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ABSTRACT-AnN experimental procedure for the accurate
characterization of the impedance of balanced tag antennas for RFID
applicationsis reintroduced. The balanced devices that are
characterized are model edas two-port networks and their impedance
is derived from network parameters, through a rarely used equation
that is preferred because it accounts for the losses of non-reciprocal
structures such as imperfect test fixtures or baluns. The
measurements are conducted using a test fixture for the proper
excitation of the balanced devices, and its effects are removed by
shifting the measurement plane to the plane of the device under test.
The accuracy of the proposed method is demonstrated through the
measurement of the impedance of a balanced dipole antenna, and is
complemented by the measurement of the RFID ASIC chip. The
experimental characterization of the impedance of an RFID tag
antenna constitutes a secure way to achieve conjugate matching
between the two devices (i.e. the antenna and the RFID chip), and
finally enhance the reading range of the RFID tags. Also, since RFID
tags are designed to be placed directly on different surfaces, the
proposed procedureis further evaluated by mounting the antenna
onto two more surfaces.

Key words: Balanced antenna, chip, impedance, integrated

components, RFIC, RFID, paper substrate, passive structures, tag,
wire antennas.

1. INTRODUCTION

F IDENTIFICATION (RFID) is a rapidly developing

technology with roots back to 1948 that achieve®hess
and automatic data collection through a readercgeand an
RFID tag, using RF signals [1, 2]. The tag is tgflic a
metallic coplanar antenna printed on a substrate] &
commonly a dipole on whose terminals an integratecuit
(IC) or chip is mounted. The RFID tag receives, olates
and backscatters the RF signal that is transmittech the
reader. RFID tag antennas must be conjugate matohbe
complex impedance of the RFID chip [3] for

performance to be maximized. They also differ fro

traditional antenna systems, as an external majahatwork
is not feasible due to cost and size limitations.

In most RFID applications, the tag is affixed offfetient
objects with surfaces of varying size, material position
and electrical properties, which alter the impedaoftthe tag
antenna, leading to mismatch and therefore detgrior of the

provided by Heriot Watt Pure

reading range [4]. Consequently, the tag desigmersign
usually a tag antenna for a specific applicati@kirng into
account the arisen Ilimitations. The experimental
characterization of the antenna impedance and 1@ ¢dg
validates and assures that a sufficient conjugaa&ciing is
achieved. The strong dependence of the conjugatiehmé an
RFID tag with the reading range is illustrated hyisFfree-
space formula and is presented in [5,6]:

(1-1)

whereP; is the power transmitted by the RFID readaris the

gain of the transmitting antennB:@; is the EIRP, equivalent

isotropic radiated power)3; is the gain of the receiving tag

antenna, an@ is the minimum threshold power necessary to

power up the chip. Typically, the power reflectiocoefficient

is that, which primarily determines the resonantg¢he tag

and is calculated as:

. 12

|s|2 - Zpnt _ZChip (1-2)
Zpnt _ZChip

where Zay and Zcrp are the complex impedances of the
antenna and chip of the tag, respectively ‘anttans complex
conjugate.

In this work, the measurements of three balancadces
are presented. According to the impedance modbhlznced
devices and the relative measurement procedure jning
impedance of a linear wire dipole antenna is eddicin
order to validate the proposed methodology. Theutinp
impedance of an RFID tag antenna and of its IC ase
measured in laboratory environment through a vewstwork
analyzer (VNA) and extracted by the S-parametesast lbut
not least, the impedance of the antenna of the R&tDis
measured on three different surfaces and the iimguedance
is calculated. The method, its validation using tipole
antenna and the additional presented results ceepruseful
set of data to an RFID design and test engineeg.stiucture
of this paper is organized as follows. Section 8cdbes the
main principle that characterizes balance devices bBow
their impedance is extracted. Section 3 presents th
experimental procedure chosen, Section 4 presems t
experimental results and Section 5 presents thelusions.

The structure of this paper is organized as folla8exction
Il describes the main principle that characteritydance
devices and how their impedance is extracted. @ediil

. presents the experimental procedure chosen, Sedtion

the'rrﬁresents the experimental results and Section ¥epte the

onclusions.

2. IMPEDANCE CHARACTERIZATION METHODOLOGY

Since RFID tag antennas are — in their majorityalaibced
devices, but most instruments are terminated toalaniced
ports (e.g. the coaxial test ports of a common VNAying an
antenna measurement the problem of common-mode
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excitation arises and leads to unequal feedingeatsrto the T =[T.1T T. 2-3

arms of balanced antennas. The two traditional ousttthat [ MEASURED] [ A][ ouT ][ B] 29)

try to eliminate the problem of inequality of feegdicurrent, This matrix operation will represent tifeparameters of the
and thus to extract quite accurate results for imeut test fixture and DUT when measured by the VNA & th
impedance of balanced antennas, are (i) the uaebafun [7], measurement plane. The final goal is the two siofeshe
which forces an equal current flow towards the mwienna fixture, Ta andTs, to be de-embedded and information about
arms, and (i) the imaging method [8, 9], by mongthalf a the DUT orTpur to be gathered. The de-embedding procedure
radiator on a ground plane, which provides a miiroage. can be illustrated by the following equation of rigts:

The first method relies on how ideal the balun & dhe 1 1

second method relies on the size of the groundepéand can [TDUT]:[TA] [TA][TDUT ][TB][TB] (2-4)

be used only with symmetrical antennas.

Based on [10], the input impedance of a symmetric this way, the matrix inversion of T-parametesskploited
balanced antenna can be characterized thr@g@rameters gnd extended to the case of cascaded fixture and DU
derived through a VNA. The VNA is terminated to k@& matrices. Therefore, the T-parameters for the DWh be
ports, so the introduction of a test fixture witbagial to extracted and after converting them back to S-patars, the
microstrip transition and differential feeding isaded. Fig. 1 calculation of the input impedance for each DUTI té found
shows the test fixture used for the measurementmlainced using (2-1).
loads. The common ground (therefore, differentiaditation
too) is achieved by soldering the outer semi-rigishductors
of the test fixture together, whereas the tips lum ¢dge are
connected to the device under test (DUT). The &ffet the
test cables must be removed, and for this reasendt:
embedding technique is used to shift mathematicéley
measurement plane to the device plane. Fig. 2 shbes
configuration of the DUT and the currents and \getafor the
balanced antenna model.

The antennas are then modeled as a two-port netwibink
common ground between their radiators, and aftercitcuit
analysis and parameter transformations [11], theaggn,
which yields the input impedance of a balanced loaoh the
S-parameters, is derived: O

_ 27, (1‘ SiS2+S15,S 157 S 2) s
d (1— %1) (1_ Szz) S5

(2_1) Figure 1 The test fixture used for the measurement of baldevices.

Measurement Plane

_ qu_Jgtion (2_-1) differ_s from the _rather common and |/| Diseiee Blans [\>|
simplified version, equation (2-2), which is usedtlasively L5 R
for symmetrical balanced antennas and which ind&ahat I 0i=BlL | DUT | 03=Plg
the devices under test are balanced. The simpléigaation | Z | | Z

assumes the#t;; = S,, andS;, = S,;, then:

_ 27, (1_ Sh+ S5~ 2512)

@2) T

2 2
(1_3.1) _821 Port 1 :
|
It is notably significant that the measurementsrasted :
from the simplified equation (2-2) yield incorrecésults, _e—¢

unless the fixture halves have precisely identieagths and
therefore there is no phase difference between.tidéms, for
the results presented in this paper, equation (Bak) been

o

|
used. Y L
Before the mathematical process of de-embedding is [T4] - [Tpurl o] [Ts] |
developed, the test fixture, after its charact¢iora and the . | [ I
. Fixture Half A \[Fixture Half By
DUT are represented as three separate two-poronietvFig. ]
2). This is a convenient form because Tparameters can [Tisssoran]

then be exploited [12], and then their respecfivmatrices Figure 2 Configuration of the DUT with the two test fixturealves

(Ta, Tout @andTg) can be easily multiplied: presenting the measurement and the device plarebdlanced antenna as a
two-port network is also illustrated.



3. EXPERIMENTAL PROCEDURE 4. MEASUREMENT RESULTS

The measurements took place in laboratory enviroime Typical results are presented for a dipole anteanaRFID
were a VNA was used for the extractionSgparameters of the ASIC (Application Specific Integrated Circuit) amsh RFID
DUT. The configuration of the measurement setughswvn in  tag antenna in three cases.

Fig. 3. The measurement plane is on the tips ofasifixture, . o
whereas the VNA is also calibrated to the test ufixt 4.1 Dlpole-An'Fenna Validation ) ] ]
connector's plane so that its systemic errors cobll ~ For validation purposes, a typical linear balancipole
corrected. After that, the de-embedding technigae used so @nténna was constructed and measured. Two piecespper
that the effect of the test fixture could be eliatzd and Wire 0.5 mm thick, were soldered onto the innerduanors of
finally the shift of the measurement plane to tkeeide plane the semirigid cables of the test fixture, yielditige dipole
could be achieved. The test fixture is construtigdwo semi- configuration. The total length was 173.4 mm ane wiaosen
rigid coaxial cables with a length of approximatélymm and @S the half-wavelength that corresponds to the raent
an outer conductor diameter of 3 mm. The one enttieotest frequency of 866 MHz, the European RFID tag bande T
fixture leads to two SMA (SubMiniature version A)dipole was mounted onto a sheet of paper for mecain
connectors which are connected to the test catblggo/NA, stability. Fig. 4a shows the dipole antenna undst and the

whereas the other end is open with the small eiiea®f the Measurement configuration. _ .
inner conductors forming the tips where each DUSdislered ~_F19- 4b shows the measured and simulated inputdampee
onto. The measurement can be conducted via thewioiy of the dipole antenna from 800 to 1000 MHz. Theusation

steps: was conducted with IE3D™ [13], which is based or th
method of moments. The measured input impedanagdtses
1. The VNA is calibrated at the SMA connectors Usihg t were extracted using equation (2_1) The measuremen
manufacturer's calibration standard kit. _ compare well in form and value with the results pated by
2. Short-_cwcwtmg the test fixture (soldering thpstlpf the ihe simulation, as well as with the theoreticalueabf 73 +
test ';']Xture_ ?(;‘d,OUter conductors of the coaxidhl€® 45 5 o further validating the method. The measurement
3 _trc;]get er) ylet S |tsfpt?]ran|;eut_e}rsf. ¢ the effectshaf results show only a difference in amplitude, pattdy at the
' € parameters of the ree Irom ne etiec frequency range above 900 MHz for the imaginaryt pan

test fixture (or equivalently the shift of the mas=ment )
plane to thé de\(/:]ice planey) after being measuredhby occurrence due to the small gap between the digoles and
’ the proximity of the feeding cables.

VNA, can be extracted using the de-embedding tegleni
of equation (2-4).

4. The input impedance of the DUT can then be extdacte
using equation (2-1). 4.2. RFID ASIC Measurement

The second set of measurements included the ASl@Geof
RFID tag antenna. For manufacturing consideratiéisiD
chip manufacturers supply the customers with RFtRps
rather than chips [14]. The ASIC is mounted witmdactive
glue on the terminal pads of the strap and bydtriscture the
tag-antenna is excited (Fig. 5a). The Alien Higg$C3was
extracted from the ALN 9662 Short Inlay RFID tagdaits
terminal pads and the RFID strap under test weldesad
onto the test fixture so as the measurements cdad
conducted (Fig. 5b).

According to the manufacturer's datasheet [15], Aien
Higgs 3 IC presents an equivalent input impedariceg, =
1500Q andCeip = 0.85 pF in parallel connection, for an input
power of -14 dBm over the range of 860-960 MHz. rEfare,
the series input impedance of the chipZg, = 30.53 —
j211.81Q for the abovementioned specifications.

Figure 3 Measurement setup using Agilent HP8510C networkyaea



measured
B simulated
10 (b)

)l Figure 5 Photographof the RFID strap Alien Higgs 3 IC (chip with
terminal pads). (a) Front view. (b) Soldered ot fixture.
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The goal was for the input impedance of the RFilapto 100
be measured over a wide range of input power, whigge .,
results could be compared to those of the manufactand | r__,___~-—~—/
0

moreover the threshold power could be detecteds,Time RF da 22 48 \cis 12 11 b =+ § -
output power of the network analyzer was swept frel8l to 50 \
+3 dBm and the measurement data were recorded. \Howe Me
the RF output power of the network analyzer is eqtial to % f‘
the actual absorbed power of an RFID strap, dumismatch  -150
between the impedance of the RFID strap and theQ50 200
impedance of the test fixture and the coaxial caiflehe Input Power (dBm)
network analyzer [16]. Therefore, the sweeping RFpuot
power Prr was corrected with the power reflection coeffitienFigure 6 Measured chip impedance. _

. (a) Measured (at -14 dBm and -17.2 dBand simulated from manufactu
[17]. The absorbed pow&apcan be compensated by: datasheet’s equivalent circuit (at -14 dBm)

(b) Measured chip impedance versus absorbed pdvB&6aMHz, where tk
threshold power is defined.

asured| Py, —




:
i
¢

Figure 7 Measurement setup of the antenna of the RFID tabree different material surfaces. (a) Air. (b)fEynglass object. (c) Filled with water glass

object.

Pyrap = Proasured +10|Zlog(1—|/'|2) (4-1)
and the power reflection coefficient is given bylng (1-1)
for minimum reflected wave conditions:

2
Zy- ZSrap

=
ZO + ZStrap

(4-2)

Now, Psyapis the actual absorbed power of the RFID straBr

and all measurement results can be postprocessdd
corrected. Fig. 6a shows the measured RFID stz chip
with terminal pads) impedance at -14 dBm and -HBg& and
the simulated impedance of the strap using the faaturer’s
values at -14 dBm.
compares well in form and value with the simulatiesults.
The measured results show only a difference in indg for
the imaginary part. The deviation was attributedthe fact
that the measurement was conducted for the RFIBpstr
which includes a piece of the substrate of the tig
conductive glue and the terminal pads where the ishieaded
at, whereas the manufacturer’s values refer tostardalone
chip. Fig. 6b illustrates the measured strap impeédaversus
the absorbed power from the VNA at 866 MHz. Theshold
power (the activation power level) of the RFID ptrevas
defined from the measurements (Fig. 7) at -17.2 dBm

43. RFID Tag Antenna Measurement

For the third case, the antenna under test wafREHB
ALN-9662 Short Inlay tag antenna by Alien Technglpg
which follows the 1SO 18000-6C (Class 1, Gen2) dtad
over the frequency range of 860-960 MHz. Three %dts
impedance measurements took place. The first ieduthe
tag antenna under test suspended in the air, tumdelaced
onto an empty glass container and the third placed a glass
container filled with water. Figure 7 presents theasurement
setup for these three cases where the RFID tag@anteas

It can be seen that the measmtem

measured. The particular RFID tag antenna is fatea by

printing aluminium onto a 3&m thick PET (Polyethylene
Terephthalate) substrate with = 3.8 and taf = 0.02. The
manufacturer supplies the RFID tag antenna withdaotive

glue and a piece of paper, which was removed dutiireg
measurement.

Fig. 8 presents the measured impedance of the renten
the RFID tag for the cases of air and empty glase small
reduction in both the real and imaginary partshef antenna
impedance is due to its mounting onto the glasg. Bi
esents the measured impedance of the RFID tasnmant
en mounted onto a glass filled with water, oves same
requency range. A high increase in both real andginary
parts is observed, due to the presence of wathetglass.

Figure 9 presents the measured impedance of tearznt
of the RFID tag for the cases of air and emptyglase small
reduction in both the real and imaginary partshef antenna
impedance is due to its mounting onto the glasgurei 10
presents the measured impedance of the RFID tasnent
when mounted onto a glass filled with water, ovex same
frequency range. A high increase in both real andginary
parts is observed, due to the presence of wathetglass.

Figure 10 illustrates the return loss of the RFiay t
antenna for the three aforementioned cases, wheee t
measured input impedance of the RFID ASIC was taltahe
detected threshold power. The return loss was &rilausing
the following equation [18]:
ZTag - ZChip

RL = —200og| (4-3)

Tag + ZChip

whereZ,y the input impedance of the antenna of the RFID tag
measured onto each surface, &g, the input impedance of
the RFID chip measured at threshold power. It carséen,
that for the first two cases, the return loss a&f RFID tag
antenna is small enough, whereas for the third dass
degraded due to the presence of water into thes glaso
which the tag is mounted.



5. CONCLUSION the first two cases, whereas a large degradatienfeund for
An experimental methodology for the characterizataf the third case measurement of the filled with wagtass

the impedance of the balanced RFID tag antennasé@es container. These results validate the importandbefvork of

implemented. By using a two-port measurement arel thntenna designers and justify the development pliGgtion-

deembedding technique, the impedance of a baladigede specific RFID tags when they are used with différeinjects.

was extracted directly from th&parameters with the use of Moreover, the presented results and methodology beara

the appropriate equation. After validating the roeiblogy useful toolkit for the RFID design and test engmesnd of

with a dipole, two sets of measurements took pliacéab particular usefulness as a guide for accurate meamnts

environment. The measurement of the input impedaf@n using imperfect test fixtures.

RFID strap for different levels of input power shexvrather

good results in reference to theoretical and exueenlues.

The deviations from the manufacturer's datashetiegaare ACKNOWLEDGMENTS

considered as expected and are attributed to tietfat the The authors want to thank Professor J. SahalostHer

measurements of the RFID ASIC were conducted on tiwovision of RFID tags and his valuable help andeents

terminal pads of the strap, which included conduecti for this work.

adhesive. Finally, the input impedance measurenoéran

RFID tag antenna onto three different material e was

conducted and the return loss was extracted foryevase.

The results, are evaluated largely as expectedhasnput

impedance of the tag antenna was measured andctérazad

close enough to the conjugate impedance of the REHp for
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Figure 8 Measured impedance of the antenna of the RFIDbtagir andi

al

mounted onto empty glass. (a) Real part. (b) Imagipart. Results show Figure 10 Measured return loss of the RFID tag antennahiiee material

the antenna has excellent conjugate match to tie ioipedance that is surfaces, defined for input impedance of its RFtiipat threshold power.
25.67 §156.83Q (measured in Fig. 6).
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