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INTRODUCTION

A simple illustration of the concept of a Radio Frequerigntification (RFID) system is provided in Fig. 1. Here
transmitter of interrogation signals which is conél within an interrogator communicates via electroretig waves
with an electronically coded label to elicit from tladél a reply signal containing useful data charactedétite object
to which the label is attached. The reply signal i®ctet by a receiver in the interrogator and made alaitaba
control system.
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Fig. 1Illustration of an RFID system

There is a wide range of operating principles for susiiséem [1]. The operating principle and operating frequaney
driven principally by the application of the labellings®m; the constraints provided by electromagnetic cabilitzt
regulations, environmental noise, and the ability ofdBeto permeate a scanned region of space or to penetrate
intervening materials. Applications are found in reabhd secure data collection, object or personal idetitfica
authentication, anti-counterfeiting, theft detectiod #re detection of location of the scanned objects.

In a primary category of passive systems the most @mwperating principle is that of RF backscatter [1] incivra
powering signal or communication carrier supplies poweroanngand signals via an HF or UHF link. However the
circuits within the label operate at RF or lower, aeply via sidebands generated by modulation, within the,label
part of the powering carrier. This approach combined#mefits of relatively good propagation of signals at H& an
UHF and the low power of operation of microcircuits & & lower. Powering at UHF is employed when a longer
interrogation range (several meters) is required, angdiering is employed when electromagnetic fields, which
exhibit good material penetration and sharp spatial iefdinement, are required or sometimes when a very &stv c
RFID system implementation is desired.

A large portion, approximately 3 — 4 cents, of the lalost ¢s allocated to the antenna manufacture, antenna and IC
assembly and packaging in the manufacture of RFID laHelsce there is a keen interest to produce small antémnas
reduce manufacturing costs. This paper presents novel methodlg§ing the effectiveness of small antennas for UHF
RFID labels using coupling volume theory.

The subject of small antennas has been considered pa#iten notable publications [2, 3, 4 and 5]. This analysis
makes use of both coupling volume theory and radiating anteepey to analyse small antennas for UHF RFID use.
Radiating antenna theory, commonly used in radar calcodatie appropriate in the context in which labels aregola

in the far field, and when the label antenna sizeaigel enough for the theoretically available source pdwen a
lossless antenna to be actually extracted, or nearlyison the constraints imposed by the facts that tieeseme loss,
and complete extraction of the available source poweotipossible and that the radiation resistance catienna is
accompanied by a reactance which results in the factgthad transfer of power to an external load can only be
accomplished over a limited bandwidth.

Coupling volume theory, first published in [6], is a poiwkedimensionless analysis tool with a number of appbos
presented in [7 and 8] and the theory was devised for isitgain which labels are placed in the near field, the
energy storage field of a transmitter antenna, and alsloei situations in which the radiation resistaotéhe label



antenna is small in relation to the losses in th&gra. For operation in the HF ISM band centred at 18H6 both

of these conditions are normally satisfied. For tiigaon when labels are placed in the far field of aeriagator
antenna, but the labels are so small that their @ssek are large in relation to the radiation resistaf the label
antenna, it is appropriate to use a hybrid versioradfating antenna theory and coupling volume theory. Radiatin
antenna theory is used to calculate the energy denghy #bel position, and coupling volume theory is used & wo
out what useful power the label antenna can extract frerfictdl.

MEASURESOF EXCITING FIELD

In the analysis of the performance of RFID systemsiinportant to consider whether the labels are placéuei near
field (energy storage) or far field (energy propagatindjis§i®f the interrogator antenna. When the antenna is df sma
gain the boundary between the near and far field is expr@ssbe more familiar terms of radian sphere of uadi
=A\/(2m), whereA is the frees space electromagnetic wavelength apbeating frequency.

It is possible to develop the two measures of field exaitdbr linearly polarised magnetic field described bseal
r.m.s phasoH as given in (1) and (2).
1

Radialcomponenbf PoyntingvectorS, :/7|H|2 wWm?

Volumedensityof reactivepoweW, = ay/,|H| VAm™* B

Equation (2) ism times the peak value of stored magnetic energy pervohitne. Hence ifs is the propagation
constant at the frequency under consideration then votlensity reactive power can be expressed as in (3) &sing
which is the radial component of Poynting vector givinggbeer like quantity for far field radiation.

W, =4S, 3)
Equation (3) is a far field expression and there ingar field reactive energy storage field to augrivént
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Fig. 2 RFID label antenna equivalent with a (a) losdess antenna and (b) accounting for ohmic losses.

Fig. 2(a) shows equivalent circuits for an electricathalf antenna, operating at the left in its transngttiole, and at

the right in its receiving role. It shows that ibtlb cases there is a radiation resistance in seitbsan antenna
reactance. The same resistance and reactance @ ifoloth circuits. It has been shown that for ideasless and

electrically small antennas, which would be enclosed cetelyl by a sphere of radius (both electric and magnetic
dipole antennas), the radiation quality factor scalés &8 [3].

Q =(Br)*+(p)* “)
R =207 (fa)' Q (5)

While theQ; of a practical antenna will be less than the minimum daénrg4), due to material loses, (4) does show that
as the antenna becomes very small, a relatively largengreasing reactance stands between the radrasistance
and any external load to which we might wish to mai¢hen losses are to be taken into account the antennalsaill
have a loss resistané® so its equivalent circuit becomes modified to that shawFig. 2(b). The optimum load
impedance, previousk, - jX, now becomeR + R - jX, and the power which can be delivered to that load iampzsl

is reduced. When the antenna becomes very small, tregioadiesistance of a loop antenna of radiggven by (5)
reduces, howevdR, <<R. It is in this situation we have the option of applyiegming volume theory to determine the



circuit behaviour. In coupling volume theory, the souraléage in the above antenna circuit might as well beutated
from Faraday's law, the radiation resistance negledtee self inductance calculated from the magnetodtaticula,
and the loss resistance be determined taking into actimantonduction will only occur within a skin depth of the
metal surface.

FAR FIELD RELATIONS

For calculation of the powé®, coupled in the far field to a label with a lossleseidng antenna the usual approach is
to derive the available source power from the labedrard from (6) wheré, andg; are the effective area of the label
and gain of the label antenna, widlés the label antenna gain.

AZ
R=SA =25 ©

The effective area for the far field is a concept lateel to either a magnetic flux collection area olestac flux
collection area. It is unrelated to any physical @hesantenna may posses, but has it has the desirabletpitbpgit is
possible to imagine that the label antenna collectsfalhe radiated power which flows through that effectivea
which may be thought of as surrounding the label antenna.

S :_flfz :,7|H|2 wm2, @)

Equation (7), wher®, is the power transmitted amds the distance from the transmitter antenna todhel Iposition
assuming that the label has been placed in the directistnoofgest radiation from the RFID interrogator (traitism)
antenna defines the power flow per unit area defined byatfial component of the Poynting vector. Then the Lorenz
reciprocity theorem of electrodynamics may be usedhtavghat the effective area of a receiving antenmaléed to

the gaing; it would have in a transmitting role by the equations

:9r_/]2 (8)
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Equation (9) provides the result usually used to evaluatpaiver extracted by an RFID label in the far field wiken
>> R for a label antenna.

ANALYSISOF A SMALL LOOP

Considering a small loop antenna with a radiation resista, and self inductance with an ohmic resistandg, gain
04, excited by the magnetic field of an interrogator antehaasan effective aref& of
AZ
=g,—. (10)
A =0 Arr

and neglecting losses, the available source p&yehen the loop is in a field of Poynting vec®ris given in (11).
This is the power which a lossless loop antenna wouldeatdliva load?. =R, and is identical to that evaluated in (9).
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P, = 9q S (11)
ar

However with electrically small antennas where the antehamall in relation to a wave length, it has beerwsh®]

thatR. << R. Hence it is possible to focus attentionRmeglectingR. completely. Thus a more useful and meaningful
formulation of the power available from such an antenag loe expressed using the coupling volume theory.

The coupling volumé/; of a label antenna can be defined as in (12), whiledapling volume for a planar coil &f
turns area and self inductandeis given by (13)[6].

V = Reactivepowerin thelabelindcutor vinenshortcircuit
=

. . . " (12)
Reactivepowerdensityperunit volumeatlabelposition



2 p2
VC:#. (13)

Using coupling volume theory, which can be apply wReis negligible with respect to the losd®sit is appropriate,
in view of the definition in (12), to calculate the powvdalivered to the lossd® without any external load yet having

been added. This powEx is given by
P = (ﬁjpa o

R
Substitute folR,, P, andS from (5), (11) and (7) respectively and using the valuedt.§f provides
P :,72ﬁ2|H|2 AZ
Cc ZR
In order to manipulate this into a more familiar fomaplaceR by «l./Q whereQ is the quality factor of the antenna
inductor andr8 by a6 and obtain

(15)

AL F)(quz jQ' (16)
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Equation (16) can be expressed using (3) and (13) into thefamoilear form in (17).
P. = QW)V, (17)

Equation (17) is the standard form of the result from cogplivlume theory for coils coupling to the magnetic field
[6]. Thus the effective area and coupling volume formulatioh loop antenna behaviour are entirely equivalent.
However the coupling volume theory formulation emphastsesnternal antenna losses of the label antenna to provide
a more meaningful result for the power available frasmall loop antenna in the far field.

AVAILABLE POWER FROM A SMALL LOOP

When an optimum load resistBr = R. is added to a small loop, the power which can be detivier¢hat load is one
quarter of that given by (15) ,@ is interpreted as defined by the loop losses and its iawlcet If however redefining
Q to be the new and lower€Q determined by the sum of the loop losses and the dampihg ekternal load, then the
power that can be delivered to a matched load is hal§ihan by (15).

CONCLUSIONS

The Poynting vector-effective area formulation and ¢oapling volume formulations are apparently dissimilar,
however they are both equivalent and useful in differentests. The difference between the formulations is dret
they emphasise the radiation resistance or the intesses of the label antenna.
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