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abstract

Reader tag coupling relations in RFID systems are an important aspect of the system development
process that are often inadequately understood; nevertheless electromagnetic coupling becomes
significant in the context of optimising RFID systems. Coupling volume theory provides an uncomplicated
and a simple means of optimising electromagnetic coupling. This paper describes a practical
application of the coupling volume theory to an antenna performance comparison, and presents
the companion concept of radiation quality factor for comparing antenna performance. RFID systems
are in a process of evolution and an important outcome of this process is the development of a class
hierarchy where higher class labels are often battery power supported. This category of labels requires
a means of turning “on” and “off” that battery support, to conserve power and thus prolong battery
life. Two solutions available for the development of a turn on circuit use resonance in a label rectification
circuit to provide a high sensitivity result. This paper presents the results of experiments conducted 
to evaluate the performance of the above class of turn on circuits.
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1. introduction

This paper is the second in a series dealing with coupling issues in RFID produced by staff of the
Adelaide Research Laboratory of the Auto-ID Center, and can be regarded as a companion paper
to that in Reference [1].

In that paper, a wide range of topics was covered, and some ideas were introduced without support
from experimental results.

Two of the objectives of this paper are to provide experimental results in support of some of the concepts
introduced earlier, and to proceed a little further in the extraction of some of the practical consequences
of some of the theory presented.

Because electromagnetic engineering is not particularly well understood in parts of the RFID community, 
the experimental procedures as well as the results of the experimental work are described. This will
serve to some extent an educational purpose, but will also enable better evaluation of the work
presented here by experienced electromagnetic engineers.

Finally, an objective has been to re-present some of the results of the previous paper in a notation 
that removes possible ambiguity in the previously employed notation when the results of a wedge 
above ground plane antenna are related to those for a bow tie antenna.

After a brief statement of notation in Section 2, Section 3 of the paper proceeds to a further consideration 
of near field creation structures of both the electric field and magnetic field type. This work is of
significance not only in the near field but, through the Lorenz reciprocity theorem, also in the far field
when structures that are both physically and electrically small, but in other ways similar those to
described here, are used as label antennas. Past experimental work in electric field creation and
detection structures is clarified, and experiments to confirm the achievement of uniform currents in 
large loops are presented.

Section 4 returns to coupling volume theory described in detail in Reference [1], and extends that work
so that two key performance parameters, namely antenna coupling volume and radiation quality factor, 
for both electric field and magnetic field antennas, can be explored in terms of a dimensionless
parameter involving antenna size.

Section 5 considers some problems which arise in battery-operated backscatter (or indeed other
forms of reply signal generation) tags, and presents experimental results for the circuits and calculates
turn-on range for both low-power and zero-power varieties of turn-on circuit.

Section 6 provides a brief summary of the principal conclusions of the paper.

2. notation

The notation and nomenclature used in the paper for physical quantities will be as defined in ISO 1000, 
[4] and a more complete description of the typography can be obtained from [1]. There are some traditional
exceptions to these rules where Greek and Roman upper case symbols do not differ sufficiently.

Where possible, the results obtained from analysis will be reduced to dimensionless ratios, and the concepts
employed will be those which have a physical meaning.
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3. near field creation structures

A number of field creation structures and label antenna forms were introduced in [1]. That paper contained
a brief analysis of a bow tie antenna. However an ambiguity in the notation used when results of the
monopole wedge above ground case are related to the bow tie antenna case may prevent a reader from
interpreting the results correctly. For this reason bow tie antenna and monopole wedge above ground
antenna results are summarised again with the aim of achieving greater clarity.

It has also been shown in [1] that, when an interrogator antenna takes the form of a small loop, and 
the objective is to maximise the magnetic field at a label position in the near field of that loop, subject
to a given electromagnetic compatibility regulation enforced in the far field, and no other considerations
such as antenna bandwidth or driving power are taken into account, the optimum size for a loop is that
where the radius of the loop tends to zero. 

However, practical consequences and constraints, such as the need to constrain the driving power
to practical values, indicates that such an optimisation is misconceived, and loops of finite size must
be considered. 

Since such loops are known to produce near fields that diminish substantially when the interrogation
distance significantly exceeds the loop radius, we are led to consider large loop antennas as label
exciting systems. Such loops may suffer from non-uniformity of the current distribution, with the
attendant problems of increased radiation and difficulties of tuning. In the previous paper, the
suggestion of modification of loop structure to deal with these problems was made, but no analysis or
experimental results were presented. It is intended in this paper to present such analysis and results.

3.1. Monopole Wedge Above Ground Antenna

Figure 1 shows a monopole wedge above ground antenna. A detailed experimental study of these
antennas was first published by Brown and Woodward [8]. 

A three-parameter circuit model which we have obtained by analysing their results for a monopole
wedge above ground is shown in Figure 2. 

+
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monopole wedge above ground antenna
Figure 1a
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The model parameters for CW and LW can be conveniently obtained from the reactance X(ω) plot of the
monopole wedge above ground antenna. From the circuit model of Figure 2 the reactance is given by

.

The two reactive parameters may be obtained by the frequency of intersection of the reactance with the
horizontal axis, and the slope of the reactance curve at that point. Brown and Woodward’s experimental
results for the radiation resistance of monopole wedge above ground antennas have also been used to
produce a value for the radiation resistance Rr identified in Figure 2. Both of these calculations have been
performed for different antenna heights and flare angles. 

The model parameters obtained will vary for different flare angles of the wedge. However, within the
range of validity of the equivalent circuit, which depends upon the dimensions of the structure in relation
to a wavelength, the radiation resistance, the capacitance and the inductance can be expected to scale
up with increasing height for a specific flare angle. The following Table 1 provides generic expressions
for the evaluation of the radiation resistance, the capacitance and the inductance values for a monopole
wedge of ninety degree flare angle. 

Figure 1b: The practical construction 
of the monopole wedge above ground
antenna tuned and matched to a 
50Ω input impedance using a tapped
inductor.

three parameter antenna model
Figure 2: A three parameter equivalent
circuit model for a monopole wedge
above ground antenna.
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In Table 1 the constants KWC and KWL are dimensionless quantities while KWR is measured in Ω. 
The specific values of the constants KWC, KWL, and KWR depend on the flare angle of monopole 
wedge above ground. The values KWC = 7.60 and KWL = 0.2135 were obtained for flare angles of 90°. 

The graph in Figure 3 shows a comparison between the measured reactance values for a 90° flare 
angle monopole wedge above ground and the reactance determined using the expressions indicated 
in Table 1 along with the previously mentioned values for KWC and KWL, while, a set of values for
KWR derived from Brown and Woodward’s results is provided in Table 2. 

Figure 3: Reactance values obtained 
for a monopole wedge above ground
antenna with a flare angle of 90 degrees
and height hW as indicated in Figure 1. 
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Table 1: Expressions for evaluating
monopole wedge above ground
antenna parameters.

expressions

Capacitance (CW) in Farads KWCε0 hW

Inductance (LW) in Henry KWL µ0 hW

Radiation Resistance (RWr) in Ohms KWR(βhW) 2

Table 2: Table of flare angles and
radiation resistance constants for
a monopole wedge above ground
antenna of height hW. 

flare angle KWR in ΩΩ

5 15

10 18

30 23

40 25

50 27

90 30
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All of these results agree with the results of our own direct measurements of wedge reactance and
radiation resistance. 

Measured self capacitance values of monopole wedge above ground antennas, confirmed by our own
numerical analysis performed using the method of moments has lead to a significant finding. In accord
with expectations, it has been observed that the low frequency impedance of a monopole wedge above
ground antennas is mainly capacitive and thus the value of the capacitance CW in the model provided 
in Figure 2 can be obtained by calculating the self-capacitance of the monopole wedge above ground.

The radiation resistance obtained has significance in two ways. It allows the amount of radiated power
to be calculated for a transmitting antenna, and also provides for a label antenna a means of calculating,
using the Lorenz reciprocity theorem, the effective electric displacement current collecting area, as depicted
in Figure 4, of the antenna. It should also be noted that in light of the reciprocity theorem, the radiation
resistance is a direct indication of the capacity of the wedge to collect displacement current from a uniform
applied vertical electric flux density.

However the application of the model in Figure 2 and the derived expressions are only suitable for
electrically small antennas obeying the strict limit of

where hW is the height of the antenna as indicated in Figure 1 and λ is the wavelength, measured 
in meters.

It is important to note that these results can be directly extended to analyse bow tie antennas using 
the method of images. 

displacement current
Figure 4: Illustration of the electric
displacement current collecting 
area of a monopole wedge above 
around antenna.



3.2. Bow Tie Antennas

A bow tie antenna may be thought of as a construction of a monopole wedge above ground where 
the prefect ground plane is removed and the image under the ground plane is replaced by a physical
structure as illustrated in Figure 5.

Hence, similarly to the analysis in Section 3.1 a three parameter model for the bow tie can also 
be represented by the model provided in Figure 6 with a radiation resistance RB r , a capacitor CB , 
whose value is that of the self-capacitance of the bow tie, and an inductor LB placed in series.

The radiation resistance, the capacitance and the inductance variation for a bow tie antenna can also 
be summarised by the general expressions provided in Table 3 where the height hB refers to the 
height of the bow tie antennas as depicted in Figure 5.

The expressions for the bow tie antenna circuit model parameters are explicitly stated in Table 3. 
In Table 3 the constants KBC and KBL are dimensionless quantities while KBR is measured in Ω. 
The specific values of these constant depend on the flare angle of the bow tie and they can be derived
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bow tie antenna
Figure 5: Bow tie antenna with
the height hB measured from the
top of the top fan to the bottom
of the bottom fan.

three parameter antenna model
Figure 6: A three parameter equivalent
circuit model for a for a bow tie antenna.



from the analysis of a monopole wedge above ground antenna with the same flare angle. The relationship
between these values for the bow tie and wedge antennas are summarized in Table 4. 

However as a consequence of deriving the bow tie antenna constants from the analysis of a monopole
wedge above ground antennas, the application of the model in Figure 5 and the derived expressions
are only suitable for electrically small antennas obeying the strict limit of

where hB is the height of the antenna as indicated in Figure 5 and λ is the wavelength.

3.3. Loop Antennas

3.3.1. Overcoming Problems of Small Loop Antennas
Loop antennas are of significant importance at HF frequencies (13.56 MHz). The primary purpose is to
create strong near fields without excessive far field radiation. The analysis of small circular loop antennas,
where the term small implies that the dimensions are such that the perimeter of the loop are much smaller
than the wavelength λ, can be found in [5], [6] and [7] where it is shown that the radiation resistance 
of a small loop antenna is given by

Rr = 20β 4 A2

where β is the propagation constant and A is the area of the loop. It should be noted here that the
radiation fields and the radiation resistance of small loops are independent of the shape of the loop and
depend only on the area of the loop [9] hence the above formula can be applied to a loop of any shape 
as long as its area is known, and its perimeter is only a small fraction of a wave length. Also the radiation
from a small loop is a maximum in the plane of the loop and is zero along its axis. The maximum radiated
far-field electric field from a magnetic loop in the direction containing the plane of the loop is, in Vm-1

where I0 is the peak current of sinusoidal excitation, r is the distance from the loop, and A is the area 
of the loop. 
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expressions

Capacitance (CB) in Farads KBCε0 hB

Inductance (LB) in Henry KBL µ0 hB

Radiation Resistance (RWr) in Ohms KBR(βhB) 2

Table 3: Expressions for evaluating bow
tie antenna circuit model parameters.

relationship between bow tie antenna constants and the monopole wedge 
Table 4: Relationship between the 
bow tie antenna constants and the
monopole wedge above ground antenna
constants described in Section 3.1

Bow tie antenna constants Numerical value of the bow tie antenna constants in terms of the
related monopole wedge above ground plane antenna constants

KBC KWC /4

KBL KWL

KBR KWR/2
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Derivation of the above result assumes a uniform current distribution over the perimeter of the loop
antenna. This assumption is justified if the loop is electrically small, so that the current distribution,
which must vary sinusoidally as a function of position around the loop, with the wavelength of that
sinusoidal variation being equal to be free space wavelength for electromagnetic fields at the same
frequency, is approximately uniform. If the current distribution around the loop is not uniform, the
cancellation of the radiation from different current elements which occurs for certain radiation directions,
such as the polar direction, does not occur, and the loop begins to radiate in that direction as a result
of the current non-uniformity. There is also an increase in the radiation in other directions. The result
is that the electric field expressed above becomes the limiting far-field electric field, that is, it is the
minimum value of electric field that occurs as a result of the loop radiation.

The discussions in [1] introduced a large loop structure, shown in Figure 7, which can still be considered
as an electrically small antenna at 13.56 MHz, because an effort was made to keep the current distribution
uniform despite the loop’s considerable size. The construction of large loops according to this design
overcomes characteristic limitations of electrically small antennas: high radiation antenna quality factor,
small bandwidth and high input impedance sensitivity to changes in frequency, and another practical
consequences of small antennas: high and possibly unused energy density per unit volume created close
to the loop centre, so that the real power required to drive the antenna becomes large [1]. 

However, the analysis of large loops requires careful consideration. The results presented above are for
electrically small antennas with perimeters much less than a wavelength. However as the perimeter of a
loop antenna become a sizable faction of wavelength, it is important to consider the consequences of the
results obtained by Pocklington that shows the current distribution on thin wires to be sinusoidal, to a very
good approximation, with a wavelength of the sinusoidal variation being equal to the electromagnetic
wavelength in free space at the operating frequency. Hence, an increase in a perimeter of a loop towards
the 22m value of the wavelength at 13.56 MHz demands that the true nature of the current distribution
on a loop be taken into consideration. As discussed above, a direct result of the non-uniform current
distribution is an increase in the far-field radiation. With a balanced feed, the magnitude of the current
follows a cosine distribution function with the maximum opposite the feed point. Figure 8 illustrates a
loop with the black section representing the physical structure of the loop and the thickness of the 
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Figure 7: A large loop structure
designed to achieve a uniform 
current distribution.
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blue section representing the current magnitude. The magnitude of the current I along the loop will 
vary according to

I = I0 cos(β l)

where l is the linear position on the circumference with l = 0 opposite the feed point, and I0 being 
the maximum value of the sinusoidal current excitation.

Figure 8 allows the effect of non uniform current distribution on far field radiation to be explained
qualitatively. As far as radiation along the polar axis is concerned, the vertical sections of loop have
approximately equal magnitude and oppositely directed currents, and continue to cancel in their effect
upon radiation in the polar direction. However, the current at the feed point is substantially less than 
the current opposite and these currents no longer provide such cancellation, so radiation in the polar
direction begins to occur. 

Considering now radiation in the equatorial plane, the points to the right of the loop or the left of the
loop do not produce a great contribution in the far field radiation as the current elements on the left
and the right sections of the loop have the same magnitude, hence the net radiation after superposition 
is due to the fact the two groups of current are at different distances from the far-field point, and suffer
a different phase delay in radiating thereto. However if a far-field position above the loop is considered
then the current elements on the bottom of the loop pointing left are further away from the current
elements on the top of the loop pointing right, but in this case the element on the bottom have a lesser
magnitude than the current elements on the top, so the net radiation after superposition is due to the
residual currents on the top both being closer to the far-field point and also having a larger net magnitude
(the reduction from the other side of the loop is less). 

I0 cos(βl )
0

y

x

l

current distribution
Figure 8: The distribution of
current magnitude around a loop.
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Thus we see that the unbalanced currents on sections of the loop will act in a manner similar to a small
electric dipole. Hence the radiation patterns in the far field will be similar to those produced by small
electric dipoles and the electric and magnetic field vectors created by the unbalanced current can be
evaluated using the far field solutions of an electric dipole [1], with a current element of size IL given 
by the unbalanced current I and the length of the section of the loop containing the unbalanced current.
The strongest radiation produced will be polarized along the x axis. 

It is possible to estimate the unbalanced current of two parallel sections of a square loop by considering
the current distribution around the loop to be sinusoidal. Figure 9 illustrates the current distribution
around a loop of perimeter λ /4. Clearly the currents on the left and the right sections of the loop are not
unbalanced due to symmetry. However there is a significant variation in the net current on the top and the
bottom section of the loop. The product of IL for the unbalanced current can be found by the difference
between the current integral along the top and the bottom of the loop, where the sinusoidal current
distribution is given by

I0 = cos(β l).

The difference in the current length product will radiate in a manner similar to having a short dipole of
length λ /16 at the center of loop, aligned along the x axis. The unbalanced current IL thus calculated is

.

Substitution of the current length product in to the short dipole’s strongest far field electric field yields the result

.

As stated previously, the strongest radiation from the short dipole will be polarized in the x direction.

Figure 9: The current distribution
around a loop of perimeter λ/4 
in free space. The size of the loop
considered is similar to the size 
of the loop discussed later in
Section 3.3.2.
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The method for reducing the far-field radiation of a practical magnetic loop thus stems from the effort
to keep the instantaneous magnitude of the current distribution around the loop uniform. If a loop 
is segmented as shown in Figure 10, and is supplied with equal excitation at each of the gaps, the 
current distribution of a segment of a loop can be considered as having a maximum at the centre of
the segment, taken as being the local origin l = 0, and an even distribution function following 

I = I0 cos(β l)

as the linear dimension l is traversed. With this segmentation, the variation in current magnitude 
in each segment follows that of the cosine function near its maximum, i.e. the amount of change 
of current in each segment is small, as the segment lengths are small.

The segmentation of Figure 10 is implemented practically by physically cutting the loop into small
sections with the electrical connection maintained by the insertion of a capacitor between each section.
The value of each capacitance is chosen such that the combined value of all capacitances in series
is that required to resonate the inductance of the uncut loop at the frequency of excitation. By way of
approximation, one of the feed points is supplied with a voltage generator that has the job of supplying
the voltage drop across the radiation resistance. Since this voltage drop is much less than the voltage
drop across the loop inductance we have obtained a practical approximation to the symmetrically fed
loop described earlier. A practical construction of such a loop and its analysis is presented in the
following section.

I0 cos (ωt )
0

y

x

l

the distribution of current
Figure 10: The current magnitude
distribution around a segmented loop.
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3.3.2. Practical construction of a large loop antenna

As just described, the large magnetic loop with the distributed capacitance should allow the current
to be distributed more uniformly so that the assumption of uniform current distribution made in the
analysis of physically small loop antennas is still true for physically large and no longer electrically
small loop antennas. 

Figure 11: Large loop construction
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The relative magnetic field strength plot shown in Figure 12 was obtained by using a HP11841A close 
field magnetic probe connected to a spectrum analyser with a video averaging detector operating over a
10 MHz bandwidth around a centre frequency of 13.7 MHz, to record the variation of magnetic field close
to the loop as the probe is moved around the perimeter of the large loop shown in Figure 11. Figure 13
shows the instrumentation set up used to obtain the above graphs. The tendency of the large loop with
no capacitive slots can be clearly seen to follow the sinusoidal current distribution expected around the
loop. The breaking up of the continuous loop structure into slots has achieved a remarkably uniform
current distribution.
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2 2

current distribution comparison
Figure 12: Comparison of the current
distribution around a large loop and 
a slotted loop with the expected
sinusoidal current distribution. 

1 Feed Point and Corner
2  Corner

Averaged
Expected sinusoidal 
current distribution
Loop with slots and 
a network of capacitors

Figure 13: Instrument set up used for
obtaining the magnetic field around the
loop using a close field magnetic probe.

1 HP Magnetic Probe
2 Large Loop Structure

Spectrum Analyser Video
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As an illustration, the modelling of the loop antenna shown in Figures 7 and 11 and the extraction of
useful parameters is discussed below. The loop shown has been tuned to 13.47 MHz and matched to 
a 50 Ohm input impedance at resonance through the insertion of a series resistor at one gap. 

An equivalent circuit for the loop antenna can be developed by using the reactance curve shown in 
Figure 14 to obtain the capacitance, C and the inductance, L of the equivalent circuit given in Figure 15
(detailed information on antenna equivalent circuits can be found in [1]). Figure 14 also shows the
resulting reactance obtained using the model parameters C and L derived from the measured reactance.
Thus the reactance of this loop can be modelled as

.

The radiation resistance of the loop can be estimated on the uniform current assumption by using the
formula for radiation resistance Rr of a small loop antenna provided in Section 3.3.1. Since the area 
of the loop is 0.76 m2 the radiation resistance of the loop is approximately 0.2 Ohms. The ohmic losses
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Figure 14: The graph shows the
comparison between the measured
reactance and the reactance estimated
using the equivalent circuit modelling
parameters.

equivalent circuit
Figure 15: Equivalent circuit model 
for the large loop antenna.
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in the loop represented by Rl on the equivalent circuit are due to the added series resistance of
49.8 Ohms. As the input impedance is known, a voltage measurement at the feed point of the antenna
can be used to predict the antenna current and hence on the uniform current assumption the radiated
power from the antenna. 

large loop return loss
Figure 16: The Smith chart shows the
variation of the impedance of the large
loop antenna across a frequency range
of 5 MHz to 18 MHz while the return
loss curve obtained clearly indicates
resonance at 13.47 MHz and provides
a means to calculate the bandwidth of
the antenna.
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The quality factor for the antenna resonance can be obtained by using a return loss plot from a network
analyser as has been shown in Figure 16. It may be shown that for deep dips at resonance, the half
power points of the resonant circuit correspond to the 7dB return loss points, from which the bandwidth
of the resonant circuit can be computed. Thus the quality factor Q of resonance can be obtained as

Q = Bandwidth / Resonant Frequency

provides a Q of about 4 for this loop.

We emphasise that this low quality factor has been the achieved through the addition of series damping
resistance, and that only a small amount of the power delivered to the loop is actually radiated. As the
function of the loop is the creation of near field, this is a good thing.

4. coupling volume theory

The concepts encompassed by coupling volume theory and the formulation of the coupling volumes
both in electric field and the magnetic field antennas can be found in [1] and [2]. The application of the
theory has special importance in the design of RFID systems. Some useful applications of the concepts
are (a) to compare the performance of different forms of antenna, and (b) to illuminate the dependence
of the coupling volume parameters and other operational parameters on the antenna size. 

Prior to illustrating an application of the theory it is appropriate to introduce and consider another
related performance parameter, namely the radiation quality factor Qr of an antenna defined as

Qr  = .

It has already been shown in [1] that an electrically small antenna’s performance is adequately
characterised by its coupling volume, which is related to the physical dimensions of the antenna. 
The radiation quality factor is a performance parameter that can also be related to the physical
dimensions of an antenna. The radiation quality factor is important becasuse it establishes the
bandwidth over which efficient communication is possible, even in the absence of antenna losses.

An application of the these concepts to well shaped planar electric and magnetic field label antennas
can be illustrated by considering a single turn loop antenna structure and a bow tie antenna, each
constructed from a square of size l as shown in Figure 17 and 18.

4.1. Loop Antenna Structure

The self-inductance of a small single-turn circular coil of diameter D made from wire of diameter
d is, given by [7]

.

Impedence of the self-inductance (or capacitance) at resonance
Radiation resistance of the antenna
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The construction of a square coil is depicted in Figure 17.

The inductance formulae above is assumed to be approximately applicable to a single turn planar
square coil using a number of assumptions: the area of the equivalent circular coil of diameter D
is equal to the area of the square marked through the centre of the strips forming the square coil, 
and the diameter d of the circular wire is half width of the strips forming the square coil. 

A derivation of the radiation quality factor for the magnetic field sensitive loop antenna formed with 
a square of side l may be obtained using this result for the self inductance and using the radiation
resistance calculated on the uniform current assumption. The result is

.

It has been presented in [1] that for a planar coil, which in its idealised state has no physical volume, the
coupling volume is given by

where A is the flux-collecting area (incorporating by summation an area for each turn) of the coil, and 
L is the self inductance. For the loop presented in Figure 17 it can be shown after evaluation of the 
self inductance that that the coupling volume for the loop is

.

l

20% l

l 80% l

square loop antenna
Figure 17: A square loop antenna 
created from a square of length l.
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4.2. Bow Tie Antenna Structure

An analysis of bow tie antennas is given in Section 3.2 and further results can be obtained from [8].
These results can be successfully applied to calculate the radiation resistance and the coupling volume
of the bow tie antenna constructed within a square of side l as depicted in Figure 18. 

The radiation quality factor of the bow tie antenna in Figure 18 can be shown to be

Electric QEr = 3 .

While the coupling volume of the antenna is obtained as

.

4.3. Antenna Comparison

For convenience we summarise the results obtained above in Table 5 below.

The analysis that has been presented is an illustration of the application of the coupling volume theory
to antenna performance measurements and to the dependence of antenna performance on physical size.

bow tie antenna structure loop antenna structure

Coupling Volume Electric VEc =    l 3 Magnetic VMc  =    l 3

Radiation Quality Factor Electric QEr = 3 Magnetic VMr = 3

Table 5: Summary of coupling volume
and radiation quality factor expressions.

l

l

900

900

bow tie antenna
Figure 18: A bow tie antenna 
created from a square of length l.

2
3

1
2

13
(βl)

40
(βl)

13
(βl)



Published October 1, 2003. Distribution restricted to Sponsors until January 1, 2004.

ADE-AUTOID-WH-003 ©2003 Copyright 21

The results presented for the loop and the bow tie antenna clearly indicate that the coupling volumes and
the radiation quality factor for well shaped planar electric and magnetic field labels are size dependent,
but similar, and have the same order of dependence on size.

The significance of the coupling volume calculation is that it indicates how much energy can be extracted
from a near or far field by an electrically small antenna. It appears that bow tie antenna has a slight
superiority over loop antennas if one is not concerned at whether the energy density is created in an
electric or magnetic field. The input impedance properties of RFID labels, however, suggest that loop
antennas are more likely to achieve the desirable resonance than bow tie antennas unless additional
tuning inductances are used.

The significance of the radiation quality factor calculation is that efficient operation of grossly electrically
small antennas over useful bandwidths is infeasible. 

5. turn on circuits

The Auto-ID Centre’s formulation of a label class hierarchy permits the development of labels to suit
different application requirements. This is an important aspect of the development of this technology, 
as the environmental, functional, cost, range, security and privacy requirements will vary depending 
on the application employing RFID technology. 

A discussion of a proposed label class hierarchy to accommodate the needs of an increasing field of RFID
applications is outlined in [10] and [11]. Figure 19 outlines the proposed class hierarchy described in [10].

The primary focus on this section of the paper is on Class III and Class IV labels that will be equipped
with a power source (such as a paper battery). Class III labels are expected to be backscatter reply with
the logic circuits of the labels being powered from the onboard batteries while Class IV labels are likely
to be independent reply generating labels. The interrogation of Class III and IV labels will inevitably
involve the development of a mechanism for turning on the labels as power conservation is an important
factor that requires the labels to be turned off when not being interrogated.

classes in rfid

Includes all the interrogators.

Autonomous relaying RFID labels.

Labels with battery support for longer range.

EPC™ labels with additional functionality.

Simple EPC™ read-only labels.

class v

class vi

class iii

class ii

class i/class 0

Figure 19: Label Class Hierarchy
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A turn on circuit is a type of receiver which applies a battery power to an RFID transponder after receiving 
an appropriate trigger signal level. Turn on circuits will allow Class III labels to operate at greater
distances than those achieved with passive labels, and also allow a well controlled trigger field to be
established for active labels. The primary goal, however, is to activate the label only when required, 
thus conserving power and extending the life of the label battery.

5.1. Concepts

The practical options for turn-on circuits are two fold:

– rectifier circuits that can produce from an illuminating RF field a voltage of the order of 1V that can 
turn a CMOS transistor from fully off to fully on; or

– rectifier circuits that can produce from an illuminating RF field a voltage of the order of 10mV that can 
be amplified in a sub-threshold current CMOS amplifier to a level in which a transistor can be turned 
from fully off to fully on or can operate a sensitive comparator operating at sub-threshold current levels.
Circuits of this latter type are described in [13].

For the production of a rectified output even to an open circuit load, a rectifying diode must experience
across the junction capacitance a voltage of the order of or greater than the rectified output, and hence 
a minimum of reactive power must flow into and out of the junction capacitance. To service that reactive
power, a resonant circuit must be provided and the power lost in that resonant circuit must be provided
by the available source power from the antenna. 

5.2. Realistic Performance Predictions

A label antenna, that in this application is preferably inductive, and the rectifying circuit that is intended
to produce a rectifying voltage used for circuit turn-on, can be modelled as indicated in Figure 20. 
Here Rr represents the antenna radiation resistance, Xs represents the antenna reactance, Xl represents
the reactance of the diode capacitance, XB is the reactance of the reservoir capacitor that also serves as an
RF bypass, Rl represents the loss in bringing reactive power into and out of the diode junction capacitance,
and Ra is the ohmic loss contribution from the antenna. 

The antenna ohmic losses can hopefully be ignored since the antenna construction can, in a good
design, be a slot antenna containing a significant amount of copper. In addition the combination of the
impedance jXl and jXB will be approximately equivalent to that provided by the diode junction
capacitance, as the reservoir capacitor has a relatively larger capacitance of the order of 100 pF. It is
assumed that no d.c. power is removed from the diode. By shaping the antenna and its connection
points appropriately, an impedance match between Rr and Rl can be achieved.

Determining the minimum power required to produce one volt across the reservoir capacitor of the label
circuit requires care. The procedure involves: selecting a suitable diode; setting up an impedance matching
circuit; setting up an RF rejection circuit and minimising damping caused by radiation. The following
paragraphs will cover these aspects in further detail.
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A model of a diode at high frequencies is presented in Figure 21. Rs is the parasitic series resistance of
the diode, Ls is the series package inductance and Cs is the package capacitance, where the capacitance 
Cj which depends on the bias voltage VD is the voltage across the junction. Current CMOS manufacturing
techniques can produce small Schottky diodes with junction capacitances (diode depletion layer capacitance)
ranging from 0.1 pF to 1 pF. However a Schottky junction is relatively delicate and sensitive to excessive
RF power. RFID applications may work in poorly controlled environments where high power many cause
the diode to burn out. Hence in an application it is important to use power limiters to protect the
sensitive Schottky diode.

Experiments detailed in the paper utilised the Hewlett Packard 5082-2835 Schottky diodes [3] (a surface
mounting version of the same diodes are available as HSMS-2820). These are a good candidates for the
application due to the range of its capacitance (1pF – 0.5 pF) and low cost. Figure 22 provides a plot of the
variation of the junction capacitance as a result of the reverse biasing voltage across the depletion region.

high frequency diode model
Figure 21

label rectification circuit
Figure 20

Resonant Circuit

Bypass & Reservoir
Capacitance

Turn-on CircuitJunction
Capacitance

Label
Antenna

D.C. Output Line
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In addition, consideration must be given to practical matters regarding the construction of the circuit
and the measurement of the voltage developed across the reservoir capacitor at various RF energies
fed from the antenna. The circuit design must minimise damping caused by measuring instruments,
connectors and radiation from physical structures such as the inductor used to represent the antenna 
or the leads connecting the electronic components. The issues of “hot wires”, and radiating connections
and components are serious at high frequencies. Thus the construction of the experimental circuit should
employ low loss and low series inductance capacitors, small coil inductors, and short connections with
adequate shielding provided by a metal box as shown in Figure 23a. The shielding from the metal box
serves to reflect radiated energy back into the circuit, and so reduce losses from the radiation mechanism.
It also produces a small and unimportant change to the inductance and capacitance properties. 

As the measurement method uses a network analyser, the RF input port of the measurement circuit
requires an impedance matching network with a capacity for external adjustment. This is provided by
an adjustable trimmer capacitor in series with stray inductance of the capacitor connections. Measuring
the output voltage from the reservoir capacitor requires very good filtering to remove all the RF content
in order to minimise radiation from the output connection before the voltage is measured across the
reservoir capacitor. A schematic of the diode rectification voltage measurement circuit is provided in
Figure 23b. 

The impedance matching network utilised employs a capacitor in parallel with a large (10kΩ) resistor
(to provide a DC path across the capacitor). The impedance of the matching circuit is given in the Smith
chart provided in Figure 24. The impedance appears close to the periphery of the Smith chart implying 
a lossless termination and from the nature of the chart it is clear that the impedance below 900MHz is
capacitive while above 900MHz is inductive. 

0
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0.5

0.6

0.7
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1

1 2 3 4 5 6

capacitance (pF)

reverse voltage (V)

junction capacitance
Figure 22: Variation of the diode
junction capacitance as a result
of the reverse voltage.
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diode rectification voltage measurements circuit
Figure 23b: The schematic of the circuit
shielded in the metal box.

Figure 23a: Instrumental arrangement
used to conduct the turn on circuit
experiments. The circuit used for diode
rectification studies is shielded in 
the metal box.

1  Test circuit shielded in a metal box

Impedance
Matching Circuit

Schottky Rectifier RF Filter

RF IN Through an 
SMA connector

Rectified Voltage to Oscilloscope
using a BNC Connector

1
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impedance matching ii
Figure 25: Smith chart of the
impedance matching network
showing impedance values with
the trimmer capacitor set to its
minimum value. 

impedance matching i
Figure 24: Smith chart of the
impedance matching network
showing impedance values over
a bandwidth of 1000 MHz.

However this is not entirely true as the value of the trimmer capacitor can be adjusted to obtain a 
wider range of capacitive or inductive impedances as indicated in Figure 25 and Figure 26. A point of
resonance for the setting that produced Figure 24 can be observed at 900MHz but at resonance the
impedance of the transmission cable is mismatched to the impedance of the resonant circuit. The fact
that the impedance plot is at the left edge of the Smith’s chart is indicative of a detuned open circuit
and hence indicates the matching network to be a series resonant circuit. 
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It is important to gauge the Q of this circuit as it provides an indication of the lossless nature of the
impedance matching network. This is an important consideration as we require most of the RF energy
to be localised in the diode resonance. Estimating the Q requires a measure of the inductance, L and
capacitance, C of the series resonant circuit model. The reactance graph in Figure 27 can be used to
obtain the C and L parameters of the resonant circuit. The capacitance is found to be about 5.0 pF and
the inductance is found to be about 6.36 nH. 

The resistance of the series resonant circuit is much less than 50 Ohms since the resulting Smith chart
is at the periphery for a broad range of frequencies, this point can also be observed by examining the
dynamic resistance on the Smith chart. The the quality factor of this resonance is found to be around 35,
so the impedance matching network is relatively broadband in relation to the quality factors expected in
the diode reaonance.
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impedance matching iii

Figure 27: Reactance of the impedance
matching circuit obtained using a
network analyser sweeping across a
frequency range of 500MHz to 1500MHz.

impedance matching circuit input reactance

Figure 26: Smiths chart of the
impedance matching network showing
impedance values with the trimmer
capacitor set to its maximum value 
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All of the measurements described thus far were obtained with the Schottky Rectifier and the RF Filter
circuit identified in Figure 23b disconnected. 

The return loss plots provided in Figure 28 with the diode connected (that is with the Schottky Rectifier
and the RF Filter circuit identified in Figure 23b connected) can be utilised to obtain the low power Q of
the diode resonance while the plot in Figure 29 provides a return loss curve under high power and thus
can be used to obtain the high power behaviour of the diode as the source frequency is swept. 

The non-linearity of the circuit response at high power Shown in Figure 30 precludes a meaningful
definition of high power Q.

Figure 28: The return loss plot obtained
with the network analyser output power
level set to -35dBm indicates a low
power Q of approximately 130.

low power q
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5.2.1. Actual Power for Zero Power Turn on Circuit (1 V d.c. Output)
While sweeping across a large frequency range the minimum input power required to obtain a DC output
of 1 volt as indicated in Figure 30 was -16.20dBm. The resulting return loss curve is presented in Figure 31
and it can be seen that over 90% of the incident power at 812MHz is feeding into the diode resonance.

Figure 29: The return loss plot obtained
with the network analyser output power
level set to -19dBm depicting the non
linearity of the circuit response at
high power.

high power q

1v dc output
Figure 30: The DC voltage obtained
across the reservoir capacitor using an
oscilloscope with an input impedance of
1MΩ and a capacitance of 4pF. It should
be noted that the voltage observed is
half the voltage across the reservoir
capacitor.
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Calculation, using standard far field antenna formulae, of the range at which, for favourably oriented
antennas, a reader with antenna gain of 6 dB and output power of 1W, will provide this available source
power from a tag antenna of gain 1.5 gives a range of 12.6 m. 

However an interesting and important phenomenon can be observed when the signal sweep bandwidth
at high power is reduced. Unless the sweep begins at a frequency that is somewhere near the low power
resonance frequency, and follows upward in frequency as the diode develops voltage and begins to raise
its resonant frequency, the full diode output will not be obtained.

5.2.2. Actual Power for Low-power Turn on Circuit (10 mV d.c Output)
An alternative means that can still exploit the diode resonance is a turn on circuit incorporating an
amplifier or a low power comparator that is permanently powered. In order for a low power turn on
circuit to be useful the current drain in its “off” state must be low with respect to the self discharge
current of the battery. Similar to the previous turn on circuit the present design can also be triggered 
by a small DC voltage, rectified and amplified by diode resonance where the minimum value will be
dictated by rectified RF noise [13].

Figure 31: The return loss plot with the
network analyser output RF power fixed
to -16.20dBm.

return loss curve



Published October 1, 2003. Distribution restricted to Sponsors until January 1, 2004.

ADE-AUTOID-WH-003 ©2003 Copyright 31

Experimental evidence has proved that a minimum RF power of -43dBm was required at resonance to
obtain a 10mV DC output from the reservoir capacitor. Figure 32 shows the return loss at resonance 
while Figure 33 shows the voltage output from the reservoir capacitor.

Figure 32: The return loss plot with the
network analyser output RF power fixed
to -43dBm with a frequency sweep of
200 MHz.

return loss curve

Figure 33: The voltage output from the
resonance circuit. It should be noted that
the voltage observed is half the voltage
across the reservoir capacitor.

100mv dc output
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Calculation, using standard far field antenna formulae, of the range at which, for favourably oriented
antennas, a reader with antenna gain of 6 dB and output power of 1W, will provide this available source
power from a tag antenna of gain 1.5 gives a range of 89 m. 

6. conclusions

Application of coupling volume theory to compare antenna performance has been illustrated using an
electric field sensitive antenna and a magnetic field sensitive antenna along with the introduction of
the companion concept of radiation quality factor. Thus, not only does the coupling volume theory
provide insights for optimising antennas, but it can be used as a tool for comparing antenna performance. 
The comparison is simple, and yet powerful as it relates the many different parameters that characterise
the performance of antennas to the physical dimensions of the antenna.

The development of Class III and IV labels will eventually involve the incorporation of turn-on circuits.
There have been a number of novel ideas published [13, 14]; however they may not all be practicable
alternatives. The concepts provided for turn on circuits in Section 6 involves the design of a turn-on
circuit that functions by sweeping across a UHF bandwidth. This concept is a more practicable alternative
and it is illustrated through performance measurements taken in a scenario modelling a far field, and
through range predictions under favourable conditions based thereon. 
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