FRGH 3 " WKH P DJQwhtKcddmondttatbk validityfQ HD U O\

of the proposed equalization method.
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Figure2.37 Reflected wave of HMSIW tag (simulation)

2.2.4.5 MeasurementResults

The same setup is constructed as SIW to read the fabrld8&WV tag.

Figure2.38 Reflected wave of HMSIW tag (measurement)

Figure 2.38 shows the measurement result of the HMSIW taay iecseenthat the reflected
wave is attenuated and delayed through the propagation in the free spaceteartsthission in
+06,: ,Q VSLWH RI WKH XQH[SHFWHG QRLVH WKH XQLTXH ELQ
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The simulation result and the measurement result are in good agreement which can prove that the
proposed HMSIW taggainworks well at 35 GHz

2.3 Slow wave substrate integrated waveguide tag

2.3.1 Introduction

A slow wave substrate integrated waveguide {SWV) is investigatedn order to reduce the

group velocity of SIWIn [36, 37} the blind vias array istudiedto achievea slow waveeffect

Figure2.39 SW-SIW (a) top view (b) side view

Figure 2.39 (a) and Figure 2.89) show the top view and side view of the SNV, an array
of metallic blind vias is added into the conventional SIW, a taper is added in order to reduce the
return loss from the fast wave to tslew wave strature. h the figure D represents the diameter
of the blind via,Srepresents the space between the blind Viapresents the width of SIVM,
represents the thickness of substrdie,represents the thickness sifibl h2 represents the
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thickness ofsul® andL1 represents the length of the S$\W, the SWSIW is designed on the
Rogers 6002 with the thickness of 20 mil.

When the interrogation signal transgiiirough the blind viaarray, the electric fieldof the
wavewill be concentrated on the upprbl, which increasgthe effectivedielectric permittivity
in the cengr of the waveguide. Figure 2.48ows the magnite of electric field ithe SW-SIW,
thewavelength is obviously reducethe electic field and the magnetic fieldre separatedhile
travelling through theblind vias array, which ighe typical phenomenon forhé slow wave

transmission line

Figure2.40 Magnitude of the electric field in S\8IW

Thereturn lossS;1 of SW-SIW is calculatedwith the dimensions tabulated in Table Dased
on differentvalueof h2in Figure 2.41. @nerally,the higher the blind viagrrayis, the slower the
wave becomes but the worsethe Si1 is. Considering the loss issue and the noise during the
transmissionh2=10 mil isconsideredo build theSW-SIW tag.

Table2-7 Dimensions of S\ASIW

W D S h L1

4.8 mm 0.4 mm 0.4 mm 20 mil 12.8 cm
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Figure2.41 S;; of SW-SIW
2.3.2 Extraction of the propagation constant of SWSIW

2.3.2.1 Multiline method (SW-SIW)

The multiline method is adopted to eadt the propagation constant of SYWV, the model is
built in HFSS as showim Figure 2.42a section of SWSIW with the transmission length of 12.8
cm and another section of SBIW with the transmission length of 23.2 cm are simulated over the

frequencyrange fom 34 GHz to 36 GHin HFSS.

Figure2.42 Multiline method (SWSIW)
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2.3.2.2 Attenuation constant .swsiw

In the SW-SIW, the conductor loss is caused by the metal slots, top and bottom copper as well
as the blind vias array, the dielectric loss is caused by the dielectric filled in the waveguide and the
radiation loss is caused by the leakage polreuigh the gap of the metal slotadg@d on the model
in Figure 2.42the attenuation constant of S8WV .swsiwover thefrequency range from 34 GHz
to 36 GHz could be erdctedin Figure 2.43The attenuation constant of SBIW .swsiw=2.73

neper/mat 3 GHzis considered for the equalization method proposed in chapter 1.

Figure2.43 Attenuation constant of S\8IW

2.3.2.3 Phase constant swsiw

Similar to the phase constant of the SIW, adue of swsiwWill not only affect the group

velocity but alsoarousehe dispersion issue.

Based on the multiliemethod modeh Figure 2.42thevalue of swsiwfrom 34 GHz to 36Hz
is calculated in Figure 2.44or the SWSIW tag design, the value of phase constamdiw=1230
rad/m & 35 GHz is considered for the equalization method proposed in chapter 1
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Figure2.44 Phase constant of S\SMW

2.3.3 Distortion

2.3.3.1 Group delay of SW-SIW Vgswsiw

Similar to SIW, the distortion adninterrogation signal in SY&IW could be divided into two
parts:dispersiorand attenuation.ie group delay of the S\SIW 1 » 2z gould be expressday
the formulaion (2.7), thevalue of Uy & - nand Uy & g@ver the frequency range from 34.5 GHz
to 35.5 GHz is extracted, with (2.7), we can adjust the value of transmission lletogthieve

the group delay d3 ns at 35 GHz to meet the criter& s chapter 1.

As shownin Figure 2.45the red curve represents the attenuation ofSW, the black curve
represents the group delaysagnal inSW-SIW. With the optimized_=38.6 cm the groupdelay
of 3 nsat 35 GHzis achievedand it could be obseed that the interrogation signal is expanded
from 3 ns to 3.03s. This level of distortion is acceptabler the inteval of 1 ns between two

neighbouring pulses.
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Figure2.45 Group delay and attenuation (S8WV)

The group velocity o6W-SIW could be calculated by thellowing (2.23).
aja@aeué-? L sdzyUsrl O ‘tdu;
U

The slowing factor is defined as the ratio of the group velocitlyaslow wave structure to the
group velocity in thenormalstructure, which is used foredcribing the degree of slowinghd&
slowing factor of SWSIW could becalculated by théollowing (2.24).

81ip2iAn

L —==2A8
81iAnp

L{r&” tdv;

2.3.3.2 Interrogation signal distortion

The spectrum fothe interrogation signal after the transmission length of 38.6 cm ¥58W

could be calculated in Figure 2.46
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Figure2.46 Spectrum of output signal (S\B1W)

Inverse Fourier transform jgerformedbased on the spectrum of the output signal {SW)
in order to find the output signal in timerdain as shown in Figure4Z, it can be seethat the
time delay of the amplitude envelop of 3 ns is achievid the transmission length of 38.6 cm

andthe interrogation signal is expanded from 3 ns to 3.03 ns.

Figure2.47 Interrogation signal and output signal (SSIW)
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2.3.4 Meander-line based SWSIW tag

2.3.4.1 Discontinuities

With the extracted.swsw=2.73 neper/m, swsw=1230 rad/mand Vgswsiv=1.287*1¢ m/s, by
applying the equalization method proposed in chapter 1, the reflection coefficient of every
discontinuity cald be calculatedand plottedin Figure 2.48 the maximum amplitude of the
UHIOHFWHG ZDYH IRU WKH ELQDU\ FRGH 3 "LV ZKHQ WK

Figure2.48 Reflected wave in SY&IW (Matlab)

is normalized to 1.

For the SWSIW tag design, the discontinuityrsalizedby changing the height of the selected
row of the bind vias as shown in Figure 2,4Be reflection coefficient of this kind of discontinuity

could cover the range fno O to 1 as shown in Figure 2.50

Figure2.49 Discontinuity in SWSIW
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Figure2.50 Reflectioncoefficient of discontinuity in SW5IW
With thevalue offour calculated+ in Figure 2.48thedimensiors of the selected row of blind

vias could be calculatecabed on the curve in Figure 2,%thicharetabulated in Table-8.

Table2-8 Dimensions of discontinuitie SW-SIW)

£y ' £y £y
Magnitude 0.058 0 1
Height (mil) 11 0 20

2.3.4.2 Simulation results

The 4-bits SWSIW tag is proposed to achieve the millimetezve identification as well as to

verify the equalization method.

The total transmission lengtf SW-SIW tagLswsw IS calculatedas follows(2.25

UURER ERR mewus
m@el z Fbt 4R}ae@aeu?_ Xu? | taw
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Similar tothe SIW tag, the terminal of the S\®IW tag isa short circuit anc&anextra length of
5 cm between the last bit and the terminal of thedagserved for the reader to distinguish the
terminal. So the total length of the S8W tag Lswsw iS 68 cm, by connecting the SIW slot
antenna, the topology of the SBIW tagis shown n Figure 2.51, the size of the tagié cmb.6
cm. Time domain simulation of the tagdasecutedoy CST, the tag is excitegt the bottomleft

corner without the antenna

Figure2.51 Topology of SWSIW tag

Figure2.52 Reflected wave of SYGIW tag (simulation)
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Figure 2.5Xhows the reflected wave tfe SW-SIW tag, the noise ithe SW-SIW tagis larger
than that inthe SIW tag and HMSIW tag.Q VSLWH RI WKH QRLVH WKH ELQDU\
decodedwhich could be concluded that the proposed SW tag works well at 35 GHz.

2.4 Slow-wave half-mode substrate integrated waveguide tag

2.4.1 Introducti on

In order to reduce the waveguide width as well as to reduce the group veldsity cd slow

wave half mode substrate integrated waveguide-tBWSIW) is proposed.

Figure2.53 SW-HMSIW (a) top view (b) side view

Figure 2.53 (a) and Figure 2.83) show the top view and the side view of the-BNMSIW, an
array of metallic blind vias is added into the conventional HMSIW, a taper is designed in order
reduce the mismatch from HMSIW to SMMSIW, the SWHMSIW is fed by the microstrip line
In themode| D represents the diameter of the blind Baepregnts the space between two blind
vias, Wswhmsiw represents the width of tl@N-HMSIW, Wi, represents the width of the microstrip
line, h represents the height of substrdi2represents the height of blind vidd, represents the
transmission length of tn SWHMSIW andthe SWHMSIW is designed on Rogers 6002 with the
thickness of 20 mil
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Figure2.54 Magnitude of electric fielah SW-HMSIW

Similar to SWSIW, when thesignaltransmit through the blind viaarray, the electric fieldf
the wavewill be concentrated on the uppsubl, which increasetherelated effectivalielectric
permittivity in the cergr of the waveguide. Figure 2.5hows the magnite of the electric field

in SW-HMSIW, thewavelength is obviously reducetie electic field and the magnetic fielare
separatetdh spacewhile travelling through thélind vias array

Figure2.55 S11 of SW-HMSIW

Thereturn lossS;; of SW-HMSIW is calculatedwith the dimensions tabulated in Table€?2
based on different height ¢f2 in Figure 2.55. @nerally,the higher the blind viaarrayis, the
slower the wavdecomesbutthe wasethe S;is. Considering the loss issue and the noise during
the transmissiorh2=12 mil is consideredo build theSW-HMSIW tag.
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Table2-9 Dimensions of SWAHMSIW

Whmsiw Wm S D L1

3.8 mm 1.3 mm 0.4 mm 04 mm 12.8 cm

2.4.2 Extraction of the propagation constant of SWHMSIW

2.4.2.1 Multiline method (SW-HMSIW)

The multiline method iagainadopted to extract th@opagation constant &W-HMSIW, the
model is builtin HFSS as shown in Figure 2,56 section of SAHMSIW with the transmission
length of 12.8 cm anthe othersection of SWHMSIW with the transmission length of 23.2 cm
are simulated over the frequency range from 34 GHz to 36iGHESS.

Figure2.56 Multiline method (SWHMSIW)

2.4.2.2 Attenuation constant .swhmsiw

In the SW-HMSIW, the conductor loss is cadg by the top and bottom coppes well as the
metd vias and the blind vias arrayh@& dielectric loss isaused by the dielectric filled in the
waveguide. Tie radiation loss is caused by the leakageuih the gap between the metallic vias

and theradiation from the open partaBed on the model in Figure 2,%6e attenuation constant
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of SW-HMSIW .swhmsiwover the frequency range from 34 GHz to 36 @bizld be extractednd
givenin Figure 2.57the comparison with SY&IW is also illustrated in FigureSX.

Figure2.57 Attenuationconstant of SWHMSIW

As shownin the figure thevalue of .swhmsiwiS lower than.nmsiwwithin the frequency range from
34 GHz to 36 GHz, the reason is that even the FBMSIW suffers from the radiatiolossissue,
but the size is reducdxy half ascompared with th&W-SIW, whichin turnreducsthe conduair
loss and the dielectric lossh@ attenuation constaot SW-HMSIW .swhmsiv=2.02 neper/nat 35

GHz is considered for the equalization method proposed inarhhpt

2.4.2.3 Phase constant swhmsiw

Similar to the phase constant of the SIW, ¥a&ie of swhmsiwWill Not only affect the group

velocity but alsarousehe dispersion issue.

Based on thenodel in Figure 2.58he phase constant of SAMSIW  swhmsiw from 34 GHz to
36 GHz is calculated in Figure58 For the SWHMSIW tag design, the value of the phase
constant swhnsiw =1337 rad/mat 35 GHz is considered for the equalization methodqseq in

chapter 1
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Figure2.58 Phase constant of SWMSIW
2.4.3 Distortion

2.4.3.1 Group delay of SW-HMSIW Vgswsiw

Similar to SIW, the distortion o&ninterrogation signal inthe SW-HMSIW could be divided
into two partsdispersion and attenuatiofhe group delay of the S\WMMSIW 1 x 203 = ygould
be expressely the formulation(2.7), thevalueof Uy @ s a6 2Nd Us & s 2= o @VEr the frequency
range from 34.5 GHz to 35.5 GHz is extracted, with (2.7), we can adjust the value of transmission

lengthL to achieve the group delay s at35 GHz.

As shownin Figure 259, the red curve represents tagenuation of SWHMSIW, the black
curve represents the group delagigial inSW-HMSIW. With the optimized_=37 cm, thegroup
delay of 3 nsat 35 GHzis achievedand it @n be seethat the interrogation signal is expanded
from 3 ns to 3.0ms. This level of distortion is acceptabler the inerval of 1 ns between two

neighbouring pulses.
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Figure2.59 Group delay and attenuatio8\W/-HMSIW)

The group velocity of SWHMSIW could be calculateds follows(2.26).

ajaeéoaaeué-f L sduuUsr<l O tAX;
U

The slowing factor of SWHMSIW K could be calculately (2.27).

L aJ:iD?A;EiADL e tay:
8AEiAD

2.4.3.2 Interrogation signal distortion

The spectrum oén interrogation signathrougha transmission length of 37 cm the SW-
HMSIW could be calculatednd then plotteth Figure 2.60
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Figure2.60 Spectrum of output sign@W-HMSIW)

Inverse Fourier transform iperformedbased onthe spectrum of the output signal (SW
HMSIW) in order to find the output signal in t@rdomain as shown in Figure 2,6tL.could be
observed that the time delay of the amplitude envelop of 3 ns is acmébetthe transmission
length of 37 cm anthe interogation signal is expanded from 3 ns to 3.05 ns.

Figure2.61 Interrogation signal and output signal (SNWISIW)
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2.4.4 Meander-line based SWHMSIW tag

2.4.4.1 Coupling between the parallel SWHMSIW

In order to reduce the size of SMMSIW tag, the manderline structure isonsideredBecause
one side of SMAHMSIW is open whicltould ke regarded asmagnetic walljt will lead tohigher
coupling between the neighbouring SNWISIW.

Figure2.62 SW-HMSIW (open side to close side)

Similar to thecase oHMSIW, %pen side te@rclose sidé structureis consideredo build the
meandeidine SWFHMSIW tag. The model is simulated in FFS as shown iRigure 2.62the upper
part is the SWHMSIW with atransmission length=20 mm, whid is fed byamicrostrip line the
bottompartis the SWHMSIW with thesame transmission lengtls 20 mm with no feding line,
the dielectric filled in botltcasess Rogers 6002 with the thickness of 20 rilkepresents the
spadng between the two structureA. full -ave simulation is carried out by HFSS over the
frequency range from 30 GHz to 40 GHz based on different valugs of

Figure 2.63hows S paranter resuls of the presentedanodel, S1is below-20 dBwhenS=0.5
mmandl mmandS:s is over-20 dBwith spaing S=0.2 mm.Forthe SW-HMSIW tag design, the
closer the spaiag is, the smaller the tdgecomes. Therefor&=0.5 mm is considered for thelesgn
of meandedine SW-HMSIW tag
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Figure2.63 Coupling between SWMSIW (open side tenclosel side)
2.4.4.2 Discontinuities

With the extracted.swhmsw=2.02 neper/m swhmsw=1230 rad/mand Vgswhmsiv=1.233*1¢ m/s,
by applying the equalization method proposed in chapter 1, the reflection coefficient of every
discontinuity calld be calculateds shownn Figure 2.64the maximum amplitude oféirefleded
ZDYH IRU WKH ELQDU\ Rwé&Hhe amplitude/ of the interrogation signal is

Figure2.64 Reflected wave in SWHMSIW (matlab)
normalized to 1.
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For the SWHMSIW tag design, the discontinuitynsalizedoy changing the height afselected
row of the blind vias as shown in fiige 265, the reflection coefficient of this kind of discontinuity

could cover the range from 0 to 1 as shown in Figugé. 2.

Figure2.65 Discontinuity in SWHMSIW

Figure2.66 Reflection coefficient of discontinuity in S\MMSIW

With thevalue offour calculated+ in Figure 2.64thedimensiors of the selected row of blind

vias could be calculatedhbed on the curve in Figure 2,&éhicharetabulated in Table-20.

Table2-10 Dimensions ofliscontinuitie SW-HMSIW)

£y £0 £y £v

Magnitude 0.1005 0.2124 0 1

Height (mil) 11 13 0 20
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2.4.4.3 Simulation result

The 4bits SWHMSIW tag is proposed to achieve the millimetave identification as well as

to verify the equalization methguesented in this wk.

The total transmission length of SMIMSIW tagLswhmsw IS calculatedas follows(2.28)

.aeé,gaaeué_:UU:%E%;%B‘;RJ%@U&%U‘%_ xt?l tdz;
Similar tothe SIW tag, the terminal of th® W-HMSIW tag isashort circuit andinextra length
of 5 cm between the last bit and the terminal of thestagserved for the reader to distinguish the
terminal. So the total length of the SMMSIW tagLswhmsw iS 67 cm, by connecting the HMSIW
slot antenna, the topology of the SWMSIW tag could be shown in Figure6Z, the size of the
tag is 5 cmb cm. Time domain simulation of the tagcerried outby the use ofCST, the tag is

excited at the bottodeft corner without antenna

Figure2.67 Reflected wave of SWHMSIW tag (simulatior)

Figure 267 shows tle reflected wave of SWIMSIW tag In spite of the noise, the binary code
3 " F R X @esodediwhich can be concluded that the proposedt3MSIW tagalsoworks
well at 35 GHz
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2.5 Comparison

The comparison of these four TDR MMID tagased on different ks of transmission line is
conductedo show the differencas describedh Table 211.

Table2-11 Comparison of TDR MMID tags

SIW tag HMSIW tag SW-SIWtag | SW-HMSIW tag
Attenuation
1.68 1.64 2.73 2.02
constanineper/m)
Phase constant
1008 1058 1230 1337
(rad/m)
Group velocity
1.41*1CF 1.603*1C 1.287*1C¢ 1.233*1¢
(m/s)
Size(cm) 7.5W.5 6.516.5 6.616.6 5b
Maximum
_ 0.089 0.076 0.04 0.085
amplitude
Noise Low Low High Medium

Throughthecomparisonit canbeconcludedhat the SWHMSIW tag haghesmallest sizgthe
SIW taghasthebestperformancevith reference tthe amplitude and noisespectsThe fabrication
process othe SW-SIW tag and the SWAMSIW tag is more complicated than the SIW tag and
HMSIW tag.
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CHAPTER3  &+,3/(66 00,' 7$* ®($ 21 3+$6(
02'8/$7,21

3.1 Introduction

A RFID system based ortih@se modulation (PM) encodes the binary code by varying eeeph

of aninterrogation signdl38-40], the operatingrinciple of the system is shown in Figure 3.1.

Figure3.1 Chipless RFID system based on phase modulation

The operating principle of PM RFID system is similar to the fraquenodulation (FM) RFID
systemIn both cases, the reader will sendfitegjuency scanningignalduring the operatigrthe
signal will bereceived by the tag and the tagllveiend back the encoded signaheTldifference is
that intheFM RFID system, the tag will encode the information by modifying the spectrum of the
reflected signal, but for the PM RFID system, the tag will encode the iafiomby varyingthe

instantaneous phase of tsignalwhile keeping the spectrum of the interrogation signal unaltered.
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3.2 SIW phase shifter

Substrate integrated waveguide (SIW) techniqueganconsideredn this workto build the
phase shifterdue toits low loss (high Q) selfconsistent shielding characteristic and the

outstanding performance in millimeteave applications.

Figure3.2 H-plane stub and equivaletitcuit

The geometry of SIWbhaseshifter andits equivalent circuitare shown in Figure 3.2yhere
Wsiw represents the width of SIWVs represents the width of the stul,represents the length of
the stubThereasorof phase shift by adding-plane stubn SIW could be explainety assuming
the SIW is long enough, the stub could be regarded as a pure shunt juBatrorg the
transmssion, due to the effect of magnetic field, coupling will occur from the longitudinal magnetic
field in the main SIW to the transverse magnetic field in the stub line, which will eanlsng

of thephase of the interrogation sigrjan].

In order tocharacterizethe performance of the proposed SIW phase shifter, the model is
developedn HFSS as shown in Figure 3.3, thgper sidas the SIW phase shifter and the bottom
sideis thereference line with the same transmission lengthptiase shifteis designed on Rogers
6002 with thickness of 10 mil, dieleic permittivity is 2.94 A full-wave simulation igarried out

over the frequecy range from 33 GHz to 37 Ghath the dimensios tabulate in Table-B.



Table3-1 Dimensions of SIW phase shifter

Wsiw Lsiw Ls Ws

3.8 mm 40 mm 4.1 mm 4.8 mm

Figure3.3 Topology of SIW phase shiftet ctul)

Figure3.4 Si1 of SIW phase shifter]( stub
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Figure3.5 Simulated phase shift (1 stub)

As shown inFigure 3.4, the return loss:3s below-20 dB from 34.5 GHz to 35.6Hz, which
means that thél-planestub could bausedfor building a two port SIW phase shiftehrough
Figure 3.5, it could be observed that the maximum phase shift Git48 GHzis achieved by
adding one stub in4glane. Wthin the bandwidth from 34.6Hz to 35.5 GHz, th@Scould cover
the phase shift range from 40° to 50°.

In the PM MMID system, we can suppose that the total phase range for encoding thie bits
information isfrom 0° to 180°, if the reader is accurate enotigldetect the signal witlthe
resolution of 1 degree, then 180 mfanformation could be encoded into the tag.this work, in
order to just verify the proposed concept, the resolution of 45° is considered for building the tag,
sothephase shifters of 90°, 135°, and 1&@&designed in Figure 3.6, where two stubs, three stubs
and four stubs are added into the SIW to achieve tasepbhift of 90°, 135° and 180°.



Figure3.6 Topology of SIW phasshifter(2, 3, 4 stubs

Figure3.7 Si1 of SIW phase shifte2, 3, 4 stubs

85



86

Figure3.8 Simulated phase shift (2, 3, 4 stubs)

As shown inFigure 3.7 with the optimized spaicg S=3 mm between the neighbouring stubs,
the return loses are below-20 dB within the frequency range from 34.5 GHz to 35.5 GHz
According toFigure 3.8, the phase shift of 90°, 135°, and 1887 ke achieved athe centre
frequency of 35 GHz.

3.3 MMID tag

BecauselteproposedIW phase shiftas atwo-port devece,two antennas should be integrated
to realize the function of receiving the interrogation signalssamdling back the encoded signal. |
order to avoid the interdon betweerthem amethod ofadding two crospolarizedslot-antennas
is proposed to comunicatewith the reader devicahenthe MMID tagis designed with the

dimensions tabulated in Table23whichareshown in Figure 3.9.

Table3-2 Dimensions of MMID tag

L1 L2 S Ls Ps Ws

40 mm 17 mm 3.4 mm 3.4 mm 1.7 mm 0.35 mm
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Figure3.9 Topology ofPM MMID tag

In Figure 3.9Ws represents the width of the slot antennaepresents the length of the slot
antennaPsrepresents the distance betweerdathiennaand the metal viag,1 represerdthe length
of the MMID tag and.2 represats the width of the MMID tag.

3.4 Simulation result

Figure3.10 Measurement setup (simulation)
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The modeahg of measurement setupaarried ouby the use oHFSS as shown in Figure 3.10,
a horn antenna is considered to send the sfxeguency signal covering the range from 34 GHz
to 36 GHz theotherhorn antenna which is rotated by 90 degrees is used for rectiersignal

the MMID tag is fixed with a distance of 10 cm away from the horn antennas

Figure3.11 Phase shift oPM MMID tag (simulation)

Figure 3.11 shows the phase shift of PM MMID tag with one stub, two stubs, and three stubs
nomalized tothe reference line, it could be obsenthdta phase shift of 43 85°, and 18° is

achievel at the centre frequency of 35 GHz.

3.5 Measurement result

The measurement setupcenstructedo validate the proposed encoding technigue as shown in
Figure 3.12 In this caseavector network analyzer (VNA) is used to generate the stvegtiency
signal covering the frequency from 34 GHz to 36 GHz through a horn antenna with the gain of 20
dBi, the phase response of the tag encoded in the backscateadsstetected biyre othethorn

antenna with the same gain of 20 dBi.
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Figure3.12 Measurement setup

Figure3.13 Phase shift of PM MMID tag (measurement)

Figure3.13 shows thphase ofS;; of the MMID tag with one stub, two stubs and three stubs
normalized to the reference tag, at the resonance frequency of 35h@plzase dewtion of 4T,

87° and 26° have beerfiound whichcandemonstrate the proposed technique.
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Conclusion

The scope of this dissertation focuses asnTDR MMID systemthe TDR MMID tag and the

PM MMID tag. The major contributiosiof this workcanbe summarizeds follows:

X

A generalizedheoretical modelling considering the multireflection issue during the TDR
RFID tag design islevelopedvhich is applicable to the analysis afy kind of RFID tag
based orthe TDR technique.

The link hudget ofthe TDR MMID system is studied areh equalization method is
proposed an@resentedo maximize the encodable bits in the tag design.

A novel transmission line name*6:-+06,:  Lpxesentd which anbe used for the

design of passive components.

The TDR MMID tag based on SIW, HMBIW, SW-SIW and SWHMSIW technologes
arepresentegandthesetags are studiedheoretically and experimentallyhich shows the
feasibility of the TDR MMID system

The PM MMID tag based on SIW technology is presentdtdch shows the feasibility of
aPM MMID system
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Future work

Following thetheoretical and experimenttudiesasdescribed in this dissertation, some of the
issuesshould be further investigated amaproved as follows.

X Active components in the réer partof the TDR MMID systemshould be studied to
generate much narrower pulse signtileexpectedarrower pulse signsalvill decrease
transmissiontime in the TDR MMID tag, whichwill help to encode more bitef

information in theMIMID tag designwith the same physical size.

X Multiple modulation types (time, frequency, phase and polarization) should be
integrated ito the samealesign platform oMMID tag to enhancds bit density and we
expect that in the future, more than 1000 bitsnformation ould be integrated in the
such hybridMMID tags with the size oainormal ID card.
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