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Introduction

Passive ultra high frequency (UHF) radio frequency identification (RFID) is an electronic
tagging technology commercialized between 860 and 960 MHz that allows an object or person
to be automatically identified at a distance of up to 10 m without a direct line-of-sight path
using a radar-type radio wave exchange (Figure 1.1). UHF is the dominant technology for
supply chain management applications such as case and pallet tracking and returnable
container identification. It is also widely used for real-time inventory, industrial automation,
work-in-process tracking, asset management, forklift monitoring, personal identification (ID),
vehicle access control, document security and authentication. There are numerous UHF
standards, most notably ISO 18000-6 and EPCglobal Gen 2, which are the most widely
supported RFID standards nowadays.

Figure 1.1. Functional principle of a UHF RFID communication. @ Inlay attached to the
item: substrate film onto which the antenna and the chip containing item data are combined.
@ Radio frequency emitted by the reader installed on a gate, a cashier counter, etc. @ The
tag sends the data in response to the radio frequency (backscattering modulation). @ The
reader antenna transmits the modulated data to the reader. @ The reader decodes the data
and sends it to the host computer

antenna ,

!I JJ‘L'V\

— T ) Reader
Host

Today, many bar code processes involve bringing the bar-coded object to the reader and
orienting the bar code for proper presentation to the reader. As a result, conveyor systems must
run considerably slower than their top speeds so that bar code readers can identify passing
objects. Unlike a bar code, the RFID tag does not necessarily need to be within the line of sight
of the reader and it may be embedded into the tracked object. Moreover, RFID has the ability
to identify multiple objects simultaneously. These are the important advantages of RFID over
bar code technology, since they eliminate much of the labor currently required and increase the
reading speeds.



Apart from the frequency, the main difference between high frequency (HF) and UHF RFID
technologies is their read/write distance. The maximum distance for HF technology at 13.56
MHz is approximately 1 m and the maximum distance for UHF technology is approximately 10
m. When long read distances are required, 13.56 MHz technology is not an option: HF
antennas do not radiate as their length is very small compared to the wavelength with an almost
zero radiation resistance. HF antennas must be seen as near H-field sensors. Most UHF
systems communicate by radio waves that provide longer distance. However, UHF systems can
also work at close distance and one can find commercialized near-field UHF systems
optimized for short-range reading. The same tags that can be read from a 10 m distance can
also be read from 10 cm. For instance, UHF technologies can simultaneously satisfy
requirements for short-range reading at assembly stations and long-range storage, shipping and
receiving processes. UHF systems are then optimized for various processes and reading
distances through the placement and configuration of readers.

In early deployments, the UHF systems suffered from performance degradation when used
around liquid and metal compared to HF solutions. Advances in antenna design, reader tuning
and best practices have overcome this limitation. For example, some UHF tags have been
designed specifically for use in close proximity to metal and to take advantage of the
conductive properties of the metal to enhance the RF performance. The idea that HF technology
is required for use around metal and liquid is nowadays more of a perception than a reality. In
supply chain applications, UHF is frequently used to successfully identify cases and entire
pallets of consumer goods with high liquid or metal content.

The purpose of this book is not to be exhaustive but to focus on specific aspects of passive
UHF RFID technologies. Its first objective is to provide a reference document on the tag
antenna design and chip technologies, either from up-to-date academic papers, industrial data
or author experience. The second objective is to include perspectives on end users, market and
production. Nevertheless, important UHF RFID topics such as the architecture of the readers,
the ISO 18000-6 air interface protocol standard and the worldwide regulations are beyond the
scope of this book.

The book is organized as follows:

— Chapter 1: Design and performances of UHF RFID integrated circuits (C. Ripoll);
— Chapter 2: Design of UHF RFID antennas and tags (J.M. Laheurte);

— Chapter 3: Design methodology as a function of RCS and DeltaRCS, consequences on
the near-field/far-field issues (D. Paret);

— Chapter 4: Markets, applications and end users (C. Loussert).

Chapter 1 provides an up-to-date state of the art in technologies and performances of UHF
RFID integrated circuits (ICs). This includes the direct current (DC) voltage supply generation
circuit and its regulator, the demodulator part to recover the data, the on-board oscillator to
control the digital part and the organization of this digital part and memory. The focus is on the
EPC Gen2 protocol adopted in the ISO 18000 Part 6. This added to a full description of the IC
functionalities, fabrication issues, matching requirements and measurement tests and



benchmarks should help chip designers to identify the main constraints of the technology.

Chapter 2 highlights the design and manufacturing issues of RFID tags. The antenna
miniaturization on inexpensive materials is only one of several problems that a designer needs
to solve. Tracking fluxes of goods between different companies and across the world must be
performed with good read performance despite a close environment characterized by
disturbances (associated items, other tags, surrounding objects, etc.). This can only be done if
the tag design follows several rules, one of them being the wideband impedance matching to
the RFID IC. Another rule is to limit the tag sensitivity to the environment by including the
dielectric, conductivity and shape features of the tagged item in the analysis in order to take
advantage of it or to fight against it.

As most UHF RFID tags are dipole-based structures, Chapter 2 first describes the
fundamental circuit parameters of the dipole antenna (input impedance, radiation resistance,
efficiency, Q-factor and impedance). The miniaturization strategies based on fat dipoles, tip
loading and meanders are then presented followed by a description of the influence of the
dielectric and metallic environments on the tag performance. The fundamental problem of
impedance matching between the RFID chip and the antenna is clearly stated with a careful
explanation of the single- and double-tuned matching strategies. It is demonstrated that the
wide bandwidth characteristic of double-tuned matching circuit is crucial in the presence of
dielectrics. Inductively coupled fed tag antennas, as well as the associated commercial loop-
based modules, are also extensively detailed. Examples of their use on either filled or empty
recipients are given. To conclude this chapter, a state of the art for tags on metal is proposed.
Thin and thick structures are examined in succession.

In Chapter 3, special emphasis is put on the design methodology as a function of the radar
cross section (RCS) and DeltaRCS with consequences on the near- field/far-field
communications.

Chapter 4 is an overview of UHF RFID challenges including the applications, markets,
trades and basic technologies, more specifically in the supply chain management and the retail
inventory. It is demonstrated that return-on investment (ROI) is key to the RFID buying
decision process. RFID technology must generate cost reduction and sales increase to trigger
the associated investment. Key topics of future RFID are also detailed: use of tags throughout
the whole product life, smart embedded RFID solutions, seamless and ubiquitous
infrastructures, and future softwares in massive networks of small intelligent devices.



Design and Performances of UHF Tag
Integrated Circuits

Design of UHF RFID tag IC presents unique design challenges to satisfy constraints due mostly
to the remote biaising of the batteryless tag. After a brief introduction (section 1.1) and a
presentation of the architecture (section 1.2) of a tag IC, section 1.3 will show the principles of
converting RF into DC via voltage multipliers successively; first in the ideal then in the real
case. The end of the section will deal with the influence of the active element (the diode or the
MOSFET, a comparison between the two will highlight the pros and cons of each) and passive
parasitics that must be taken into account during the dimensioning of the intermediate and the
output capacitors. A simplified model of the antenna and the input of the rectifier will allow us
to see the importance of matching and will lead to the computation of the Power Conversion
Efficiency (PCE) of the circuit. Sections 1.4 and 1.5 propose a few up-to-date circuits with
careful design to reduce the threshold voltage of the active element and improve the PCE.
Sections 1.6, 1.7 and 1.8 rather briefly discuss the problem of exchanging information between
the reader and the tag and the improvements on the oscillator design to reduce overall
consumption. Sections 1.9 and 1.10 list the latest technologies, techniques and trends used in
the digital part and lists of performances of the different teams are compared.

1.1. Introduction

The ratification of the global ultra high frequency (UHF) passive radio frequency identification
(RFID) standard ISO18000-6 has stimulated the interests of many research laboratories,
prompting them to carry out research and development work on the UHF power rectifiers at the
microwatt level. In fact, micropower rectifiers are not only limited to RFID but also useful in
energy-scavenging modules for remote sensor applications [TEH 09].

The design of an integrated circuit for a UHF RFID tag is not a simple task because it
requires numerous constraints to be taken into account.

The primary characteristics of an RFID tag are the cost, the communication range between
the tag and the reader/writer, and the transaction time associated with the system performance.
To minimize the cost, the tag should be manufactured with the tag integrated circuit (IC) and the
associated antenna in a simple process; we will see later that the design rules imply both parts
and then each part cannot be designed independently of the other. Despite its simple passive
structure, an RFID tag should provide value-added services enabling specific RFID functions,



such as data writing, the storing of historical manufacturing or distribution process data, and
anticollision reads to speed up the inventory search or security functions to authenticate users
[NAK 07].

First, as mentioned above, we must end up with a product for which the cost, so as not to be
prohibitive for the retail RFID transponder, should be targeted at being only a few cents.
Because the cost of the IC is an important part of the overall cost, it implies the choice of low-
cost very large-scale integration (VLSI) technologies, which do not correspond to the best
choice for some problematic designs such as the design of the rectifier. Then, a tag IC designer
must deal with the challenges of low supply voltage, very low consumption, high input power
dynamic range and efficient antenna matching. Because the read range is set by the forward link
in a passive backscattering UHF RFID system, it means that the minimum turn-on power for the
RF IC chip is of prime importance among the constraints.

A few manufacturers jealously guard their secrets about the design and fabrication process.
They sell commercial products with performances as good as the ones displayed by the
research laboratories. Some topics such as the optimal choice of the shunt resistor that enables
the control of the received power from the far-field to the near-field are not available in the
current literature but are actually implanted in certain products. This chapter aims to
understand the design principles of the tag integrated circuit, especially the voltage multiplier.
Some performances of the power conversion efficiency are also given with respect to different
technologies and circuit topologies.

1.2. Integrated circuit architecture

A typical block diagram of a complete passive transponder architecture, including the IC and
the matched antenna, is shown in Figure 1.1. Usually, we distinguish between the front-end,
which is constituted of the direct current (DC) supply generation, the demodulator and the
modulator and the digital part, which includes the control logic, and the electronically erasable
and programmable read-only memory (EEPROM) with its charge pump.

The transponder must draw the power required for its functioning from the received
electromagnetic field. This power is used mainly by the digital section (often up to 70%) and
by the front-end to receive the data sent by the reader and to allow data transmission from the
tag to the reader through backscattering modulation.

The regulator circuit stabilizes the output voltage of the multiplier, but it may also keep the
input voltage of the multiplier below the breakdown voltage in case of a tag being close to the
base station. The voltage reference is sometimes called bandgap reference and output
necessary voltages (and currents sometimes) for protection (used by regulator, for example).



1.3. RF to DC conversion: modeling the
system

There are two important goals for achieving high power efficiency of the transponder. The
efficiency is defined as the ratio between the RF power available at the transponder’s antenna
and the DC power at the output of the DC block for supplying the transponder. The first goal is
the power matching between the antenna and the IC, and the second goal is the RF to DC
conversion taking into account the output load constraints, namely a minimum DC voltage to
operate the transponder and a minimum load current drawn by the IC (so even if the definition
mentions the output power, it is important to note [BAR 09] that each parameter must be
independently satisfied). So, one of the big challenges a designer must face is the design of the
rectifier with high efficiency while maintaining a minimum DC output voltage and current to
supply the transponder.

Figure 1.1. Architecture of a passive RFID transponder
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1.3.1. Determination of the ideal DC output voltage

For UHF RFID applications requiring several meters of communication distance, the incoming
signal level is only a few hundreds of mV when minimum sensitivity is considered. Therefore,
only a multistage rectifier can deal with these requirements and it is used. The topology used
by Dickson in 1976 has only been slightly changed by Karthaus and Fischer [KAR 03] in order
to make it useful for the alternating current (AC)/DC conversion as shown in Figure 1.3.

The received AC input voltage is converted to a DC output voltage by the voltage multiplier,
which is then stabilized and maintained within limits by the voltage regulator [DEV 05].

The elementary cell is built from the clamping circuit C-D1 (see Figure 1.2(a)), which shifts
the negative portion of the input signal above zero by storing the equivalent electric charge on
the output terminal of C1 by the charging current circulating from ground to IN through the D1
diode. Then, the rectifier circuit detects the peak value of the output signal of the clamp circuit.



The electric charge previously stored is now delivered to the output capacity C,, by the

charging current circulating through D2. When considering ideal elements, we can write the
voltage at the output of the clamp circuit [CUR 07]:

[1 1] out (IJ + V]’_ﬂ (I)
where I’:n is the peak value of V, (t), voltage at the input of the multiplier. So, in this idealized

model, the maximum possible voltage at the output of the clamp circuit is 2¥a. At the output of

the rectifier circuit, this value is maintained by the parallel charged capacitor C.

In the real case, this value is reduced by the voltage drop of the diode.

[1 2] ar.rr o ﬁ(P;n _P:i')
where V; is the diode drop voltage.

Besides, this value is further reduced due to imperfections of the circuit elements like the
leakage current of the capacitor, the parasitic parallel resistor and the reverse current of the
diode.

The half-wave voltage doubler is obtained by cascading the two circuits as illustrated in
Figure 1.2(a).

To take advantage of both polarities of the input signal, we must use the full-wave voltage
doubler as illustrated in Figure 1.2(b). This implies that the following voltage regulator is able
to receive a differential input.

To reach the necessary output voltage (which depends on the complementary metal oxide
semiconductor (CMOS) technology used but is actually approximately 1.2 V) when the tag is in
the far-end, it is mandatory to use an N-stage multiplier, which consists of a cascade of N
elementary cells.

Figure 1.2, Elementary cell of an N-stage multiplier: a) half-wave voltage doubler and b)
full-wave voltage doubler
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Figure 1.3. N-stage half-wave voltage multiplier and voltage regulator
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Then the voltage generated between the input and the output for an N-stage half-wave
multiplier is:
=M. s :
|13| I/:':r.rr =2N [I’/’m Vd)

In the DC analysis, capacitors act as open circuits, so we now have 2N identical diodes in
series; so the voltage drop across each diode may be written with respect to time as:

¥
V.(1) =1V, cos(mf)———
[14] d(] in (Uﬁ) EAM

1.3.2. Determination of the “real” DC voltage

Actually, equation [1.3] is a crude approximation because the threshold voltage is considered
as constant. In fact, it depends on the direct current I; and saturation current I through an

exponential law between current and voltage for the Schottky diode (or a square law in the
case of a diode-connected MOS); so we have a forward diode drop that is logarithmically
dependent on the diode current, which is actually the load current:

I/;‘ e ” ' Iiheﬁﬂai -Ln I_d

[1.5] s )
where 1 is the diode non-ideality factor. So, it should be rewritten as equation [1.6] to take
into account this dependency but also the choice of the technology through the saturation

current:

[1.6] bt zN'(I}m _Ki(fdjsj)

In UHF RFID applications, the amplitude of the input voltage is rather weak and the diode
operates in a region where the voltage drop depends strongly on the current as shown in Figure
14.

Figure 1.4. Diode operational regions for Dickson’s original analysis and for UHF RFID
application (after [BAR 09])
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For example, if I is 200 nA and the current through the diode varies from 2 to 4 pA, then the

voltage drop will vary from 60 to 75 mV.

The diode current has a pulsed shape due to the nonlinear relationship (equation [1.5]) as
shown by some simulations [BAR 09] in Figure 1.5 for a coupling capacitor of 1.2 pF, an
output capacitor of 12 pF and a diode saturation current of 120 nA.

Figure 1.5. Voltages and currents for the Schottky diode doubler in steady-state conditions

(after [BAR 09])
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As can be seen, the threshold voltage cannot be neglected because it represents a drop
approximately 100 mV (depending on the DC), which is of the same order of the amplitude of
the input voltage. It is important to find the threshold voltage precisely because a small
variation in it gets multiplied by the number of stages, which can significantly change the DC-

generated output.

The output of the rectifier could be considered as a current source, whose value is
determined by the current consumption of the IC. This means that, because of the charge
conservation, the average value of the instantaneous current over one conduction cycle is equal
to the load current drawn from the output, that is I, equals 3.4 pA for this example [BAR 09].



So, if the output (or load) current increases, the peak current also increases to allow the
increase of the average current as shown in equation [1.7]:
T

l ‘.Iﬂ’ (f}ﬂ'?f = Ianr

nnls

Similarly, if the input voltage increases, the peak diode current will increase as well, and
thus the pulse shape will change.

So, from the viewpoint of the DC output generated, the voltage drop in the diode depends on
the input voltage and the output current drawn. In fact, because of the way the rectifier works,

the threshold voltage is determined only at the peak of the current .

So, the DC output voltage should finally be expressed by:
— "JIAF. } o T }
[18] Vau: =2N\ (Ir'n Vd(fd(lr'n‘four ]‘IE})

Based on the development of the relationship between current and voltage with modified
Bessel function series of the exponential of a cosine function, some authors like De Vita and
Iannaccone [DEV 05] establish a general N-stage rectifier input—output relationship that can be
solved as:
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Here, we clearly see that a designer can decide to choose V,, as the objective output

5

parameter, leaving I, as a dependant variable [TEH 09].

1.3.3. Effects of parasitics and capacitances on the
output voltage

So far, we have only taken into account the threshold voltage as the main parameter to
determine the DC output voltage but, in fact, other parameters can have a secondary influence,
namely parameters of the diode model, the coupling and hold capacitors.

First, we need to know what the non-idealities are and where the parasitics for each element
of the rectifier are.

1.3.3.1. Active elements parasitics

For the charge transfer devices acting as a switch, the designer has the choice between the
Schottky diode, first introduced by Karthaus and Fischer in 2003 [KAR 03], and the diode-
connected metal oxide semiconductor field effect transistor (MOSFET). For the latter, many
alternate solutions have appeared such as the use of native transistor, special biasing circuitry,
threshold programming by analog memory or the dynamic threshold MOSFET [TEH 09].

In designing a Schottky diode for a UHF RFID system, value, associated nonlinearity and the
RC cutoff frequency of the diode are of primary concern. Moreover, the parasitics of the diode



depend on the geometry and physical process. The way to implement diodes on a standard
CMOS process must be done for an easy integration compatible with the usual masks used.
Figure 1.6 illustrates a typical planar diode [JAM 06b] and its associated electrical model in
Figure 1.7. It consists of a Schottky contact (Ti) to an n-well active zone and an ohmic contact

to a heavily doped n" layer. This structure allows a compact layout so as to minimize the
number of extrinsic parameters and especially the capacitors.

Figure 1.6. Planar Schottky Barrier diode cross-section (after [JAM 06b])
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Figure 1.7. Electrical model of the planar Schottky barrier diode cross-section(after [JAM
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When considering the choice of the Schottky diode, it is important to have a large saturation
current I that will result in low forward voltage drop (see equation [1.5]), a small junction
capacitance Cp as well as small parasitic capacitance to substrate Cy,y,. The problem is that a
large Schottky diode has a large saturation current but a large capacitance also, which actually
dominates the power losses, and an optimum choice of the diode has to be found.

At intermediate node NODE]1 in Figure 1.8, we clearly see that this substrate capacitance



behaves topologically as a parallel capacitance Cppga, Which is the sum of the junction
capacitances Cp; and Cp, plus the “tub” capacitance of the series diode D, labeled Cyypp»
plus the interconnect wires capacitance. Cpaga 1S typically an order of magnitude smaller than
C

c*

Figure 1.8. Schottky diode cross-section and doubler with its parasitics (after [BAR 09])
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The series resistor of the diode and of the coupling capacitor can be minimized by using a
multi-finger structure. Very often, the series resistor Rs is neglected in UHF RFID because the
direct diode current remains low (pA), thereby inducing a low resistive drop voltage less than
1 mV.

One of the main limitations of using Schottky barrier diode (SBD) solution is the need to
specially modify the CMOS process. Many laboratories have been searching for how to use
the MOSFET optimally. As the size of the transistor continues to scale down, the effective
threshold voltage approaches the SBD turn-on voltage [TEH 09] approximately 150-200 mV.

The difference with SBD is that the MOS actually operates in different regions in one cycle.
When it is on, most of the time it is in the superthreshold region, where the drain current varies
as the square of the gate-source voltage. When it is off, unfortunately, it conducts a reverse
leakage current (inversion of drain and source). When the gate is connected to the source, this
current is the subthreshold current and cannot be neglected because [YI 07]:

— it increases exponentially with the decrease in threshold voltage;
— it can be the same order of the load current (pA);

— the power consumed is not negligible because it remains in this state about half of the
cycle.

This is illustrated in Figure 1.9 where, as not shown in Figure 1.5, this reverse current
induces a power dissipation.

1.3.3.2. Passive elements parasitics

In the same way, the leakage capacitance to substrate of the coupling capacitor offers a
parasitic path for the charges and, consequently, it should be minimized.



Figure 1.9. Waveforms of input and output voltage, current and power dissipation (after [YI

07])
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Indeed, the impact of these parasitic parallel capacitors to ground is very important. We will
see later its impact in the matching issue; for now, they act as voltage dividers, as shown in
Figure 1.8, and thus in the conversion equation, we must take into account not the input voltage
but the modified voltage at node 1 (intermediate node).

If we consider the capacitance model as shown in Figure 1.10 [MAN 07], let us suppose that
the input signal is connected to the top plate of the coupling capacitor C.. Ahead in the model,

the bonding pad and package capacitances are independent of the size of the rectifier circuit
and can be grouped into Cp,,. The input capacitance of the rectifier is Cpygy, which has

already been introduced and takes into account the parasitic capacitance to ground at the input
of each stage due to the diodes or transistors. The capacitance between the bottom plate of C.

and ground is C.p (typically several tens of femtofarads in design foundry manuals).

This model leads to equation [1.10], which clearly shows the effect of voltage divider
depending on the values of Cpypa, C- and Cp, respectively.

i i
o — L NODE1 _ c

1.10 Vin Cpypy +Cc +Cop

Figure 1.10. Circuit model of the parasitics of the capacitances before the ideal rectifier
(after [MAN 07])
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1.3.3.3. Effect of parasitics on output voltage

Equation [1.10] shows that it is very important to reduce the Cpsp4 capacitance. Moreover, the

total input capacitance clarifies the fact that all the stages are in parallel. The consequence of
this parallelism is that the RF voltage applies to a much lower impedance, so we can
anticipate an optimum number of stages for the multiplier with respect to the criteria of the
amplitude of the input voltage.

Figure 1.11 illustrates the overwhelming effect of the junction capacitance of the diode in the
term Cpypa that clearly demonstrates the importance of minimizing the size of the diode,

irrespective of the technology used, Schottky diode or diode-connected MOS transistor.
Figure 1.11. Effect of the diode junction capacitance on the output voltage with C. = 5 pF
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1.3.3.4. Dimensioning of the intermediate capacitors

These capacitors act as charge transfer devices. They are charged during the negative cycle of



the input signal and then transfer their charge to the output during the positive part of the input
signal. Therefore, a small value will decrease the time to transfer the charge to the next stage.
On the other hand, a large value would increase the RC time constant; the multiplier acting as a
low pass filter for the input signal that can slow down the exchange of data between the reader
and the tag. As a compromise and to avoid these intermediate capacitances to act as voltage
dividers, it is currently admitted that these intermediate capacitors must be chosen so that they
satisfy C, > 10 - Cp, so typically a value approximately 2—3 pF. From equation [1.10], in this

case, the loss in voltage is not more than Cp/Ci..

As we have seen that the DC output power depends on the input voltage applied to the
multiplier, we must consider the behavior of the circuit in the AC mode. In an AC analysis, the
intermediate capacitors (all except the output capacitor) should behave as short circuits;
therefore, all diodes appear in parallel to the input.

So, for these capacitors, the capacitance to substrate must be reduced. The best way to
reduce it is to build them by choosing a multi-finger top metal layer configuration or making
use of the capacitance between the top two metal layers [JAM 06a].

1.3.3.5. Dimensioning of the output capacitor

To ensure that the output DC voltage is constant, the output or hold capacitor C must be
dimensioned so that its time constant is much larger than the period of the RF input signal
[DEV 05] and thus guarantees normal operation even when the RF power from the antenna is
not available for a time T},,,. If we consider that most of the load on the rectifier is due to the

digital part with an on-board clock frequency T,;, then the minimum allowable value of C_ is
given by [MAN 07]:

C

. (_-- low
ouf,min ~ 5w i

[1.11] \a)
where C,, is the total capacitance being switched between V4, and ground by the digital load
and « is the percentage of the V4, drop.

This formula leads to current values approximately 50—150 pF.

1.3.3.6. Effect of parasitics on power loss

All the dynamic losses due to coupling to the substrate (see Figure 1.7) can be determined

using equation [1.12] [KAR 03]:
"F.':ub o= _P;?;—sr:b 3 1 -2 o
[1.12] 2 R +(0Cyy)
where

Vin_sup : device RF peak voltage with respect to substrate;

Tub
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C,,p - total capacitance to substrate;
R, : total series resistance to substrate.

The assumption made is valid for common low-resistivity substrate where R, C, ,@ << 1.

sub
Before proceeding to the final results, we must treat the second constraint, which is the
matching.

1.3.4. Matching considerations

1.3.4.1. Voltage and power at the input of the IC

The effectiveness of the power transfer between the reader and the tag can be improved by
maximizing the power transfer between the tag antenna and the rectifier input structure.

The complete system can be modeled by considering an antenna connected to the IC through
a matching circuit, as shown in Figure 1.12.

Before calculating the input voltage and power at the IC terminal and deriving the input
impedance of the tag, we must consider the transformation aspects brought by the matching
network.

According to Barnett [BAR 09], there is no need to use a classical L-matching cell with an
inductive series element because the required ratio R; /R, must be high to bring the Q voltage

boosting at the transponder input. But, at the same time, the radiation resistance must be high to
increase V, as will be demonstrated; so, series matching is not the preferred way. On the

contrary, parallel inductor matching brings simplicity (same printed technology) and an
improved performance to electrostatic discharge (ESD) performance. So, a simple parallel
inductor easily printed at the same time as the antenna compensates for the IC input
capacitance.

Figure 1.12. Simplified model of the antenna with matching and rectifier input
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If we define P,, as the power available at the antenna terminal when the system antenna-
rectifier is matched, we can write:

(1
PP e g
[1.13] ¥ e S [ 4red )

where Pgrp is the effective radiated power and d is the separating distance.



If V, is the antenna open-circuit voltage and R, is the antenna radiation, then V/ is related to
the power available by:

[1.14] Va = V35 K,

So, we clearly see that the peak voltage V, is proportional to the square root of the radiation
resistance and thus, on this criterion, we must choose an antenna with a high radiation
resistance (300 Q for a folded dipole, for example).

If we assume that the input capacitance of the IC is compensated by the parallel inductor and
that the resistance R;, represents the equivalent resistance of the input resistance of the
multiplier in parallel with the resistance that represents the DC consumption of the entire IC.

In this case, the voltage at the input of the IC can be written as:

oy t= . . K

[1.15] R, + R, - Ry, tR,
so, maximum power P;, is absorbed by the rectifier when the antenna is matched to the
rectifier, and we have P;, = P,,.

To have an idea of the voltage and power obtained in the case of the European regulations,

let us make simple calculations of the resulting input power and voltage at the IC terminal in
the two cases, R, = 300Q2 and R, = 80022 with the following parameters. Note that we do not

vary the input resistance of the IC, which is often approximately 1 kQ but decreases when the
drawn DC current increases:

Table 1.1. Input power and voltage at the transponder IC
F =868 MHz e =29 Gp =1.64 R, =800Q

Pin (dBm)| -5 | -11 Pin (dBm) | -8,5|-14,5

Ra=3002Q | Vin (mV) | 440 [ 220 || Ra=80022 | Vin (mV) | 480 | 240

Table 1.1 clearly shows that to satisfy the two criteria of maximum power transferred and, at
the same time, maximum input voltage, we must power match the antenna and the transponder
IC and must have the highest antenna radiation resistance. This means that the designer needs to
reduce the power consumption (choice of technology) and the input capacitance (choice of
technology, number of stages and careful layout).

In these calculations, we have supposed that the backscatter modulator is removed and that
only the transponder input impedance is taken into account.

As seen before, the power at the transponder antenna varies as the square of the distance
between the reader and the transponder. The matching should be considered in the condition of
minimum power available at the antenna to ensure correct operation of the tag, that is at largest



distance (maximum operating range). Concerning the problem of deciding in which state of the
input IC impedance (that is depending on the current consumption Iout) we should do this
matching, the answer has been brought by Curty [CUR 07]. He showed that R;, should be
considered at its minimum (output current at its maximum, so the transponder is fully
functioning, both the analog and digital parts), so V,, is at its highest level when mismatch
between R, and R;, occurs.

1.3.4.2. Input equivalent impedance

In addition to the output voltage equation, an equation of the input impedance is important for
optimizing the rectifier. In the aim of matching, we need to understand the physical meaning of
Z,,.. First, we can consider two contributions to this impedance as illustrated in Figure 1.12.
The impedance of the transponder includes a part that does not depend on the input voltage V,,
and a part that is nonlinear and thus depends strongly on the input voltage and on the load
current.

Let us first investigate the power consumption. DeVita and Iannacone considered the input
power required to obtain a given output voltage and power by summing up the average power
dissipated in each diode and substrate and the power required by the load P . Following the

analysis of equation [1.9], they showed that the input power can be written as a function of a
first-order modified Bessel function [DEV 05]'
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[1.16]
Note that the input voltage considered should be in fact V4. as mentioned in equation

[1.10]. So, the input resistance should be seen as an equivalent resistance linked to the power
consumption:

V.
R, = 5
[1.17] 2F,

We have seen that the relationship between the diode current and the diode voltage was
nonlinear. So, here, we make an approximation, when we consider only the first term in the
equivalent polynomial equation relating this absorbed current to the input voltage or input
power. Even if this is far from reality because of the pulsed current (see Figure 1.5), it seems
that considering resistance as the resistance that consumes a mean power Py, is enough; this

approximation gives a good agreement with the measured results.

For the extraction of the equivalent input reactance, we need to know that this capacitance is
a function of the voltage applied to it; so, an averaged value should be taken for a single diode
as:



Vi
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Ca :j—* [ Cy (Iif )dv,
[118] <" in Vimin
where V; ., and V; ., are the minimum and maximum voltage drop, respectively, and the total
input capacitance will be, remembering the parallelism of all diodes:

[1.19] Ca = 2N %G,
Then, when considering the parasitics, we can write the total capacitance at the input of the
voltage multiplier:
C = NC Crars + Cep
[1.20] = “Chp +Cc+Cep
where Cpapa = Cp1 + Cpy + Crypp?

Actually, the resistive part must be modified because we must add the parasitics that come
from the loss power in the substrate. It can be physically modeled by a series resistor R, (see

Figure 1.7) representing a parasitic tub resistance. This circuit is converted to an equivalent
parallel model [NAK 07]. So, in the end, we have an imaginary reactance due to the parasitic
and diode capacitances and a real part that depends on two contributions, one of which is the
current consumption and the other is due to resistive and reactive parasitics of the substrate as
illustrated in Figure 1.12.

Ideally, Rp_sub should be at least 10 times the value of the antenna resistance, which is
approximately 1 kQ or less than that (but should be maximized in any case to obtain the
maximum V). Actually, its value is dominated by the input capacitance. Furthermore, even if
the input capacitance is more or less resonated by the fixed external inductor, it must be
controlled because too high a capacitance means an increase of the system Q, which in turn
may bring difficulty in covering the 100 MHz bandwidth around 900 MHz. For this reason, the
Q is usually limited to 6-8.

EXAMPLE.—

If the operation frequency is 868 MHz and C,, is only 1 pF, then the parallel parasitic input

resistance can be raised up to only 3 kQ. At the same time, when the chip consumes 100 pA
(analog and digital parts are fully functioning), the input resistance due to consumption is 10
kQ under a DC voltage of 1 V. So, we can conclude that the required design constraint for the
input impedance is to reduce the input parasitic capacitance (small diode or transistor and
small substrate capacitance in the well-chosen topology).

For a commercial circuit, it is possible to find these figures: total series input resistance of
6.7 Q, Cy, = 0.88 pF, which gives a total parallel input resistance of 5.8 kQ.

In conclusion, before showing the results obtained, we can say that a large diode (or diode-
connected MOS) will show a low threshold voltage V,; and is beneficial for increasing output

DC voltage given through V,,, = 2N - (Vi — V). Also at the same time, a large diode results in



large parasitic capacitance and the coupling capacitance should be increased to reduce the loss
(see equation [1.10]). However, increasing C, increases its own parasitic capacitance to

ground and adds to the input capacitance of the rectifier. In fact, the diode size and the coupling
capacitor should be scaled together to increase the input voltage. Further increase in voltage
can be obtained by adding stages with the associated benefit of a reduction of the input
resistance that eases the matching with the antenna.

1.3.5. Results obtained

Barnett has made an interesting approach that takes into account the previously mentioned
capacitive voltage divider and highlights the importance of relating the peak diode current to

[1.21] ’ ‘
The assumption made is that the output or hold or load capacitance is much greater than the
coupling capacitance, so it does not appear in the equation. This model seems to give a good
matching (<5% error at maximum output current I ) for increasing small currents with the

nonlinear spice simulations, as illustrated in Figure 1.13.

the load current through a variable x, x = Za/I .
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Figure 1.13. Comparison between the model of equation [1.9], the nonlinear spice
simulations and the model with a fixed diode drop (after [BAR 09])
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It clearly shows the strong dependence of the output voltage on the load current, more than
50% of variation for V- for a 1-6 variation of the small load current. For strong currents
(more than 20 pA), the slope decreases. So, when designing a voltage multiplier, we must take
into account this fact and consider the necessary turn-on voltage as the smallest (IC is fully



operating, load current approximately 80 pA).

By choosing an appropriate number of stages, any voltage can be reached. However, this can
be considered valid only for a small current draw. As soon as the current increases, there is a
simultaneous AC current through the capacitors, resulting in a voltage drop and a lower input
voltage for the subsequent stages. In reality, there are hardly any circuits with more than 15
stages [JAM 06b].

The power conversion efficiency (PCE) is defined by the output power divided by the input
power. The input power is, as seen in equation [1.17], the sum of the output power plus the
losses in the diode and the loss in the substrate.

PCE — FPour _ Four _ Four
[1.22] P Bour +Boss ¥ Pz Four + N - Poope + Fas

where Pp;opg is the power loss of each diode: Pp;ope = Prorwarp T PrEVERSE

Diode losses originate from the resistive loss when current flows through the diode in the
on-part of the cycle (determined by the threshold voltage) and from the reverse leakage current
when the diode is in the off-part of the cycle. So, a small threshold voltage associated with a
small reverse current and a small parasitic input capacitance allows us to reach high PCE.

In Figure 1.14 [KOT 09], we show the PCE as a function of input power for a large input
dynamic with respect to different parameters. This study shows some comparisons with other
topologies introduced in the next section like the static cancellation technique of the threshold
(self-threshold-voltage cancellation (SVC) and external threshold-voltage cancellation (EVC))
and active cancellation technique (internal threshold-voltage cancellation (IVC) and the study).

It is claimed that the threshold voltage Vy, can be minimized in the forward bias condition
and increased in the reverse bias condition, thereby reducing the leakage reverse current.

So, in conclusion, the RF to DC equation should include the effect of the nonlinear forward
voltage drop in diodes and the impedance matching conditions between antenna and rectifier
input showing the important parameters for the designer, namely:

— the available power;

— antenna radiation resistance;

— number of diodes (stages);

— DC voltage and load current;

— parasitic resistive loss components;

— diode and capacitor sizes;

— operation frequency.

Figure 1.14. PCE and DC output voltage as a function of RF input power (after [KOT 09])
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1.4. RF to DC conversion: proposed circuits
and performances

1.4.1. Threshold-voltage cancellation circuit

The traditional rectifier structure based on the Dickson multiplier technology suffers from low
power conversion efficiency due to the forward voltage drop in the diode or diode-connect
transistor. Despite the fact that a lot of circuits implement the classical structure seen before,
either with Schottky diodes or with diode-connected MOSFETs, some other solutions have
been proposed. The case of using a zero-threshold transistor has not been the solution due to
the significant amount of the reverse leakage current that seriously degrades the efficiency.
Although process enhancement helps solve the problem but is usually insufficient, a variety of
circuit design methods have attempted to achieve better performance keeping the standard
process, by introducing a gate bias to reduce the effect of Vi;,, which is almost equal to the turn-

on voltage.

Umeda [UME 06] introduced first its EVC followed by Nakamoto [NAK 07] introducing the
IVC.

The rectifier proposed by Nakamoto et al. (Fujitsu) is a single-stage mirror-stacked
architecture as shown in Figure 1.3; so, it differs largely from the traditional architecture
where the threshold voltage is not electrically compensated. The elementary cell is shown in

Figure 1.15.
In this circuit, the cancellation of the threshold voltage is achieved by inserting an internal
Vg, cancellation circuit (IVC) between the series PMOS M,;; and the output Vpp,. Capacitor

Cyp holds the threshold voltage of the PMOS diode M, by replication of it with M. This is
done in the same way for the NMOS diode M,,. This circuit is reported to accurately track the
process and temperature variations by matching of the transistors. R}, should be chosen as

being large enough to avoid the IVC branch currents.

Figure 1.16 illustrates the entire full-wave rectifier circuit. It exploits both polarities as
mentioned previously to optimize power efficiency and the mirror structure contributes to



eliminating the effect of the parasitic capacitances at the IN-node, which operate as the AC
ground.

Figure 1.15. CMOS half-wave rectifier (after [NAK 07])
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Figure 1.16. Entire full-wave rectifier with mirror stacked architecture (after [NAK 07])
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The authors report a 36.6% efficiency at 953 MHz for this rectifier for an input power of —6
dBm.

1.4.2. Cross-coupled differential drive with automatic
bridge structure cancellation circuit

Unfortunately with the previous circuit, when the effective threshold becomes too small due to
an excessive DC bias voltage, the MOS transistor can be on for too long a time and an
increased reverse leakage current appears, removing the stored charges on the output
capacitor. To solve the problem, Mandal [MAN 07] and Kotani [KOT 09] brought an
improvement by introducing a dynamic cancellation technique, as illustrated in Figure 1.17.
They proved that it is not possible to achieve a small on-resistance and a small reverse-
leakage current at the same time with static cancellation circuits.



Figure 1.17. Cross-coupled differential drive with bridge structure (after [KOT 09])
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The simulation result shows a common-mode voltage (DC components of V, and V,) which
is about half the DC output voltage is generated by the rectification operation and thus is
similar to the previous schemes of static compensation. In addition to this, in this differential
structure, the gate potentials depend on the differential input signal. By changing the gate
polarity of MN1 (and the others of course) when V, is either positive or negative, the resulting

Ron, as well as the reverse leakage current, is reduced.

Figure 1.18 shows the measured results for the static and dynamic types of cancellation
techniques, as well as the simple diode-connected transistor.

Figure 1.18. Current-voltage characteristics of diode-connected n-channel MOS transistor
(after [KOT 09])
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DC bias for both types is set to 0.5 V as an example. As mentioned before, the on-resistance
is reduced by the static case but the reverse current is increased. In the dynamic case, both are
minimized. Note that the generated voltage is:

(1231 Veupc =2N (V=73

1.4.3. Cross-coupled differential drive with controlled
tuning voltages

In the usual methodology, the starting point is the dimensioning of the transistors to satisfy the
load current requirement. Some authors like Wong and Chen [WON 11] separate the problem

of efficiency and load current by setting a set of circuit parameters (Vou, Vou/Vinpeak) and the

transistor width ratio between the PFET and NFET pair). First, they find the set for maximum
power conversion efficiency and, subsequently, the transistors are scaled independently in
order to meet the load requirement, while keeping the set of parameters constant.

In their rectifier shown in Figure 1.19, they have chosen a cross-coupled differential drive
with a bridge structure as we have seen before. All the bulk of NMOS transistors are
connected to ground, whereas the bulk of PMOS transistors are differently biased according to
their stage number. So, it is a different scheme from what we have just seen with the dynamic
procedure where the PMOS gates were connected to the cell’s output. It has the advantages of
a fine-tuning of each of these voltages according to a digital dynamic control. Note that the
capacitances C;, could be omitted because the forward current of Qs injected into the

interstage is simultaneously sunk by Qg. This holds in case of perfect match between the
transistors. Besides, even a small capacitance helps reducing the voltage ripple.

Figure 1.19. Three-stage differential-drive CMOS rectifier after Wong and Chen (after
[WON 11])
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1.4.4. Results

To illustrate the influence of the main design parameters and give an idea of the results one can
obtain, we illustrate with the results given by Kotani [KOT 09] (see Figure 1.14).

An efficiency (assuming perfect matching) above 50% is obtained between —16 and —7 dBm.

The decrease of the efficiency is due to the increase of the automatic static common-mode
voltage, which induces an increase of the reverse current under the large RF input conditions.
Thus, it acts as a self-output power regulation system.

Concerning the dependency of PCE on frequency as illustrated in Figure 1.20, we noted that
the PCE is constantly reduced when the frequency is increased. This is due to the AC resistive
loss which becomes higher and the detrimental effect of the decrease of the input reactance due
to Cy,.

The efficiency reasonably varies with the load resistance. It changes from 90% for a 100 kQ
load corresponding to an input power of —24 dBm to a 65% for a 5 k€2 load corresponding to
an input power of -9 dBm.

In a well-designed rectifier circuit, the performance should not depend strongly on the
transistor size. Again, there is a compromise to make between the reduction of the on-
resistance and the increase of the input capacitance leading to larger parasitic loss and leakage
in the case of large transistors. On the other hand, if the transistors are too small [YI 07], then
the charge transfer is incomplete, leading to a low output voltage and thus low efficiency.
Hence, there must be an optimal size of transistors to maximize efficiency and output voltage.

Figure 1.20. PCE and DC as a function of Pin with frequency and output resistance as
parameters (after [KOT 09])
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Figure 1.21. Woltage limiter (after [FER 12])
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1.5. Voltage limiter and regulator

Following the multiplier is the voltage limiter. A voltage limiter is required to avoid damages
due to overvoltages whenever the tag and the reader are in close proximity.

The new architecture, which was proposed by Fernandez [FER 12], as compared with the
conventional one (chain of diode-connected transistors to ground) corrects two drawbacks:
first, the voltage limiter experiences less variations with respect to temperature and process
dispersion. The voltage deviation is only + 65 mV compared to + 175 mV. To achieve that, it
takes advantage of the power-on reset, bandgap reference and voltage regulator blocks. The
current consumption is reported to be only 150 nA when the reader and the tag are far away,
thus not degrading the sensitivity.

Following the voltage limiter is the voltage regulator. Due to the high modulation index used
to encode the reader commands, it is not obvious to achieve a good line regulation. Besides,
the power consumption of this regulator should be minimized to preserve efficiency so as to
guarantee tag IC operation. One problem when designing a low-power regulator is to preserve
the stability of the closed-loop system. Figure 1.22 illustrates the use of an embedded current



with a feed-forward stage buffer compensation feedback stage [LEE 14] to displace the poles
according to the current drawn. The circuit provides an output voltage of 1.3 V for an input
coarse voltage (limited voltage) of 2.1 V and supplies a load current of 1-60 pA.

Figure 1.22. a) Block diagram of the regulator and b) schematic of the regulator(after [LEE
14])
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1.6. Demodulator

Cost prohibits the use of detection technology other than envelope detection for the amplitude
modulation (ASK) or compatible schemes (DSB-ASK, SSB-ASK, PR-ASK) specified in EPC
Class1Gen2 protocol. Most of the teams worldwide use the historic scheme illustrated in
Figure 1.23 and proposed by the German team (Atmel) [KAR 03]. They are all based on the
principle of edge detection.

So, this first block is rather similar to the circuit used in the rectifier and has the purpose of
extracting the envelope of the input carrier signal. Of prime importance is the value of the
capacitor of the envelope detector, together with the current sink, that should be dimensioned to
extract the minimum width of gaps (approximately 4 ps) of the incoming signal. Specifications
for the data envelope are given in the RFID air interface protocol. This circuit behaves as a
low-pass filter that screens out the UHF carrier residue. The signal is then fed into a hysteresis
comparator to generate the output data flow. The input signal to the comparator follows the
input signal of the tag and displays a large dynamic range. The designer should take into
account the average value of this signal to determine the hysteresis window. Then, the signal is
integrated and a simple discriminator decides the length of the pulse. The integrator is used to
reset by the output of the comparator inverted. This is also used as a system clock and can be
reused for the internal oscillator, later used for the modulator.

Figure 1.23. Block diagram of the demodulator (after [KAR 03])
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A new schematic of demodulator has been proposed by Nakamoto (Fujitsu) [NAK 07] that
performs well in the case where EEPROM is replaced by ferroelectric random access memory
(FeRAM) (which allows a nearly three times faster Read and Write transition time). In this
case, the drawback of the conventional voltage detection scheme is that it operates in voltage
mode (proportional to power) and the demodulated voltage may be reduced due to the
necessary saturation curve (V,, with respect to P;,) to avoid the low device breakdown voltage
of FeRAM (approximately 4 V).

The idea of obtaining a large modulated signal over the entire communication range as
illustrated in Figure 1.24 is to convert the ASK input voltage into an ASK input current by
maintaining the tag input voltage at a constant value. In this case, the tag input current follows
the incoming power modulation linearly.

Figure 1.24. Block diagram of the current-sensing method (after [NAK 07])
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Figure 1.25 shows the block diagram of the current-mode demodulator that outputs the ASK
voltage-received data. The core of it is the current comparator that compares the difference
between the current-mode ASK raw data minus its peak value with a dynamic threshold, which
is the peak value divided by a certain quantity approximately 10% to satisfy the minimum
modulation index of 15% [NAK 07]. The authors claim a 27 dB linear dynamic range for the
ASK current, corresponding to a communication range from 0 to more than 4 m.

Figure 1.25. Block diagram of the current-mode demodulator (after [NAK 07])
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1.7. Oscillator

Backscattering is the principle used in RFID air interface protocol, as will be seen in Chapter
2. An RFID tag needs a clock generation circuit to output the returned data with the proper rate.
A clock cannot be extracted from the input signal, which is too high in frequency (prohibitive
consumption of the dividers); then, an on-board clock generator has to be designed.
Fortunately, the accuracy is not a stringent constraint because protocols define relative timing
rather than absolute timing; for example, EPC C1G2 uses an FMO or Miller encoded subcarrier
for the tag to reader link [ZHU 05].

When a communication is established between the tag and the reader, the latter sends a
calibration signal to the tag, constituted of a series of eight pulses and each pulse being 116 ps
long. At the end of this pulse, there are separation pulses that allow the tag chip to adjust its
oscillation frequency as illustrated in Figure 1.26.

If each pulse received by the chip is measured with a counter clocked at 2.2 MHz, then the
counted value will be 255 (116 ps x 2.2 MHz). If the frequency of the oscillator varies, the
count number will vary accordingly. So, depending on the count number, each bit of successive
approximation register (SAR) in the digital control block is set or reset, and the oscillation is
adjusted [LEE 09].

Figure 1.26. Calibration signal from reader to tag for oscillator adjustment (after [LEE
09])
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Figure 1.27 shows the schematic of a ring-type voltage-controlled oscillator (in competition



with the relaxation oscillator due to its low power consumption) with digital calibration,
which was proposed by Lee but introduced first by Najafi. This circuit can compensate for
+50% variation of the frequency due to process, voltage and temperature (PVT) variations
with a final accuracy of less than 0.5%, satisfying the standard figure (which is less than
+15%).

Figure 1.27. Calibration signal from reader to tag for oscillator adjustment (after [LEE
091)
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1.8. Modulator

In the reverse link, the most suitable modulation scheme is backscattering. Backscattering is a
low-power modulation scheme in which the RFID tag reflects a part of the incident RF power
back to the reader [ASH 09] by changing the input impedance of the IC.

ASK and PSK are the two modulation formats defined in the EPC Gen2 protocol. In the ASK
modulation scheme, the two possible modulation states are obtained by changing a pure
resistance where one state is a perfect match (R, = R, = and the other state is close to short

circuit. In the PSK case, only the imaginary component of the switched impedance is changed
whereas the resistive part is kept to match with the antenna. The classical way to implement
this latter scheme is to modify the reactance of a MOSFET or varactor device. PSK is usually
preferred to ASK because of its higher quality of data communication link in terms of bit error
rate (BER) and constant power supply to the transponder, but ASK has the advantage of a
smaller occupied area and frequency independency [MOH 06]. To illustrate this, we have
chosen the phase modulator developed by Karthaus and Fischer [KAR 03].



Figure 1.28. Backscatter phase modulator (after [KAR 03])
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In this circuit, the modulating reactance is achieved using an accumulation mode MOS
varactor M1. The DC voltage across the varactor is varied between plus and minus Vpp,

thereby changing its capacitance between maximum and minimum values.

1.9. Digital blocks

In an RFID tag, less power consumption means the longer communication range. Therefore, it
is essential to reduce the consumption of the digital, which corresponds to the major part of the
power consumed. Usually, the static part is much lower than the dynamic power consumption.
It is given by [KIM 12]:

[1.24] Byn =050 Cpyy 'Vrfp i
where «a is the switching activity (to generate all the necessary clocks), C,,4 is the load
capacitance, Vpp, is the bias voltage and f is the clock frequency (usually approximately 2
MHz).

The designer should not forget the problem of the peak digital power consumption that limits

reading sensitivity. Some authors [KIM 12] use adaptive techniques in order to use less power
when available power is reduced.

1.9.1. Memory

Conventional tag ICs use EEPROM as the rewritable non-volatile memory (NVM). However,
the typical 10 times more power required in the case of writing than reading a tag, in the case
of EEPROM (charge-pump generator), has led to reduced write range, typically 80%.
Researchers [NAK 07] have used FeRAM as the replacement to avoid the charge pump,
enabling a nearly three times faster read-and-write transaction time.

Figure 1.29. Comparison of performances between EEPROM and FeRAM (after [NAK 07])
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An alternative is to use an NVM [NAJ 10, KIM 12], which is compatible with a standard
CMOS process and also reduces the power consumption drastically.

As illustrated in Figure 1.29, a comparison between FeERAM and EEPROM shows a
consumption divided by 2 in the write mode and similar in the read mode. With NVM, another
5 to 10 factor allows drastic improvements.

1.10. Technology, performances and trends

The choice of the technology is essential in the RFID application domain. The cost objective is
roughly $0.05 per chip in a small-volume production, which leaves a very small margin to
develop the antenna and the bonding process, not to exceed the $0.05 tag cost goal promulgated
by organizations such as EPCglobal. On the other hand, the only important technical constraint
is the power consumption of the chip, because contrary to technologies used in the digital
communication fields such as Wi-Fi, speed is not a real constraint in RFID applications
because of the low data rate. To reach this cost by insuring the technical constraint of power
consumption, the designer has to tackle different key points.

1.10.1. Technology choice

1.10.1.1. Choice in terms of rectifying device implantation

For passive UHF RFID tags, low turn-on voltage Schottky diodes or low or zero Vy, diode-

connected MOSFETs are typically used as rectifying devices. In microwave applications,
Schottky diodes are usually fabricated in specialized processes where parameters such as
barrier height, series resistance or capacitance can be fully controlled. As a result, the
Schottky bulk diode (SBD) proves to be superior to the diode-connected MOSFET for the
design of rectifiers.

In RFID, low cost pushes toward Schottky diode compatibility in a standard CMOS process.
Several research works have been published [ZHU 05] to prove this is somewhat feasible.
Due to the low series resistance, small threshold voltage and low junction capacitance,
silicon—titanium Schottky diodes can be used in the rectifier.



In terms of cost, it is definitely more expensive to use Schottky diodes due to the mask
process even if one reads in some articles that this is possible with no added cost.

Hence, much effort has been made to develop other CMOS solutions to overcome the SBD
problem encountered by most CMOS processes. As we have seen in the proposed voltage
multiplier circuits, alternate solutions proposed include the use of a programmed threshold by
a bias circuitry, the use of an automatic static compensation threshold or the use of an
automatic dynamic compensation threshold MOS DTMOST [TEH 09]. This is accomplished
by tying the gate and the substrate together (instead of tying the body to the circuit ground). This
allows the transistor to have a low leakage current when reversed biased and a high current
drive (a lower threshold voltage due to the forward-bias body effect) when turned on.

A Schottky diode exhibits an exponential relationship between its current and voltage,
whereas a diode-connected transistor exhibits a square law relationship. The choice of using
one or the other depends on the availability of devices, cost, MOS threshold voltage variation
and Schottky diode threshold variation.

When choosing the MOSFET, designers may have the choice between transistors featuring
different threshold voltages. Low-threshold transistors are preferentially chosen for the front-
end rectifier and high threshold transistors are for the digital core part so as to minimize the
off-current leakage contribution to the power consumption. Target supply voltage can be
regulated close to the transistor threshold (i.e. Vgq = 0.6 V) in order to limit the dynamic power

consumption. Even lower power consumption could be reached by exploiting the subthreshold
device operation. This is possible because it is enough for implementing low data rate RFID
protocols. However, the main drawback in this case is the vulnerability of the circuit
performance to variations in manufacturing. For instance, the turn-on voltage spread may vary
considerably from one chip to the other or small fluctuations on power supply voltage would
result in a large spread on critical path delays of digital circuitry [RIC 07].

A shorter MOSFET gate length should improve the performances because of the reduction in
the value of the parasitics (e.g. capacitances). But actually, it is becoming less valuable to
maintain the effort in trying to reduce the gate length of MOS. This is because we have reached
the limits of the scalable model. For example, it is hard to consider the undergate over speed
effect to model the leakage current in the ultrathin oxide layer (means a gate parasitic current).

1.10.1.2. Choice in terms of substrate choice

Preferably, the substrate should minimize the parasitic capacitances to ground. This will lower
the static top plate coupling capacitance and interconnect line capacitance to ground. In this
case, the substrate will be of silicon-on-insulator substrate [CUR 05]. This is more or less
mandatory if one wants to work in the higher frequencies or super high frequency (SHF).

1.10.2. Design optimization

The hungry block of the analog part is the oscillator as seen before, and the architectural



techniques used to reduce the power consumption of the digital block are [NAJ 10]:
— modular design strategy;
— turning off idle modules;
— resource sharing;
— use of NVM register;
— clock data recovery scheme.

At logic synthesis level, clock gating is used to reduce the switching activity of the
sequential cells by removing useless edges of the clock signal, for example by limiting the
operation speed of the system by the forward or reverse link data rates. Other techniques such
as the gate resizing allow a significant reduction in the power consumption. Najafi reports a
reduction by 10 (68 to 6 pyW) by using clock gating and gate resizing (plus another technique
operand isolation that does not contribute much).

1.10.3. Circuit performances

Several passive UHF RFID transponders have been published with various sensitivities;
however, they often implement a simpler protocol than the one required by the EPC Gen2
specification. Implementing the complete complex protocol induces additional processing
power and places a higher constraint on the transponder when we talk about sensitivity, or
ultimately on maximum read/write distance. A selection of results is presented in Table 1.2
whenever the information given were more or less complete (the sensitivity is often mentioned
for the Read mode but not the Write mode, which is usually more than 5 dB).

Table 1.2. Listing of performances for different design teams



Team Reference | Sens | Consu. | Volt. | CMOS | Memory | Die Area

(Read) | mW) | (V) | (mm) (mm’)
(dBm) | R/W
Atmel KAR 03 =17 16/35 | 1.5 0.5 EEPROM ?
(Germany)
Fujitsu (Japan) | NAK 07 | —10 80 ? 0.35 |FeRAM2k| 1.8
Texas Ins. BARO7 | —14 2. 1.45 0.13 | EEPROM 0.55
(USA) 192 B
Unistar NAJ 10 -11 12 1 0.18 | NVM 256 0.95
(Canada) B
Hong Kong YIN 10 -5 327 0.8 0.13 |OTP128B 1.1
University
Keti Tech. Inst. | KIM 12 =15 6 1.3 0.13 NVM 0.38
(Korea)
Kyung He Univ. | LEE 14 9.2 29/71 1.2 0.13 OTP4k 1.1
(Korea)

The performances of the commercially available products are largely as good as the
laboratory products with the advantage of being sure that the tag fully satisfies the protocol in
perfectly defined test conditions. Figure 1.30 shows the product Ucode?7 proposed by NXP as
an example.

Figure 1.30. Performances of the NXP product Ucode7
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Design of UHF RFID Tags

2.1. Tag antenna design

Radio frequency identification (RFID) tag antennas present unique design challenges to satisfy
heavy constraints due to cost and size. The antenna miniaturization on inexpensive materials is
only one of several problems that a designer needs to solve, others being the wideband
impedance matching to the RFID integrated circuit (IC) and the sensitivity to the environment.
Section 2.1.1 describes the fundamental circuit parameters of the dipole antenna. As most ultra
high frequency (UHF) RFID tags are dipole-based structures, dipole issues regarding the input
impedance, radiation resistance, efficiency, quality factor (Q-factor) and impedance will be of
practical interest in the design of tag antennas. For polarization, radiation pattern and
propagation issues, readers can refer to [BAL 05] and [DOB 12]. Then, miniaturization
strategies based on fat dipoles, tip loading and meanders are presented in sections 2.1.2 and
2.1.3. The last section (section 2.1.4) addresses the influence of the dielectric and metallic
environments on the tag performance.

2.1.1. Fundamental circuit parameters of the dipole
antenna

2.1.1.1. Equivalent electrical circuit

The dipole forms the basis of most tag antenna designs. It can be built with either metallic
wires or strips. Considering the dipole in Figure 2.1, when a potential is applied to the antenna
inputs, there is opposite charge buildup on the ends. Essentially, the dipole ends can be viewed
as open circuits, with a high voltage and no current. Due to the charge buildup at either end of
the dipole, current begins to flow. Therefore, any antenna simultaneously stores charge and
opposes changes in current. These phenomena are, respectively, associated with a capacitor
and an inductor in an electrical model. If the distance between positive and negative sources is
comparable with a wavelength, the retardation in going from different parts of the dipole to a
point in space prevents radiation cancellation and produces reinforcement of effects in a
certain direction. This energy flow into the environment can be modeled by a resistance.

Figure 2.1. Charge and current distributions in a dipole antenna. Near-field distributions of
the E- and H-components
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Ignoring the influence of the antenna thickness, the length of a UHF band half-wave dipole
antenna is about 16.4 cm at 915 MHz. Over a relatively narrow bandwidth (5%) near
resonance, the half-wave dipole resonance can be fairly well predicted by a series RLC circuit
(Figure 2.2). The reactance tends to follow the series LC circuit but the resistance is not
constant in reality. The resonant frequency of such a circuit is given by:

. 1

=—

[2.1] 2\ LC

Figure 2.2, Equivalent series RLC circuit of a half-wave dipole antenna

The basic half-wave dipole is not the appropriate solution in UHF RFID for two reasons.
First, its length is too long for UHF labels. Second, the antenna reactance at resonance is too
low and its resistance is too high to match the typically low equivalent series resistance and
high capacitance of UHF RFID ICs.

Antennas in the RFID industry often have a length of approximately 92 mm because of the
convenience of placing tags within a 102.6 mm wide label. But a straight dipole shorter than a
half-wave has a negative reactance. Therefore, an additional inductance must be synthesized to
make the short antenna resonate at a lower frequency than its natural resonant frequency. At this
stage, it is useful to introduce the following relationships [MCD 12] for the total capacitance C
and inductance L of a short wire dipole of length 1 and diameter b:

gl
[2.2] 2111(!:-" f))

S I/b)
[2.3] 4 '

These equations are valid for [<<c/fy = Ay. For [ = 3.33 cm, i.e. | = Ay/10<< Ay at 900 MHz,

we would find C = 0.26 pF and L = 11.6 nH with b = 1 mm. It is easy to show that the
reactance Lw-1/Cw of a short linear antenna is largely due to its capacitance. By replacing the



rough estimates of L and C in [2.1], we obtain | = Ay/2.22, which gives a fairly good prediction
of “resonance” and physical modeling even for a half-wave dipole.

2.1.1.2. Radiation resistance, input impedance, efficiency and
gain
The radiation resistance R, 4 of an antenna is defined as the resistance that would dissipate the

same amount of power as the antenna radiates, when the current in this resistance is equal to
the current maximum in the antenna. On the other hand, the input impedance Z, of any antenna is

defined as the ratio of the voltage and the current at its terminals. For a center-fed dipole, the
maximum current and the current at the terminals only coincide if 1<A, (Figure 2.3). Under

these conditions, we can state that the input resistance equals the radiation resistance (R, =
Re(Z,) = R,,g) for a lossless dipole.

The input impedance Z of a dipole with an offset feeding (asymmetric) can be related to the
input impedance Z, of a center-fed (symmetric) dipole of the same length. The impedances Z_
and Z, relate to the radiated power through their respective current magnitudes at the dipole
terminals I, and I, (Figure 2.4). Imposing the condition that, for a given current distribution,

the power delivered by the transmitter must be equal to the sum of the radiated (active) and
stored (reactive) power of the antenna leads to

[2.4] Z1" = Z, 1

a5~ as

The offset feeding of the asymmetric dipole is located at a distance h from the dipole center.
Assuming a sinusoidal current distribution, [2.4] becomes:

r & in’ (k1 /2
e II_ | _z sin (F : ).2_
L sin’ [ﬁ:‘ ——h H
[2.5] \2 /]
which further reduces to the following expression for a half-wave dipole:

Z, () =—5—
[2.6] cos” (k)

Figure 2.3. Current distribution along the dipole antenna for various antenna lengths
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Figure 2.4. [llustration of the relation between the input impedances for the asymmetric and
symmetric dipole feeds

We conclude that both the input resistance and reactance can be increased by offsetting the
antenna input toward the dipole ends where the current goes to 0. It is important to note that the
radiation resistance is identical for all positions but it is only in the center-fed case that the
real part of the input impedance equates the radiation resistance.

In a lossy antenna, the input resistance R, can be separated into a series circuit of two
different resistors:

[2.7] Ra = Rig + Rigss
where R_ 4 is the radiation resistance and R} is the loss resistance representing the unwanted

losses caused by the non-perfect conductors and dielectric materials. The radiation resistance
of a wire or strip dipole strongly depends on the current distribution. For the “ideal” (1<< A)



dipole, the current is uniform and the radiation resistance is given by [BAL 05]:

d:m;[,,[_] = 807 \

[2.8]
It can be shown that for a small dlpole (A/50<1<A/10), the current is triangular, maximum at

the center and zero at the ends (Figure 2.3). Then, a good approximation is of one-fourth of
[2.8]:

Rmd o
[2.9]

For longer dipoles, the current is distributed as a sine wave. The radiation resistance of a
center-fed dipole can be approximated with a high degree of accuracy [TAI 07] as:

[2.10] Rua = —0.4787 + 23.01 (VA) + 3.91(VA)* + 484.10(VA)’
for a frequency range verifying /20 < f < 1.2f,. Therefore, [2.10] is valid for dipole lengths
around a half-wave, the upper limit being I = 0.6A,.

It can be noted that all previous R, 4 expressions do not depend on the antenna diameter,
which is correct as long as I/b is very large. As a result, R4 decreases slightly when the
dipole is made thicker. For b/A = 0.003 corresponding to b = 1mm at 900 MHz, R4 ~ 62 Q

whereas the ideal value when b — 0 should be 73 Q. Although the radius of the wire does not
strongly influence the resistances, the gap spacing at the feed plays a significant role,
especially when the current at and near the feed point is small.

Finally, the loss resistance due to conductive losses can be calculated with:

o joye ]
[211] loss ohmic 2(}, }TLI}'
The antenna efficiency ) is defined as the ratio:
R
n= rad

[212] Rr'ad + Rfos.:
which is the ratio of the radiated power and the input power of the antenna. Assuming a
working frequency of 900 MHz (A, = 33 cm) and a dipole in free space (no substrate losses), a

straight dipole of conductivity o = 5.7 x 10”7 S/m (copper) with b = 1mm will be characterized
by:
— R 4,=T79Q R, . =26 m€2 and 1=99.7% 1f /= 3.33 cm (/ = A,/10)

— R=712 m&), R,..= 7.8 mL2 and 7=98.9% 1f / = lcm (/ = Ay/33)

To have a better control over the antenna resistance, a loading bar with the same width as the
meander trace is added in [RAO 05]. Working as a shunt capacitance, it helps to trim the
radiation resistance to the IC input resistance (Figure 2.5).

Figure 2.5. Meandered dipole with a loading bar for radiation resistance trimming
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The term “antenna gain” describes how much power is transmitted in the direction of peak
radiation to that of an isotropic source. Let us assume that an antenna is made up of with
conductive materials of zero resistivity and that the dielectrics present no losses. Calling
Glossless the gain of this ideal lossless antenna, the peak gain G of the same antenna made up of

lossy material is given by:
[213] G = I-?G{ossfess
where 1) is the efficiency of the lossy antenna. Since antenna gain affects both the efficiency of

the power transfer to the chip and the portion of the incident power that will be reflected back
to the reader, it is very important to maximize the generally low, due to size, antenna gain.

2.1.1.3. VSWR bandwidth and Q-factor

The antenna bandwidth (BW) can be defined from any of its fundamental characteristics such
as the return loss, input impedance, polarization and radiation efficiency. In order to relate the
antenna bandwidth to the Q-factor, it is more convenient to use the matched voltage-standing-
wave-ratio (VSWR) bandwidth BWy;qg. For an antenna tuned, i.e. showing a zero reactance,
at a frequency wy, BWyswr is the difference Aw between the two frequencies on either side of
g at which VSWR equals a constant S. The fractional matched VSWR bandwidth is then

defined as:

FBW, s () =~

[2.14] Wy

This definition is only valid if the characteristic impedance of the feedline equals
Z,(wg)=R,(®g). The half-power VSWR bandwidth corresponds to S = 5.828. The associated
value of the magnitude squared of the reflection coefficient is a = (S-1)%(S +1)? = 1/2, which
means that one half of the incident power is reflected back.

In the context of resonators, the Q-factor is 2m times the ratio of the energy stored in the
resonator (sum of energies stored in lossless inductors and capacitors) to the lost energy per
cycle dissipated in resistors at the resonant frequency:

Energy stored
Q=27x e
[2.15] Energy dissipated per cycle

The concept of the Q-factor is used to describe the antenna as a resonator. Usually, in circuit
design we want elements to have a high Q-factor in order to reduce the circuit loss. However,
when talking about antennas we want a low Q-factor because the “loss” involved is the
radiation we really want. A low-Q antenna shows a wider bandwidth as:



1

[2.16] < Bandwidth

Conversely, a large-Q antenna is characterized by a sharp resonance and a narrow
bandwidth because it stores a lot of energy and radiates relatively little of it.

The concept of the Q-factor is very useful when considering small antennas. The Q-value of
the small antenna is high due to the low radiation resistance and the high reactance. The
smaller the antenna, the higher the Q-value expected. Hence, the bandwidth of a small antenna
is inherently narrow. But the Q-factor can be improved, i.e. reduced for a given antenna
volume if appropriate design strategies are applied [BES 05]. A reliable relationship between
FBWy,gwr and Q has been established in [YAG 05]:

_ (s-1)/s

2.17]  FBWipr(@)

Figure 2.6 shows the Q-factor as a function of the wire radius a = b/2 normalized to the
wavelength for a half-wave dipole. It can be observed that the Q-factor is roughly Q = 4.4 for
a 1.65 mm radius, i.e. 100 x a/A = 0.5. However, according to [STU 12, Figure 6.7, pp. 159],
FBWyswr is 16% for S = 2 and 100 x a/A = 0.5. By replacing these two values in [2.17], we

obtain Q = 4.41, which is in close agreement with the graphic value.

The worldwide frequency range of UHF RFID tags is defined between 860 and 960 MHz
over an 11% fractional bandwidth. We conclude that there is no problem in covering the 11%
UHF RFID world band with a straight half-wave dipole. But size reduction techniques
described in the next sections (meanders and capacitive loading) increase the Q-factor up to
15, which makes the Q improvement a primary performance issue. Obviously, efforts on the Q-
factor could be minimized if the tags are dedicated to a single band, for instance United States
(US) only.

An additional drawback of narrowband antennas is that they are more difficult to match and
more susceptible to detuning than wideband antennas.

Figure 2.6. Q factor as a function of dipole radius a=b/2 [HAZ 11]
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From Figure 2.6, it is also clear that Q decreases logarithmically with (a/A). As a result,
dividing Q by only 2, for instance from 6 to 3, requires a wire diameter 15 times thicker (from
0.6 mm to 10 mm). So, large variations of the aspect ratio length/diameter result in a weak Q
improvement.

[MCL 96] has described the fundamental theoretical limit for the minimum Q-value of a
small antenna. If the antenna can be placed inside a bounding sphere of radius r, the minimum
Q-value for a lossless antenna is

1 1

Ouuin e

[2.18] (k) &
where k = 2m/A. This expresses the absolute minimum Q value the antenna can take.
Unfortunately, the theory does not tell us how to implement a minimum Q antenna. However, a
key point is that an antenna that fills the volume efficiently will be able to reduce the total
reactive fields, resulting in a lower Q. Best [BES 05] has shown that an antenna made up of
multiple folded arms in the spherical helix geometry occupies the full spherical volume,
achieves self-resonance and an impedance match. The optimal result is within 1.5 times the
theoretical lower bound on Q for an electric dipole showing an efficiency of 98%.

But RFID antennas are planar and a dipole only fills a small part of the volume of the
bounding sphere. Consequently, the optimal Q-factor which is roughly equal to 1 for a sphere
of radius r = A/2 using [2.18] is also much lower than the Q values extracted from Figure 2.6.

Up to this point, we have only considered wire dipoles. It useful to admit that the bandwidth
of a flat dipole with width w is roughly equivalent to the bandwidth of a wire dipole with
diameter b if w = 2b [DEA 10].

2.1.2. Fat antennas and tip loading

As shown in [2.1], at a given resonance frequency, the product of L and C will result in a
certain fixed value. Although the product is fixed, the relation of L/C can be chosen arbitrarily.
As an example, doubling C and halving L will result in the same resonance frequency. This
gives some freedom in the design of the dipole, which means that it is possible to design
various kinds of dipoles with different shapes, which all have the same resonance frequency.
The difference between two dipoles with the same resonant frequency but a different L/C-ratio
is the Q-factor and hence the bandwidth, since

0 =1JE_
[2.19] RNC

Clearly, the L/C-ratio has to be minimized in order to obtain a high bandwidth of the dipole.
Using the expressions [2.2] and [2.3] for L and C valid for short dipoles, we found that:

(2.00] VL/C =In(1/b)=~In(b/1)

where | and b are the length and diameter of the wire, respectively. We conclude that
increasing the dipole diameter favors the Q-factor in two ways: increasing the wire thickness



reduces its self-inductance and increasing the conducting surface results in a larger
capacitance. [2.10] explains the logarithm dependence of the Q-curve in Figure 2.6.

Broadband fat tags may also increase manufacturing cost, depending on the techniques used
for antenna definition. Etching based on subtractive processes makes more sense than
expensive silver ink printing if the purpose is to keep maximum of metal. Nevertheless, fat tag
antennas have seen wide commercial deployment. Some typical broadband structures are given
in Figure 2.7. Manufacturers advise us to use fat tags for high dielectric mounting glass, wood
and plastic or challenging metal/plastic/fluid containers.

Figure 2.7. Examples of Alien fat tags with broadband features
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On the other hand, Q is also improved if R is made larger. Obviously, the antenna Q can be
reduced by introducing loss in addition to the radiation resistance, but this would reduce the
antenna efficiency. We have seen in section 2.1.1.2 that the radiation resistance is basically a
function of the wire length. Therefore, increasing [ would be a solution but the size reduction is
mandatory. The question is: how can we increase R4 with a reduced antenna length? The
answer is in the current dependence of R4 Assuming a dipole length [ = 100 mm (i.e. A/3 at
900 MHz), [2.9] gives R4 = 21.9 Q for a triangular distribution of the current and [2.10]
gives R4 = 24.5 Q for a sine distribution. As R4 is four times greater for a uniform current
than a triangular one, we would expect 4 x 21.9 Q = 87.6 Q if a uniform distribution of current
could be enforced along the wire.

The following question is how can we make the current distribution as uniform as possible
when [ and A are of the same order? The idea is:

— to have a straight section at the middle of the dipole where the currents are high. This

section is the useful radiating part of the tag;

— to miniaturize the rest of the antenna (dipole ends) in such a way that the antenna

resonates by using non-radiating currents. As currents are weaker at the ends of the

resonating dipole than in its center, resulting ohmic losses are kept low.

There are basically two practical ways to achieve that:

— to push densely packed meanders at the end of the dipoles. The length extension is used
to obtain the resonance (Figure 2.8);

Figure 2.8. Size reduction by loading the dipole ends with packed meanders



— to capacitively load the ends of the dipole with large metalized areas storing more
electric charges. The resulting capacitance is roughly proportional to the perimeter of the
loading shape. The added capacitance compensates the reduced inductance resulting from
the shorter dipole length (Figure 2.9) in order to maintain the same resonant frequency.
This technique is known as capacitive tip-loading. The capacitor can take the form of a
bulk square (Figure 2.10(a)), but flaring the ends of the antenna out to a larger structure
(Figure 2.10(b)) and using line reversal (Figure 2.10(c)) are other options.

Figure 2.9. Tip-loading: principle of dipole miniaturization with uniform current [DOB 12]
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Figure 2.10. EPC Gen 2 RFID inlays with tip-loadings: a) Alien ALN-9662, b) Texas

instruments and c) Alien 9634
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We conclude that capacitive loading has the advantage of physically shortening the element
length at the end of the dipole where the current is lowest (least radiation), and without
introducing noticeable losses as inductors do. End-loaded short dipoles have the highest



radiation resistance, and the intrinsic losses of the loading device are negligible.

2.1.3. Meandered dipoles

In this section, it is shown that a half-wave dipole of length [ can be made shorter by folding
the wire back and forth and creating meanders (Figure 2.11). For the same resonant frequency
as the original half-wave dipole, the resulting meandered dipole antenna (MDA) is
characterized by a “mechanical” length s shorter than I in the original horizontal direction
without considering the vertical segments. However, the “physical length” s,,.>I represents the

total wire length of the MDA accounting both for the vertical and horizontal segments.
Conversely, the resonant frequency can be decreased by loading a meander line structure onto
a half-wave dipole for a fixed antenna length.

Wire-based MDAs can be found in few use cases. For instance, inox cylindrical wires are
used in RFID labels implemented in linens and clothes to support the harsh washing process of
industrial laundries. But nearly all RFID antennas are some variants of printed MDAs.
Currently, copper is the most commonly used conductor in tag antennas and etching is the most
widely used manufacturing technique to produce the conductive patterns. However, the tag cost
is a crucial factor in the mass production of antennas. Economical manufacturing methods can
be achieved by applying printing techniques using conductive ink. In printed electronics, silver
particles are often used to form the conductive layer of the metal-line on the tag antenna.

Figure 2.11. Typical geometry of a meander dipole and a half-wave dipole (s<I and s,,>1)
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The main outcome of this section is that the resonant frequency declines as some features
increase such as the meander height h, the number of folds m, the meander width w and the
conducting line length s. Moreover, the loaded position of the meanders does not affect the
resonant frequency but strongly modifies the gain performance.

T g

2.1.3.1. Analytical analysis of the structure

The analysis of the structure can be made as follows [END 00]. The influence of the meander
part of the antenna is similar to a load, and the meander line sections are considered as
shorted-terminated transmission lines. Figure 2.12 shows a dipole antenna with two meanders.
Each meander is treated as a twin line with a short-circuited termination. In addition, the bold

line and the dashed line are considered as a straight conducting line with length s and diameter
b.

Figure 2.12. Meander line sections seen as shorted-terminated transmission lines
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The characteristic impedance of twin lines can be expressed in the following form:
_ 450 2Y
22117 x ~ b

where 1) is the wave impedance in free space, w is the distance between twin lines and b is the
diameter of the conducting line. Z; is the input impedance of twin lines, given by the following

equation:
Fusaz = +Ji.f'Z,:, tan Sh
[2.22] Z,+ jZ, tan Sh

where 3 is equal to 2m/A and h is the height of the twin lines. Assuming that all twin lines are
terminated in a short circuit, the load impedance of the twin lines is zero (Z;=0) and [2.22]

becomes:
[2.23] Zi = JZ, tan Sh
where tanfh can be expanded into three orders on condition that fh<<1.

2.04] tan Sh = Sh+— (,6’}'.’]

Then a new expression of mput 1mpedance is obtained:

,b’f;-+ (,{)’h)

Z_ = joL=
[2.25]
If we insert [2.21] into [2.25], the reactance formed by each twin line can be shown to be:

u R 2w| | o
~(BhY
S(ﬁj) J

L. i ki
[2.26] T bl

where [1, is the vacuum permeability. On the assumption that the number of meanders is m, the

total reactance obtained by the twin lines should be L, = mxL. The straight conducting line,

whose length is s, also results in a self-inductance. It is given by the following equation [END
00]:

7 - HoS

2271 27l
The total inductive reactance of the MDA is finally given by:
[2.28] Ly =L, +mxL

w2



The self-inductance of a half—wavelength dipole antenna can also be derived from [2.27]:

. _ A

H —
[2.29] 4 \

Following [END 00], we suppose that the inductive reactances of the MDA and the half-
wave dipole antenna are the same when they resonate at the same frequency. Thus, Ly; = Ly at

fo=c/Ag leading to:

oy
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[2.30] ”fr
[2.30] states the relationship between the resonant frequency f, of the MDA and its physical
dimensions.

2.1.3.2. Influence of the meander characteristics on the resonant
frequency
MDA loaded with different numbers of meanders are selected as shown in Figure 2.13, where

the number of meanders m = 2, 8 or 14, the length of MDA s = 129 mm, the wire diameter b =
1 mm and the gap between dipole arms g = 3 mm [HU 09].

Figure 2.13. Topology of the three MDAs under study
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In order to establish the influence brought by each parameter on the resonant frequency, the
following methodology is used. Two of the three values (m, h, w) are fixed while the unfixed
one is changed over a range. To examine the validity of the analytical model, the simulation
software Ansoft high frequency structural simulator (HFSS) is used for comparison.

The number of meanders m is changed from 2 to 14 (w = 6 mm, h = 10 mm). The resonant
frequency calculated by [2.30] and HFSS is derived, as shown in Figure 2.14. Similarly, the
variation of resonant frequency caused by the meander height and width is shown in Figures
2.15 and 2.16 for m = 2, 8 and 14. It is observed that the original size of the half-wave dipole
can be reduced by nearly 50% with 14 meanders.

k
F

Figure 2.14. Resonant frequency as a function of the number of meanders (w = 6 mm, h = 10
mm)
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The influence of the positions of the meanders can be studied by moving them toward the end
of the dipole (distance D in Figure 2.13) with unchanged meander dimensions (w = 6 mm, h =
10 mm). The resonant properties analyzed by [2.30] and HFSS are illustrated in Figure 2.17.
We note that D does not have a strong effect on the resonant frequency. Overall, the resonant
characteristics of the MDA predicted by [2.30] are in general agreement with simulation
results and are getting closer with the increase of the number of meanders.

Figure 2.15. Resonant frequency as a function of the meander height (w = 6 mm)
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Figure 2.16. Resonant frequency as a function of the meander width (h = 10 mm)
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Figure 2.17. Resonant frequency as a function of the position D of the meanders
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2.1.3.3. Discussion on the MDA reactance

The inductance of twin wires is lower than the inductance of a wire of the same length. For
instance, assuming a diameter b = 1 mm, a straight wire of length [ = 100 mm yields L = 100
nH with [2.27], whereas we find 60 nH for twin wires of height h = 47.5 mm and width w = 5
mm with [2.26]. Therefore, the inductance of a straight dipole will be always higher than that
of an MDA if the length of the straight dipole and the total “physical” length of the MDA wire
are identical. A densely packed meandered antenna has significantly less inductance per unit
length than a straight dipole.

However, the total capacitance of an MDA is also reduced compared to a straight dipole.
This can be deduced from the rough approximation [2.2] of the capacitance for short dipoles.

Since the resonant frequency of an antenna is equal to 1/27vLC where L and C are the
inductance and capacitance of the antenna, respectively, we conclude that a longer “physical”
length s, is required for an MDA that would have been the case using a straight dipole to

obtain the same 900 MHz operation.



2.1.3.4. Influence of the meander characteristics on the gain and
the radiation resistance

A standard half-wave dipole antenna is modeled in HFSS. Its length [ = 129 mm is the same as
that of the MDA discussed in the previous section. A comparison is made between the gain of
the half-wave dipole and that of the MDA with a fixed “mechanical” length s = 129 mm. The
gains are all derived at the half-wave dipole resonant frequency 1.095 GHz and the MDA
resonant frequencies. The comparison is shown in Tables 2.1 and 2.2. It is demonstrated that
the MDA gain decreases as the number of meanders, their height and width increase.

Table 2.1. MDA gain for different numbers of meanders and meander heights (w=6 mm)

2 6 10
h(mm)/m
2 3.00 290 | 2.67
8 2.90 222 | 1.63
14 2.89 1.70 | 0.39
Table 2.2. MDA gain for different numbers of meanders and meander widths (h=10 mm)
W(mm)/m | 2 3 4 5 6
2 2.86 2.81 2. 17 2.12 2.67
& 2.35 2.01 1.80 1.7 1.63
14 1.64 | 1.20 | 0.80 | 0.62 0.39

The gain drop with MDAs can be explained as follows. The currents on the two parallel
vertical wires which compose the twin lines are flowing in opposite directions. Consequently,
these currents do not radiate but contribute to the magnetic near-field and the conducting
losses. In other words, a meander increases not only the antenna inductance but also its loss
resistance R).. On the other hand, the uncompensated currents in the horizontal segments of the

meanders contribute to the radiation. As the total lengths of horizontal currents in the MDA and
the half-wave dipole are both equal to 129 mm, it can be assumed that both antennas have the
same radiation resistance R_,4. Therefore, the antenna efficiency given by n = R_,¢/(R.aq + Rioss)

is reduced with the MDA and meanders lower the antenna efficiency and gain. In conclusion,
increasing the number of meanders does not improve the radiation ability but actually results in
more losses, i.e. compromise should be made between the size reduction and the gain.

Another important point is that the position of the meanders along the MDAs has some
impact on the gain. As the current along a resonant dipole is minimum at its ends and maximum
at its center, it is preferable to concentrate the meanders at the ends rather than in the center to
reduce the losses, whereas the total inductance is independent of the meanders’ position.

Conversely, if the MDA is squeezed to keep the same resonant frequency as the half-wave
dipole then the radiation resistance Ry,q meander Of the MDA can be deduced from the radiation

resistance of the half-wave dipole R by [DOB 12]:

rad, half-wave
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2.1.4. Influence of dielectric and metallic materials —
losses and detuning

This section focuses on the influence of the materials used in the fabrication of antenna tags,
i.e. the conducting metal-line and the dielectric substrate. The losses due to these parameters
and the impact on the antenna efficiency are first studied. Then, the detuning effect on the
resonant frequency and the input impedance will be analyzed.

2.1.4.1. General formulation of the dielectric and conducting
losses

It is reminded that the power dissipation in dielectric heating in a dielectric volume (V) is
given by:

a

P, =~ we,e, tan O [[|E[ v
< I.-

[2.32]
where €. and tand are the relative permittivity and the loss tangent of the dielectric,

respectively. As dielectric losses increase in proportion to tand, we conclude that the larger
the value of the loss tangent, the more energy is converted from electric field into heat. This
means that if there is a lossy dielectric material near a tag, the tag will lose some received
power from the reader in the dielectric and we would expect to see a reduction in the tag
antenna performance. Materials having polar molecules, such as water, especially tend to have
high dielectric losses. However, the challenge in having good tag performance in the presence
of targets containing water is not only due to the high dielectric losses, but also due to the high
relative permittivity value of water, which is approximately 81.
The power dissipation due to ohmic conduction over a metallic surface (S) is given by:

[2.33]  =R[fa]as

where #; is the component of the magnetic field tangent to the surface and R, is the surface
resistance given by:

p— muy f
[234] ° YV o

We conclude that conducting losses increase in proportion to 1/ Jo.ma good conductor at
high frequencies, such as UHF, current density is packed into the regions near the conductor
surface. The depth below the surface of a conductor at which the amplitude of an incident

electric field has decreased by a factor 1/e is called the skin depth 0=2/00U The §-value
is roughly 2 pm for copper at 900 MHz. When the conductor thickness is equal or less than the



skin depth, the superficial resistance becomes inversely proportional to the conductor
thickness. Therefore, a printed RFID antenna whose thickness is smaller than the skin depth
will have a low efficiency.

2.1.4.2. Analysis of the dielectric losses

The efficiency analysis is based on the work presented in [CHO 07] for a simple meander-type
tag structure (Figure 2.1) using a T-matching network to match a commercial tag chip located at
the centre of the antenna.

Three different substrate materials made of polyethylene terephthalate (PET) (er: 3.9, tané:
0.03, thickness: 50 pm), Duroid (er: 2.2, tand: 0.0009, thickness: 127 pm) and FR-4 (er: 4.25,
tand: 0.02, thickness: 1.6 mm) are used to examine the effect of the substrate material and
thickness. The read-ranges for a given tag antenna size are shown in Figure 2.19. The read-
range rapidly decreases as the antenna size is reduced since the radiation efficiency of the
antenna drops. It is also clear that the use of high loss substrates such as FR-4 results in low
antenna efficiencies and shorter read-ranges. By using thin substrates such as PET, the read-
range of the tag can be greatly increased nearly to the value of the low-loss and high-cost
substrate material, such as Duroid, despite the fact that the loss tangent of PET is about the
same as that of FR-4. Figure 2.20 shows the radiation efficiency as a function of the substrate
thickness for a given antenna size (kr = 0.6). As expected, the efficiency decreases as the
thickness of substrate increases. For thin substrates (<0.4 mm), the loss tangent influence is
reduced with a radiation efficiency over 80% for the three types of materials.

Figure 2.18. Geometry of the meander tag antenna used in the study of dielectric losses

Substrate

Figure 2.19. Read-range versus antenna size and substrate materials. A: PET (50 um); O:
Duroid (170 pym); £J FR-4 (1.6 mm)
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Finally, the antenna efficiency in Figure 2.21 is plotted when the tag is attached on different
dielectric materials (all 2 mm thick) showing different permittivities and losses. Clearly, the
efficiency decreases as the permittivity and loss tangent of the tagged objects are increased.
These results show that the electrical properties of the tagged objects must be taken into
account when designing the tag antennas.

Figure 2.21. Antennae efficiency versus dielectric properties of the tagged object
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2.1.4.3. Analysis of the metallic losses



As the conductivity values are ¢ = 5.8 x 107 S/m for copper and o = 1.6 x 10° S/m for silver
ink, respectively, we expect reduced performances for silver ink printing [NIK 05]. The
performance comparison between silver ink printing and copper etching is shown in Figure
2.22. The degradation of read range with the silver ink becomes more significant for small
antenna sizes (kr < 0.5).

Figure 2.22. Read range versus antenna size and metal line conductivity. A: copper (o0 = 5.8
x 107S/m); OJ: silver ink (o = 1.6 x 10° S/m)
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Next, we examine the performance change due to a variation of the line thickness, as shown
in Figure 2.23. The antennas are printed on PET substrate with copper metal-line whose
thickness is varied between 0.1 and 5 pm. The read ranges decrease rapidly when the
thickness of the copper line is less than 0.7 pm. As the thickness of metal-line is less than the
skin depth (about 0.7 pm at 900 MHz for copper), significant conducting losses arise in the
metal-line and the antenna efficiency is greatly reduced. From these results, we can see that the
thickness of the metal-line should be larger than the skin depth for adequate readability.

2.1.4.4. Antenna detuning

In order to illustrate the effect of the dielectric material of the tagged object, the read range of
the tag depicted in Figure 2.24 is given in Figure 2.25 as a function of frequency for an
effective radiated power (ERP) of the reader ERP=2W [RAO 05]. Three configurations are
considered: tag in free-pace, tag on Box 1, an empty cardboard box, and tag on Box 2, a
cardboard box with plastic material er = 2.87 inside. The read-range responses are shifted
downward when the tag is put on either box because of the dielectric loading. Then, the tag is
tuned by reducing the loading bar and the meander, as shown in Figure 2.24. The tuning differs
for each box. The objective is to shift the read-range peak upward in the 868 MHz band. The
presented tag design meets the desired range requirements (>2 m) for both boxes in 868 and
915 MHz frequency bands.

Figure 2.23. Read range versus metal line thickness
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Figure 2.24. RFID tag using a loaded meander antenna. Tuning of the meanders and the bar
for various box contents in 868 MHz band [RAO 05]
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Figure 2.25. Variations of RFID tag range versus frequency for different tagged objects
(ERP = 2 W). Box 1: empty cardboard box. Box 2: cardboard box with plastic material (er =
2.87) inside
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2.1.5. Near-field/far-field behavior of UHF RFID tags

In the previous sections, we have observed that a tag antenna can eventually be seen as the
connection of a dipole-like antenna with a loop conductor. This loop is the result of the
symmetrical association of two L-matching circuits. Concurrently, any small loop can be seen
as a magnetic field sensor, whose sensitivity increases in proportion to the loop surface as
shown below.

Let us consider the geometrical arrangement of the loop antenna of radius a, shown in Figure
2.26. A constant current I flows around the loop, which lies in the xy-plane and is centered at



the origin. The near-field components are given by:

a le?” |

H = — cost
! 2
a‘le ™
H, = - m &
a e kr<<1
H =E =E, =0
55 _a‘h}n{e __sin®

[2.35] °° 7T 47 )
where k = 2r/A is the propagation constant in free space, n, is the wave impedance of free-
space, r is the distance between the loop center and the observation point, and 6 is the angle
between the z-axis and the direction of the observation point. H, and Hy vary as 1/r> while E,

varies as 1/r. Therefore, as r is small, the H-field dominates the E-field in the near-field and
the loop acts as a magnetic sensor.

Figure 2.26. Loop antenna and accompanying spherical coordinate system

4Z

When the tag is in the vicinity of the reader antenna (say, up to 10 cm), it is actually located
in the near-field of the reader antenna. The IC powering is mainly due to the magnetic flux
across the loop while the dipole impact is weak. For larger distances, when the tag is in the
far-field of the reader antenna, the dipole becomes a far-field sensor boosting the radiation
resistance of the structure. This dual-behavior is stressed in Figure 2.27 where the loop is
depicted as the near-field element and the dipole as the far-field element.

The same dual-behavior is used in a module combining a small loop and an RFID chip, the
AK tag developed by the French company Tagsys (Figure 2.28). In a standard use, the AK tag
is used for short-range communications (<50 cm), but its read range can be extended up to 10
m when the module is electromagnetically coupled to a resonant piece of metal. As the loop is
used as a primary source and not as a dedicated matching element, bandwidth performance
might be reduced, but the concept is so flexible and versatile that numerous industrial
applications are possible.

8-
£
L

Figure 2.27. Dual-behavior of a tag antenna: far-field and near-field elements
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Figure 2.28. AK tag (Tagsys) using the UHF Gen 2 chip Monza 5. Frequency band 860-960
MHz; inlay dimensions: 12 mm % 10 mm
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2.2. Matching between the antenna
impedance and the microchip impedance

2.2.1. Matching conditions

Let us assumes that the IC impedance takes the form of the series combination of a resistance
R, and a reactance X;. and that the antenna is modeled by a linear source voltage V,, the source

impedance being Z, = R, + jX, (see Figure 2.29). The power P;, delivered to the load R;, by

the source is given by:

A
E:_lr/f = :

' .,."r-T

236] 2 2lz+zf
where I, is the current flowing along the circuit. The maximum power transfer between the
antenna and the load occurs if the matching conditions are fulfilled, i.e. when the source and
load impedances are complex conjugates, R,. = R, and X;. = —X,. Under matching conditions,
the power P, delivered to the tag IC is given by:

e RL V¥
[2.37] & 2 S8R,
The power transfer coefficient (PTC) t is then defined as:
238] fam 2|Z.4Z [ Ve |Z.+Zf

a T a

The power delivered to the tag and the tag read-range are maximized for 1 = 1. The



magnitude |I'| of the voltage reflection coefficient can be deduced from t using
= vior |22 JR, “R)+ (X, +X.-(}:
[2.39] Z+Z.| R +RY+(X,+X,)

while the power reflection coefficient is ' and the return loss is given by RL(dB) = —20 log |
I

Figure 2.29. Circuit model of tag antenna and IC
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The tag IC is usually represented as the parallel combination of some capacitance C, and

some resistance R, that are related to the series capacitor C;. and resistance R;. through the

following relationships:
R, R,
TR o e
[2.40] FR,Geom O
1+ R, Co00"
[2.41] RCGe 7

Typical values provided by the main manufacturers (Alien Technologies, Impinj, NXP
semiconductor, etc.) are around 1 kQ for R, and 1 pF for C,. Therefore, the rough order of

magnitude estimate is 7 for Q.,= R;C.,0 and 30 € for R;. in the UHF band.

2.2.2. L-matching basics

The great majority of commercial UHF RFID tags are based on dipole antennas using a
modification of a T-match as a matching circuit. Most of the time, a T-match reduces to an L-
match (Figure 2.30) as one of the series inductors can readily be included in the antenna
reactance.

The series resonant frequency f, of the dipole is normally located above the working
frequency f, for miniaturization purposes. Also, f,>f, allows us to reduce the influence of
surrounding materials showing moderate permittivities. As a result, the dipole impedance at f,

is capacitive with typical resistances of a few dozen ohms and reactances ranging from roughly
100 to 200 Q.

It is demonstrated in Figure 2.30 that an L-matching circuit based on two inductances L, and
L,, is sufficient to match the impedance Z,. of any UHF RFID IC with most dipole antennas
found in RFID tags. Because Re(Z,.) is small, the antenna impedance is always included inside
the Re(Z,.) = constant resistance circle. As a result, a proper combination of series and
parallel inductances L, and L; create the complex conjugate Z,* of the chip impedance.



Typical inductances values range from few nH to few tens of nH and can be readily realized in
MiCrostrips.

Figure 2.30. Antenna matching to the UHF RFID IC with an L-match

2.2.3. Equivalent electrical circuits

Figure 2.31 shows a typical matching circuit for a commercial RFID tag with superimposed
currents. In [DEA 09], the balanced circuit shown in Figure 2.31 can be fairly closely mapped
to the unbalanced circuit shown in Figure 2.32, but mutual inductive couplings between L, and
Ly, and possibly L, are neglected. Fortunately, any inductive coupling will serve to transform
the antenna impedance, and will not, for example, disturb the antenna Q or resonant frequency.
Thus, we can conclude that Figure 2.32 is qualitatively correct, although an exact translation
between circuit element values and physical geometry is lost.

Figure 2.31. Commercial tag matching circuit with superimposed currents [DEA 10]
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A series RLC circuit is used to model the antenna near resonance. Its resonant pulsation w,
and quality factor Q, are given by the well-known relationships:
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Figure 2.32. Equivalent circuit of the double-tuned unbalanced tag
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The circuit is then transformed into a more useful form as depicted in Figure 2.33 using the
L-match transform identity in which the shunt-series inductors (L, and L, are replaced by the

series-shunt inductors (Lg, and L,). The result of this transformation is a circuit that is in the
canonical form of a two-stage bandpass filter with a series resonant circuit (R,5, L,» + L., and

C,») and a parallel resonant circuit (R, C., and L,):

cp
where

[2.44] =L,/ (L, +L,)

[2.45] Ry =R, /a

[2.46] L, =L, /o

[2.47] Cx =a’C,

[2.48] P =L@, | Ry =1/ (R,Cy@, ) = O,

[2.49] L, =L, + L,

[2.50] L. =L, /@
Figure 2.33. Equivalent circuit of the double-tuned unbalanced tag after L-match
transformation. Circuit in the form of a two-stage bandpass filter
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From Figure 2.33, we observe that the parallel resonance is independent of the radiating
part. Therefore, the parallel resonance will not be directly affected by the dielectric
environment of the tag. On the other hand, the series resonance will shift toward lower
frequencies as the antenna electrical length increases with the dielectric permittivity.

2.2.4. Double-tuned matching

The practical implication of the circuit model described in section 2.2.3 is that a desired
bandpass response can be synthesized with a proper calculation of the antenna impedance and
the matching circuit [DEA 09]. We assume that the design parameters given are:

— the antenna form factor that largely determines Q, and R;;

— the IC input impedance.
By tailoring the classic double-tuning theory to fit the model of Figure 2.33, the first
condition of the optimum double-tune matching is to select the resonant frequency of the series

and parallel tank circuits to be the same:
1 1

12.51] VLCa TR,

@,



where wy is equal to the geometric mean of the band, i.e “ = V@@= | It can be seen that L,
is entirely fixed by the chip reactance once wj is given.

a is the remaining tuning parameter. Any change in a will change L., and, thus, the series
resonance. If we wish to change a, we will also need to modify w,, the resonant frequency of
the antenna, so that the resonant frequency of the series (R,,, L,, + L, and C,,) circuit remains
(- By combining [2.42] and [2.51], we obtain the following quadratic in w,:

ar L
,5}3 —a M—fd{? =10

f J [+
[252] Rﬂlgrr
which is solved in the normal way. [2.52] can be rewritten in terms of L, using [2.43]:

‘ﬂ =

2 . alxa
I‘.ﬂ T JT'-':l'J‘['::l

\, r"-‘r‘;'lll'

[2.53]
Finally, by applying the quadratic equation and considering only the positive inductances, we
obtain the synthesized antenna inductance:

Jliﬁ‘ +:Ir M‘.]: _'E.':ﬁ‘

B L @ )
[2.54] L = 2

or equivalently:

Jm‘,f (22) o

L
[2.55] °
Finally, inductances are constructed from metallic flat or ribbon wire (rectangular cross

section), using the following estimation:

[

I 1193+022352 !

L(nH)=0.0021|In
. wHtt

[2.56]
where w and [ are, respectively, the width and the length of the trace and t is the metallization
thickness (all dimensions in cm). Once the previous values are fixed, it is possible to
determine the reflection coefficient at w = w, when both series and parallel tank circuits
resonate:

|l—-| g ch = R:r] i an _‘Ra ."ai
[2.57] At R, E +R fa

or in terms of PTC:

R, v,
2 __ 2

[258] Ra] (I— I—TJ
In [2.57] and [2.58], |'| and t are the worst reflection coefficient and the worst PTC,
respectively, allowed through the bandwidth and observed at ® = .

The optimum double-tuned match provides the maximum fractional bandwidth out of double-



tuning [LOP 07]:

BW,, =
Q, (1-|r) cx£+l
[2.59] L,

2.2.5. Synthesis of a double-tuned tag and a naive tag

Let us assume an antenna with Q, = 15 which is approximately that of a meandering dipole

with a length of 92 mm and a width of 8 mm. This size is popular in the high-volume
commercial market, and thus conclusions drawn from this example are of commercial
relevance. We let a typical R, = 30 €2 and we assume the use of an IC with R, = 1500 €2 and

Cep = 1.2 pF for Q., = 10.3. The goal is to maintain a 10 dB return loss, i.e. a power transfer
efficiency of 90% between 860 and 960 MHz (worldwide operation in the Gen2 standard
definition).

RL =10 dB means that [I'| =0.316 at f, = wy/2n = 908.6 MHz, the geometric mean of the UHF

band. From [2.57], we obtain a = 0.196. Now “» = U yCoL, implies that L, + Ly, = 1/C,, @ =

25.57 nH, and using [2.44] we find that L;, = 5.01 nH and L, = 20.56 nH. Knowing L., and
using [2.52] and [2.55], it is easy to find L,=76.83 nH and f, = o,/2n = 931.9 MHz to achieve
Q,=15 and R,=30 Q. All circuit parameters including the optimized matching circuit (L, and
L) are summarized in Table 2.3.

The next step is to design an antenna which resonates at 931.9 MHz with Q, = 15 and R, =

30 Q and fulfills the dimension constraints (92 mm % 8 mm). The wideband antenna geometry
of Figure 2.34 proposed in [DEA 10] respects the conditions with a large number of meanders
to achieve resonance. The simulated impedance Z;, of the tag circuit (antenna + L-match) was

obtained from an electromagnetic simulation of the tag using a method-of-moments (MoM)
code. An excellent agreement was obtained between the simulated tag impedance and the tag
impedance calculated with the circuit model.

Figure 2.34. Geometry of the wideband RFID tag
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Table 2.3. Circuit parameters for the wideband and naive antennas



Qa R a (ﬂ) .ﬁl [:l\fﬂ‘IZ) Le {lﬂ{) L]:I. (lﬂ_I) 74
Wideband | 15 30 032 20.56 5.01 0.196
Naive 15 30 1,050 0.53 9. 77 0.506

The tag impedance calculated with the circuit model is plotted in Figures 2.35 and 2.36,
along with the conjugate IC impedance. The imaginary parts X;, and X,. cancel out at three

frequencies, i.e. 867, 902 and 948 MHz while the real parts R;, and R,. are equal at 879 and

935 MHz. Therefore, a perfect match does not occur at any frequency. The associated voltage
reflection and power transmission coefficients are shown in Figure 2.37. The maximum
transmission occurs at 876 and 942 MHz while a relative maximum of —10 dB is observed in-
between at 908.6 MHz. The antenna does not achieve the 10 dB return loss over the entire
860-960 MHz band but covers 865-955 MHz, which is the practical band of worldwide
operation. Both minima of the return loss correspond to frequencies where the IC and tag
impedances partially match.

Figure 2.35. Resistance of the wideband tag and the IC
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Figure 2.36. Reactance of the wideband tag and complex conjugate of the IC reactance
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For comparison, a “naive” short antenna resonating at a much higher frequency f, = 1,050
MHz is designed to present a conjugate match to the IC at f, = 908.6 MHz. This antenna

presents the same parameters Q, = 15 and R, = 30 Q as the wideband antenna. From [2.43],



we extract the two remaining parameters L, = 68.2 nH and C, = 0.337 pF.

Using the method described in section 2.2.2, we first calculate Ly so that Re(Z,/j Lywg) =
Re(Z,.) at fp. We find L;, = 9.77 nH. Then, L, is obtained from:

(e ) .
Im| ——"—— |+ jL@, =Im(Z;)
[2.60] \Z.+iL@y J
which yields L, = 9.53 nH. The resulting input impedance Z;, is plotted on Figures 2.38 and

2.39 along with the conjugate IC impedance while the corresponding power reflection and
power transmission coefficients are plotted on Figure 2.37. The naive design shows a perfect
match at the nominal frequency 908.6 MHz but much more narrowband behavior than the
wideband tag and provides only 27 MHz of 10 dB return loss. This suggests an improvement in
bandwidth by a factor of about 3.3 using the double-tuning method.

Figure 2.37. Power transfer coefficient (PTC) and power reflection coefficient (I') versus
frequency for the wideband tag (plain line) and the naive tag (dotted line)
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Obviously, we can achieve much better return loss over a narrower frequency band than the
wideband tag. For example, a return loss of 14 dB can be achieved between 865 and 930 MHz
(covering the vast majority of worldwide operations, including North America and Europe)
using the proposed approach.
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Figure 2.38. Resistance of the naive tag and the IC
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Figure 2.39. Reactance of the naive tag and complex conjugate of the IC reactance
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2.2.6. Alternative implementation of the optimum
double-tuned match

The tag synthesis described in the previous section relies on the ability to design an antenna
from the knowledge of the lumped-elements R,, L, and C,. As a result, circuits used to model

complex antenna geometries are useful abstractions but it is not easy to synthesize a specific
geometry from a circuit. At least, it is beyond the capability of commercial full-wave
simulators. On the other hand, the design approach proposed in [XI 11] is based on the input
impedance of the whole tag antenna (i.e. the antenna body plus the matching network).
According to Figure 2.32, the resistance and reactance of the tag antenna are given by:

— Rﬂ
= (Bexl) oy
T i-+1
[2.61] (wL, ) (@L,)
. oL R +ol X (X, +oL }
.62 R+(X,+oL) ‘
By taking the first-order derivate of R;, with respect to , it is found that R;, maximizes at the
frequency given by
8
[2.63] 20, I
The corresponding values of Ry, and X;, at ® = o, are given by
R‘.’.ll--mx = 'R.‘ﬁ {ﬂ'}: fdmx) T R:T ,
f b |
:k E_I (202) ]%H
[2.64] : 120:) )5
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Using these two expressions, the following design procedure is proposed in [XI 11]:
1) Given the antenna body and according to [2.63], L;, can be tuned to make ®_,, = ®.



2) Ry max becomes fixed with respect to [2.64].

3) Le can be adjusted in [2.65] to make X, ., approach the conjugate of the reactance of
the tag chip.
4) A quick calculation of the PTC between Ry, ,,x and R, reveals whether the PTC

specification is satisfied at @ = w0. If not, the antenna body should be modified. Note that
the reactance of the tag antenna and that of the tag chip have cancelled out so that Tt =
4R, Ry o/ (Ripmax T Rid)*

1C™ "IN-max M-max

2.2.7. Example of a double-tuned match tag and use
in variable environments

To validate the alternative implementation described in 2.2.6, a double-tuned antenna has been
built in [XI 11]. As shown in Figure 2.40, the proposed tag antenna is a loaded meander line
dipole made in copper, with a total size of 93 mm x 11 mm. The matching network adopts a T-
match structure, where W can be adjusted to tune L. W, and H, can be adjusted to change L.

The loading bar (i.e. the horizontal trace beneath the meander line) provides extra freedom to
control Ra. The tag chip used in this paper is Alien Higgs-3 (R, =1.5 kQ, C.,= 0.85 pF). A
parallel stray capacitance of 0.3 pF is included to account for the imperfect connection
between the tag antenna and the chip strap.

A method-of-moments (MOM) full-wave simulator, IE3D, is used to assist the design. The
proposed antenna is optimized for working on paper characterized by er=2.3, loss tangent=0.1
and thickness=0.16 mm. The optimized dimensions and lumped-element model of the proposed
antenna are listed in Tables 2.4 and 2.5, respectively. The lumped-element model is extracted
from simulation results by curve-fitting. Results of modeling, simulation and measurement are
compared in Figures 2.41 and 2.42 with respect to antenna impedance and return loss,
respectively. The double-tuning effect can be clearly seen in the return loss plot. The 10-dB
bandwidth is estimated to be 9.3% by implementing the data of Table 2.3 in equation [2.21],
which is close to the measured result — 10.8%, which is close to the measured result — 10.8%.
The difference between simulation/modeling and measurement is mainly due to the additional
loss in the measurement and the uncertainty in the electromagnetic properties of the paper
substrate.

Figure 2.40. Geometry of the proposed antenna: a) parameter definitions and b) photo of
the prototype



Table 2.4. Dimensions of the antenna (in mm)

DL |w, |w, |s |H |w]|w |H]|W H>
31 |93 |1 12 08|07 |8 |12 |1 |145 |5 0.8

Table 2.5. Lumped-element model of the antenna

Ra La Ca Lh Le f;zﬂ Qaﬂ
Q |@) |[@EH | @D | @H | MHz)

1785 | 53211 0.550 | 3.93 2272 | 939.79 | 17.10 | 0.148

Figure 2.41. Input impedance of the proposed antenna
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Figure 2.42. Return loss of the proposed antenna
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The sensitivity to the dielectric loading is studied by both simulation and measurement. The
simulation studies the influence of the dielectric permittivity on the bandwidth. During this
simulation, loss tangent and thickness of the dielectrics are fixed as 0.1 and 0.16 mm,
respectively. As shown in Figure 2.43, the acceptable matching (i.e. return loss < -6 dB) tends
to disappear when the permittivity is larger than 4. Since the infinite dielectric model used in
the IE3D simulator generally overestimates the dielectric loading effect, the proposed antenna
should be more tolerant than what Figure 2.43 indicates.

The chip strap is mounted onto the tag antenna with conductive adhesives and the maximum
reading distance is estimated with the Tagformance RFID tester from Voyantic [OCO 09]. In
Figure 2.44, the measured tag responses are plotted within the world UHF RFID band (i.e.
860~960 MHz) on diverse materials. Read ranges generally stay between 8~12 m except on a
book where high loss is encountered. Figure 2.44 also illustrates the double-tuning effect since
the shape of the read range curves follows that of the PTC.

Figure 2.43. Simulated return loss of the proposed antenna on dielectrics of different
permittivities
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2.3. RFID tag antennas using an inductively
coupled feed [SON 05]



This section presents a design methodology to make efficient and wideband RFID tag antennas
using an inductively coupled feed. An analytical model for the inductively coupled feed is
presented first. Then, the main rules to achieve wideband impedance match between the

antenna and the chip are presented.

Figure 2.44. Measured read-range on diverse materials
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Figure 2.45. a) Inductively coupled feed structure, b) equivalent circuit, c) example of AKA
kernel (loop + IC) commercialized by Tagsys RFID
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2.3.1. Analytical model

The proposed feed structure is shown in Figure 2.45(a) along with dimensional notation. The
antenna is composed of a small rectangular loop and a radiating (or resonant) body, which are
coupled inductively. Two terminals of the loop are directly connected to the chip. The strength
of the coupling is controlled by the distance between the loop and the radiating body, as well
as the shape of the loop. Figure 2.45(b) also depicts the equivalent circuit of the inductively
coupled feed structure. The inductive coupling is modeled by a transformer. The input

impedance of the antenna Z, is

Za =Rﬂ+j-Xg =Z."m:5:l +(4]szr—fﬁ")

rh

[2.66]



where Zy, and 7, are the individual impedances of the radiating body and the feed loop,

respectively. M is the mutual inductance between them, which can be roughly derived
analytically on the assumption that the radiating body is infinitely long.

My

[2.671 2

Near the resonant frequency f;, of the radiating body, its impedance can be expressed using

L1452
\ d)

the radiation resistance R, and the quality factor Q, as a function of

Zy =Ry +1R50Qn Ir et |
[2.68] oy
The impedance of the feed loop is as follows:
[2.69] Ziss = Lisep @

where Ly, is the self-inductance of the feed loop. The resistance and reactance components of

Z, are finally given by:
. (Ma)y™ 1 1
[2.70] R, 1+u”
- (M) u

[2.71] g e R.. 142
where 1= Qu,.(w/0) - ®yw). At ® = @ (, the components of Z, ; become:

R,=R (w=m;)= ol

[M R

[2_73] Ap=X,(w=m,)= fopmn

Equations [2.72] and [2.73] show that R_,; depends only on M, while X018 dependent only
on Ly, Therefore, R, ; and X, ; can be adjusted independently. This means that the proposed

feed structure presents a simple and easy way to match an antenna impedance to an arbitrary
chip impedance Z, = R, + jX_. Figure 2.45(c) depicts a universal low-cost “adaptive kernel”

that can act as a high-performing secondary antenna.

2.3.2. Antenna design and results

An example of the antenna using the proposed feed structure is shown in the inset of Figure
2.46 with the detailed dimensions. The antenna was designed for an RFID tag chip with Z, =

6.2—j127 Q. The resonant frequency f, of the radiating body is 915 MHz. Simulated data of
R0 =28.5 Q and Q,=14.7 are obtained using CST MW Studio.

Figure 2.46. Antenna impedance versus frequency: a) resistance component R, and b)
reactance component X,
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The calculated values of M and Ly, are 3.3 and 22.1 nH, respectively. Figure 2.46(a) shows
the resistance component R, as a function of frequency, for which the maximum value is R, o =
2R, at f = f;,. Figure 2.46(b) shows the reactance component X,, which equals —X_ at f = f,.
The first term of the right side in equation [2.72] is a straight line with positive slope and the
second term has negative slope in the range f, + f/(2Q,). Therefore, the first and second terms
cancel each other, and it makes the inductively coupled feed structure have wideband
characteristics.

VSWR versus frequency is shown in Figure 2.47 with variation of R, ;, where R, ; can be
adjusted by simply altering the distance between the radiating body and the feed loop without
any change of X, (. The plot indicates that the impedance bandwidth for VSWR < 2 becomes
maximum value when Ra,0 = 2R.. The antenna was fabricated and measured for validation. It
was printed on a thin flexible polyethylene substrate with a thickness of 50 pm using copper
traces with a thickness of 18 pm. Figure 2.47 also shows the measured VSWR of the antenna,
which closely agrees with the calculated one.

Figure 2.47. VSWR versus frequency for different values of R, g—R, g = 2Rc, ——— R, o=
2.5Rc, —"—R, o = R., ® measurements
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2.4. Combined RFID tag antenna for
recipients containing liquids

The close environment of UHF RFID tags, i.e. the medium on which the inlay is fixed (plastic,
metal, cardboard) and its contents (liquids, highly dielectric, metalized, etc.), degrades the
radiation pattern, the antenna matching to the integrated circuit and the overall tag efficiency.
This, added to the obstructions and multipath effects in indoor environments, can dramatically
reduce the read-range between the reader and the tag.

The objective is to design a tag antenna attached to a plastic recipient that may be empty or
filled with a liquid. A small-loop-based module excites two dipole antennas through inductive
coupling. Each antenna is designed to work either for the filled or for the unfilled case at 868
MHz (UHF band).

2.4.1. Module description

The MuTRAK640 module manufactured by Tagsys is essentially the series connection of a
small-loop antenna with a UHF RFID chip, the Impinj Monza 4. The measured chip read
sensitivity and the input impedance are —14.7 dBm and 1100 Q//2.11 pF, respectively [SAB
12]. Let Zc = Rc + jXc be the series equivalent impedance of the chip load (Z.=6.8 Q -j86 Q

at 868 MHz). The circuit is encapsulated in a rectangular housing made up of FR4 epoxy. A
key point is that the small loop dimensions yield a radiation resistance less than 1 Q.
Therefore, the loop only allows short-range reading distances (few centimeters) restricted to
the reactive near-field region.

A useful feature of the module is that it can be used as a primary excitation for larger tag
antennas. The idea is that a small device basically developed for short reading distances
because of its low radiation resistance also performs well at distances up to 10 m when
coupled with a dipole-like antenna. Typically, the magnetic field normal to the loop surface
turns around the dipole located at a close proximity to the module and generates a current in the



dipole. The dipole boosts the module radiation by increasing its radiation efficiency.

Figure 2.48. Spiral dipole coupled to the MuTRAK module (loop+chip). Initial dimensions
of the spiral dipole working in free space: L1= 40 mm, L2=20 mm, L3=13.5 mm, L4=16.5
mm, L5=10 mm, L6=13.5 mm, L7=3.5 mm, wire radius= 0.15 mm. Total length: 181 mm
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2.4.2. Inductive coupling and antenna matching

As seen in 2.3.1, the excitation of a dipole by an inductively-coupled loop yields the following
impedance seen from the chip terminals [SON 05]:

Ma)
Zarzmnm = Z."oop { EU}
. Z.:l'.'_zw."w

[2.74]
The above expression includes the mutual coupling factor M caused by the proximity
between the dipole and the small loop, and the dipole impedance Zg,,. besides the loop

impedance Z,,. From[2.74], it can be observed that the series resonance of a half-wavelength

dipole is transformed into a parallel resonance at the loop terminals. Equation [2.75] gives the
power wave reflection coefficient of the antenna normalized to the antenna resistance [NIK
05a].

1_ o ZI.- _Zﬂﬁ."ﬁ‘i'lﬁﬂ

2.75 = Zf * Zﬂfl"ﬁ‘i‘!ﬁﬂ

2.4.3. Antenna design

The maximum PTC between the antenna and the chip will occur for Z, onna = Z.*- Apart from

the compensation of the chip capacitance by the antenna inductance, it is also necessary to keep
a low antenna resistance. A dipole with spiral inductors at its ends is coupled to the
encapsulated circuit MUTRAK, as shown in Figure 2.48. Spiral dipoles are compact and more
efficient than zig-zag or meandered dipoles, as large gaps between the parallel segments are
introduced. The dipole was made up of a thin copper wire that is fixed on a piece of paper to
keep the antenna shape and rigidity. The dimensions of the dipole are given in Figure 2.49. The
distance between the module edge and segment L1 is 2 mm.

Figure 2.49. Impedance of the loop-coupled spiral dipole
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The loop-coupled spiral dipole antenna is designed to resonate at 868 MHz. All simulations
are performed with the 4NEC2 code based on the MOM. The simulated impedance is Z,enna

= (5.1 +j62) Q for the required frequency (Figure 2.49). The estimated gain is 0 dBi. Coupling
the dipole to the module introduces a parallel resonant at the chip terminals at 868 MHz as
observed in Figure 2.48. As a result, the antenna impedance shows a higher radiation
resistance and a flatter reactance approximately 868 GHz compared to the loop impedance.
However, the reactance mean value is essentially the loop reactance that is too low at 868
MHz to exactly compensate the —86 Q reactance of the chip. Therefore, even though the
comparable antenna and chip resistances result in a I' minimum, the total reactance
(approximately —24 Q) is large compared to the total resistance (approximately 12 ) which
leads to I' = 0.89. This means that the read-range which would be obtained for a perfect match

is divided by 1/ 41~ B = 2-2 This mismatch is inherent to the module resonance centered at
915 MHz, not to the design procedure. The following tag resonance is due to the cancellation
of the total reactance and occurs above 1,000 MHz, i.e. much higher than the module resonance
as the dipole coupling reduces the reactance of the isolated loop.

2.4.4. Measurements of the initial tag

Measurements of the dipole resonant frequency are performed with the King’s shielded loop
[KIN 69] used as a near-field sensor in the vicinity of the dipole. This particular probe avoids
external sheet currents on the measurement cable. The dipole resonance is observed on a
vector network analyzer at the King’s loop terminals. The dipole length is adjusted to resonate
at 868 MHz yielding the dimensions given in Figure 2.48. Then, the MuTRAK module is
implemented and read-range measurements are performed with the help of the Voyantic
Tagformance measurement system [OCO 09]. The tag read-range measured in the 800-900
MHz band (Figure 2.50) shows a maximum of 3.8 m at 868 MHz. This is in agreement with the
estimated read-range using the modified Friis formulation given in [NIK 05a].

Figure 2.50. Read-range measurements with the Voyantic setup
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2.4.5. Measurements with an empty and filled plastic
recipient

The spiral antenna described previously is placed on an empty plastic polypropylene (g, = 4)

recipient whose size is 23 cm x 15.5 cm x 14.5 cm. Due to the plastic wall, a 60 MHz negative
shift of the resonant frequency is measured. To adjust the resonance frequency, the wire length
is reduced gradually and symmetrically shortening the wire until the correct resonant frequency
is obtained. A total length of 12.5 mm is finally removed from the dimensions given in Figure
2.50 (L7 =0, L6’ = 5.5 mm). The maximum read-range drops at 3.7 m.

Once the recipient is filled with fresh water (¢, = 80, 0 = 0.1 S/m), tag detection is not

possible even at few centimeters from the reader. Using the King’s shielded loop, a 550 MHz
negative frequency shift of the dipole resonance is first determined. An additional 19 mm
length reduction is necessary to resonate at 868 MHz (L7, L6 and L5 equal to zero and [L4°=13
mm). In the presence of water, the maximum read-range is 34 cm.

2.4.6. Combined antenna

The final tag combines both proposed antennas and the MuTRAK module as shown in Figure
2.51. As the dipole resonant lengths are very different, no direct coupling between the dipoles
is observed and each dipole behaves as if it was alone. Dipoles 1 and 2 resonate with the
empty and filled recipient, respectively. Without water, the maximum read-range remains
around 3.7 m. In the presence of water, the read-range is reduced to 31 cm, i.e. 3 cm shorter
than for the single dipole. In any case, this is a strong improvement compared to the single
antenna designed for the empty recipient where no detection is observed for any distance. The
concept can be applied to other liquids or recipient materials as long as only two states (filled
or unfilled) are considered. The tag read-range could be doubled with the MuTRAK650
version of the module based on a 3 dB more sensitive chip (Monza 5) and optimized loop
dimensions.

Figure 2.51. Combined antenna structure



2.4.7. Discussion relative to the respect of the
matching conditions

The matching conditions must be simultaneously fulfilled for the real and imaginary parts of the

input impedance of the antenna; in other words, matching is obtained when R, ;.,na = R, and

X = —X,. It is desired to study the power reflection I" in [2.75] when only one of the two

antenna
conditions is respected. To facilitate this study, I' is plotted in Figure 2.52 as a function of

R ntenna for different values of X, opna With R enna Varying around its optimal value R, iopna =

6.8 Q. In Figure 2.53, I is plotted as a function of X, .. for different values of R with

antenna
X varying around its optimal value X =86 Q.

antenna antenna

Figure 2.52. Power reflection versus antenna reactance with Zic = (6.8—j86) Q and for
various antenna reactances : X,=60 W——, X, =75 W ——-—X,=81 W—-——, X,=86 W ----
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Figure 2.53. Power reflection versus antenna reactance with Zic = (6.8-j86) Q and for
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In Figure 2.52, we first observe that once the matching condition is respected on the
imaginary parts, the tolerance around the antenna optimal resistance R, opna = Re = 6.8 Q is

large. We noted that I" remains below -10 dB, roughly for R./2 <R <2R..

Conversely, Figure 2.53 indicates that once the matching condition is respected on the real
parts, the tolerance around the antenna optimal reactance X, oqna = X = 86 Q is small. We
noted that I' remains below —10 dB, roughly for 0.95X, < X <1.05X..

We conclude that, given the typical impedances of RFID chips where series reactances are 5
to 10 times larger than series resistances, the respect of the matching condition on the
imaginary part is crucial.

We also noticed that when the matching condition is far from being respected for the
antenna == 6-8Q as I' tends to be less degraded than for small
=20 Q for X <70 Q or X, tenna > 100 Q in Figure

antenna

antenna

reactances, it is better to have R

Rante nna

2.53).

values (see curve R

antenna antenna

2.5. Tag on metal

RFID tags not only need to be mounted on non-metallic objects, but also on metallic objects.
There is a strong interest from many industries (airplane, automotive, construction, etc.) in
tagging metal items (airplane or automotive parts, metal containers, etc.) [ERG 07]. More
generally, metal tags are usually more environmentally resistant than non-metal tags. For the
tracking of high-value assets, such as industrial machinery, relatively large and complex
antenna structures are acceptable to guarantee the required performance, but miniaturization
approaches are needed to achieve the seamless integration of the tags with small everyday
metallic items.

However, degradation in the performance of RFID tags is inescapable because of high-
parasitic capacitance between the metallic surface and the antenna when tags are placed on
metallic objects [UKK 05, CHO 08]. This degradation affects the radiation efficiency of the
tag antenna, its radiation pattern and the input impedance. Figure 2.54 shows the effect of the
gap between a metal plate and a dipole-based tag antenna. To improve the radiation efficiency
and gain of tag antennas on metallic surfaces, some patch types and inverted-F types have been
designed on thick and rigid substrates at high cost and with short read-range [RAO 08, KWO
05]. These antennas use shorting-pins or shorting-walls, which make their fabrication cost
much higher than that of normal label-type antennas.

A key point is that metal tags require some thickness. In other words, they protrude from the
mounting surfaces more or less. It is strongly desired to reduce the thickness of metal tags so as
to make them more flexible in application and more aesthetic in appearance. To make these
tags suitable for low-cost mass production, they should have a simple, thin structure, which is
easy to fabricate from inexpensive materials.

The thicknesses of these existing designs vary from 0.8 to 2 mm. However, a thickness



around 1 mm is still not small enough for tagging modern IT assets (e.g. the thickness of the
latest Apple MacBook Air is less than 3 mm). Moreover, the thickness makes it difficult to
curve tags for mounting on metallic cylinders (e.g. gas tank, fire extinguishers). These
applications will motivate new developments on reasonably efficient solutions of ultra-low
profile metal tags with thicknesses ranging from 50 pm to 300 pm.

In the following section, efficiency issues regarding low-profile patch antennas are first
described. Then examples of ultra-thin and thick UHF tags are described with emphasis put on
the design process, chip matching strategies and antenna performances in terms of overall
efficiency.

2.5.1. Radiation efficiency of low-profile patch
antennas [XI 13]

Radiation efficiency n = P_,4/P;, is the ratio of power P 4 radiated into the space and the
power Py, injected into the antenna. For patch antennas, any power consumed by the antenna

other than the space-wave radiation can be classified into three loss mechanisms: dielectric
loss, conductor loss and surface wave loss. For the RFID frequency bands, the substrate
thicknesses are much smaller than the wavelength in the substrate so that losses in surface
waves are negligible. The following compact expression for radiation efficiency [VOL 07] can

eventually be determined:

1
=

&
140 340 tand
[2.76] e R

where o is the metal conductivity, f is the working frequency, |, is the permeability in free
space and
G ] 1
[2.77] = \™fo

is the conductor skin depth. Q, is the radiation quality factor. Its analytical expression as a

function of the patch dimensions and substrate permittivity is found in [JAC 91] where it is
shown that Q, is inversely proportional to the substrate thickness and proportional to the

substrate permittivity. The term Q6./h is the power ratio of the conductor losses to the radiated
power. The term Q,tan 8 is the power ratio of the power lost in dielectric losses to the radiated
power.

Note that the efficiency reduces for “bad” conductors (where o is poor and g, is small) and

“bad” substrates (tand is high). It is also clear from [2.76] that:
— The radiation efficiency of low-profile patch antennas decreases monotonically as the
substrate thickness decreases.
— When h< § /tand, the conductor loss overwhelms the dielectric loss and becomes the
dominant loss mechanism.



To quantitatively demonstrate the influence of the substrate thickness, the radiation efficiency
of a generic rectangular patch antenna is studied [XI 13]. The length and width of the patch
antenna are 99.9 mm and 45 mm, respectively. Feeding point is at the center of one radiating
edge. Calculated radiation efficiency is obtained with [2.76], while a simulated result is
provided by HFSS. During simulations, a 300 mm % 200 mm metal plate is used as the ground
plane, and a 0=4 x 108 S/m finite-conductivity boundary is defined to model the conductors.
The substrate is a type of PET plastic, whose electric properties are ¢, = 2.62, tand = 6.84%.0"
3

First, the radiation efficiency is studied as a function of the substrate thickness at the antenna
resonance frequency (925 MHz for patch antennas studied, though it slightly varies with the
substrate thickness). As shown in Figure 2.54, the agreement between the simulation and the
calculation is perfect. The radiation efficiency monotonically decreases as the substrate
thickness decreases.

Figure 2.54. Simulated and calculated radiation efficiency as a function of substrate
thickness [XI13]
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Next, the frequency response of the radiation efficiency is studied at three substrate
thicknesses. In addition to the normal case including all loss mechanisms, two special cases
where the dielectric loss and the conductor loss are excluded, respectively, are evaluated. To
simulate the radiation efficiency without the dielectric loss, tan” of the substrate is set to 0. To
simulate the radiation efficiency without the conductor loss, a perfect electric-conductor (PEC)
boundary is used instead of the finite conductivity boundary in HFSS. According to the
simulation results shown in Figure 2.55, the frequency response of the radiation efficiency is
generally quite flat, especially when all losses are included. By comparing the three cases at
each substrate thickness, it is found that, at a large substrate thickness (e.g. h = 0.855 mm), the
influence of the dielectric loss on the radiation efficiency is greater than that of the conductor
loss. At a medium substrate thickness (e.g. h = 0.513 mm), the influences of the two loss
mechanisms are comparable. At a small substrate thickness (e.g. h = 0.171 mm), the influence
of the conductor loss exceeds that of the dielectric loss.

We finally conclude that a successful implementation of ultra low-profile patch antennas at
extremely small thicknesses requires a good conductor. Thus, it is hardly possible to adopt
conductive inks here.



2.5.2. Ultra-thin metal tags

This section describes two antenna designs specifically developed for thin substrates (h <1
mm) including either their own ground plane or using their support as a ground plane.

The first design is an inset-fed patch integrated with short-circuited transmission line [XI 13]
where the real part and the imaginary part of the antenna impedance can be adjusted
independently (Figure 2.56). The inset feeding allows the antenna resistance tuning, while the
reactance is controlled by the short-circuited transmission line loading. Around the TM,,-

mode antenna resonance frequency, the impedance behavior of the proposed tag antenna can be
modeled by a lumped-element equivalent circuit as shown in Figure 2.57. In the model, the
parallel RLC tank (i.e. R,, L, C,) models the inset-fed patch, while the series-connected

inductor (i.e. L) models the short-circuited transmission line. According to the antenna model,

a typical plot of the antenna impedance is shown in Figure 2.58.

The short-circuited transmission line loading is used for the adjustment of the imaginary part
of the antenna impedance. According to Figure 2.58, it is a good to start trying to compensate
for the chip capacitance X;. with X ... Using the antenna model shown in Figure 2.57, it can

be opined that X, satisfies the following equation:

max

R
g ,_qr_;:_Lr e

X
[2.78] ™ 2

Figure 2.55. Simulated and calculated radiation efficiency as a function of frequency for
three substrate thicknesses [XI 13]
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Figure 2.56. Inset-fed patch integrated with short-circuited transmission line [XI 13]
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Equation [2.78] is also illustrated in Figure 2.58. Therefore, L, and R, need to be adjusted in
order to realize the desired X_,,,. Out of the geometry variables of the proposed tag antenna, L,
and W; are two key variables to control L. For the adjustment of R, the inset feeding is used.
R, decreases as the feed approaches the center of the patch. To take care of the remaining task

for the conjugate match (i.e. to make real parts of the tag antenna and the tag chip equal), a
proper L, needs to be found so that R,/2 equals the chip resistance.

The tag chip used in [XI13] is Alien Higgs-3. According to the impedance matching strategy
described above, three metal tag antennas have been designed for substrate thicknesses of
0.855, 0.513 and 0.171 mm, respectively. Their sizes are all 99.9 mm x 45 mm. Material
parameters used for these antenna designs are the same as those used in section 2.5.1.
Simulated and measured return losses (RL) of the three designs, regarding the chip impedance,
are shown in Figure 2.59. Due to double-tuning, the impedance bandwidths with h = 0.513 and
0.171 mm are larger than that with h = 0.855 mm.

Figure 2.59. Return loss for the three antenna thicknesses
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For “thick” substrates (say, h > 1 mm in the ultra high frequecy (UHF) RFID band), the
frequency response of the radiation efficiency is stable across a very wide frequency band.
Therefore, there is no need to look at the radiation efficiency bandwidth, which is much larger
than the impedance bandwidth. However, for the proposed ultra-low-profile metal tag antenna,
the situation changes significantly. Simulated radiation efficiency of the three tag antennas is
shown in Figure 2.60. Peaks clearly emerge at the corresponding antenna resonance
frequencies. Note that the antenna resonance frequency shifts a bit higher from approximately
925 MHz to about 942 MHz due to the notch in the inset-fed patch.

Figure 2.60. Simulated radiation efficiency of the tag antenna designs as a function of
frequency
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For a given substrate thickness, the narrowest radiation efficiency bandwidth always
happens when only accounting for the conductor loss. It implies that the conductor loss is more
frequency dependent than the dielectric loss. At extremely small substrate thicknesses, the
radiation efficiency bandwidth can be much narrower than the corresponding impedance

bandwidth.

We conclude that when some feeding structure is added to the generic patch antenna to match
the impedance of tag chips, the radiation efficiency bandwidth suffers from a significant
shrinkage. As the substrate thickness decreases, the shrinkage in the radiation efficiency
bandwidth becomes severer. As a result, at extremely small substrate thicknesses, it is
necessary to take into account the radiation efficiency bandwidth.

Figure 2.61. Measured read-range of the tag prototypes
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The read-range of the tag prototypes is measured after placing tags on a metal plate of 300
mm % 200 mm. Measurement results of the read-range are shown in Figure 2.61. The maximum
read-ranges with h = 0.855, 0.513 and 0.171 mm are 7.9, 5.1 and 2.2 m, respectively. It is
interesting to find that the maximum read-range is approximately proportional to the substrate
thickness. When h = 0.855 mm, the read-range bandwidth is determined by the impedance
bandwidth. When h = 0.171 mm, the read-range bandwidth is restricted by the radiation
efficiency bandwidth. In other words, for metal tag antennas implemented at extremely small
substrate thicknesses, the frequency response of the read-range is shaped by the radiation
efficiency rather than the power transfer coefficient.

The second design is a dual-band RFID antenna that can cover both the 866 MHz band used
in Europe and the 915 MHz band used in North and South America. The configuration of the
antenna is illustrated in Figure 2.62. The antenna consists of two patch arrays: A1A2 for 866
MHz and B1B2 for 915 MHz, and an ultra-thin flexible substrate polypropylene (PP) with a
ground plane. Since the thickness of the flexible substrate PP (g, = 2.4, tan 6 = 0.02) is only

0.55 mm, which generally leads to a small read-range, the arrays are designed to increase the
gain of the tag antenna. The two patch arrays A1A2 and B1B2 are both symmetrical about the
origin in order to conveniently connect the dual independent ports of the Monza 4 tag chip
(chip ports connect: portl “RF1”+ “RF1” — connected to A1A2 and port2 “RF2”+ “RF2” —
connected to B1B2). The two patch arrays are all short-circuited to the ground at the two ends
of the substrate so that the size of patches Lp = 43.6 mm can be compacted as a quarter
wavelength resonant antenna compared with a half-wavelength resonant antenna.

Although the resonant frequencies of the antenna are dominated by the length of patch L, the
frequency difference between two bands is affected by parameters W, and W, (W, is the
width of A; and A, for 866 MHz and W, is the width of B; and B, for 915 MHz).
Furthermore, by adjusting the length of slots 1, 1, and L, the input impedances of dual ports
can be conjugate matched easily. The actual overall size of the antenna is L x W = 90 x 30
mm?. The optimal design parameters are as follows: W1 = 14 mm (866 MHz), W, = 11 mm

(915 MHz), W3 = 3.4 mm, L, = 39.5 mm, ; = 10.2 mm (866 MHz), 1, = 5.5 mm (915 MHz),
S;=0.5mm, S, =0.8 mm, S; = 1 mm and Wj,, = 1 mm.



Figure 2.62. Geometry of the dual band antenna
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Figure 2.63 shows that the Europe band (865—-868 MHz) is covered by a —20 dB bandwidth
of 3.5% (847 — 877 MHz) while the North America band (902-928 MHz) is covered by a —20
dB bandwidth of 5.6% (877-930 MHz). The authors claim that the —10 dB bandwidth of the
proposed structure is wider than that of the conventional microstrip patch antenna. It is likely
that the antenna efficiency is very low (few percents) as the calculated gain is —10 dB. The
maximum read-range is 3.5 m at 866 MHz and 3.6 m at 915 MHz when the antenna is mounted
on a 150 x 150 m” metal plate (Figure 2.64). Furthermore, the read-range curve confirms that
the proposed antenna has not only a dual-band property, but also balanced read-range
performance at each band.

Figure 2.63. Measured and simulated return loss of the dual-band antenna
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Figure 2.64. Measured read-range of the dual-band antenna
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2.5.3. Thick metal tags

This section describes two topologies of modified RFID patch antennas built on low-cost thick
substrates with thicknesses greater than 2 mm.

The first antenna makes use of a pair of u-shaped slots (Figure 2.65) to excite two adjacent
resonant modes with similar radiation characteristics at frequencies close to each other,
resulting in a wide-bandwidth patch antenna. The rectangular patch has dimensions of 40 x 86
mm?, and is printed on an FR4 substrate (e, = 4.4) with a thickness of 2 mm. The microstrip
feed line is deep inset into the patch to decrease the input impedance. The feed line is divided
into the inset feed line (length 8 mm) and the short stub line, between which the microchip is
attached. The short stub line is short-circuited to the ground plane by a via hole. A pair of U
slots is etched on the patch close to and parallel to the non-radiating edges of the patch. By
embedding the pair of U slots, a new resonant mode between the TM;, and TM,, modes is

excited.

Figure 2.65. Geometry of the dual-band antenna with a pair of U slots
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The impedance matching between the antenna and the microchip at the frequency of the TM,,
mode can be tuned by adjusting the inset length (L;.) and the distance (L) between the
microchip and the via hole. On the other hand, the impedance matching at the frequency of the



new resonant mode can be tuned by adjusting the slot arm length (L), the slot width (d) and
the distance (d,,) between the slot and the patch edge. With the increase of L
resonant mode frequency decreases to the TM;; mode frequency. With the decrease of d and

oy (NE New
d,,, the impedance resonant amplitude of the new resonant mode could be decreased. The
impedance of the microchip is 13.1-j64 Q at 866.5 MHz and 13.5-j60 Q at 915 MHz. When
the dimensions are properly chosen as L; oo =38 mm, L, = 17 mm, L, ,, = 9.5 mm, d = 0.6 mm
and d,, = 1 mm, the new resonant mode is excited near the TM;, mode and both resonant

modes have good impedance matching. In this way, a broadband characteristic can be attained
for the antenna.

Figure 2.66 shows the simulated impedance of the proposed antenna with different arm
lengths (L,.,).- Note that the frequency f; is the TM;, mode and f, is the new resonant mode

excited by the U slots between the TM;, and TM,, modes. With the increase of the arm length
L. [> decreases rapidly to f; while f; is slightly affected. When the arm lengths are properly
chosen, the resonant mode of f, can be excited at the frequency that is close enough to f; to
form a wide operating bandwidth.

Figure 2.66. Simulated impedance of the dual band antenna with a pair of U slots for
different arm lengths
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To cover the entire operating frequency range (860—960 MHz) for passive UHF RFID
worldwide, L, is taken as 9.5 mm. Figure 2.67(a) shows the simulation and measurement

input impedances of the prototype antenna. The conjugate input impedance of the specified
microchip is also plotted. The input resistance and reactance of the antenna vary around the
conjugate value of the microchip input impedance in both f; and f, frequency ranges. Figure

2.67(b) shows the return loss of the antenna. The measured half-power bandwidth (RL = -3
dB) of the proposed antenna is 133 MHz (14.5%), from 842 to 975 MHz which covers the
UHF RFID worldwide.



Figure 2.67. a) Measured and simulated impedance and b) return loss of the dual-band
antenna with a pair of U slots for L,,,, = 9.5 mm
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An alternative topology proposed by Rao [RAO 08] and successfully commercialized is a
patch structure with an offset coplanar tapered feeding and a virtual ground short-circuit
formed by the outer rectangular ring (Figure 2.68). This tag can be used to identify and track
goods and articles in various production, supply chain, or asset management scenarios,
including item-level applications.

Figure 2.68. Metal mount tag antenna (top layer antenna inlay)
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It shows two resonant frequencies (defined by complex conjugate matching to the chip
impedance) to enable the wideband performance. The overall length and width of the outer
rectangular ring structure determine the lower resonant frequency while the inner radiator
length determines the upper resonant frequency. The tapered trace connecting the two structures
provides the complex impedance matching for RFID chip.

The flexible antenna inlay was designed so that it could be placed on top of longer dielectric
piece to form a large tag with high range or wrapped around smaller piece of the same
dielectric to form a small tag with less range. The antenna inlay was copper etched on 2 mil
flexible polyester substrate and placed on top or wrapped around the piece of polycarbonate
plastic with bottom layer of conductive material, slightly longer than the dielectric itself, as

shown in Figure 2.69.
Figure 2.69. Cross-sections of a) large and b) small versions of tag
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The final tag antenna and RFID chip were integrated and encapsulated inside rugged plastic
packages capable of withstanding extreme temperatures and hazardous exposures, shown in
Figure 2.70. The antenna design was slightly modified to take into account the influence of the



plastic package. The large tag dimensions are 15.5 x 3.2 x 1 cm® and the small tag dimensions
are 7.9 x 3.1 x 1 cm?. Figure 2.71 presents experimental and theoretical read-range (boresight
direction) in free space on plastic and metal (12 % 12 in). Separating two resonances makes
this tag more wideband at the expense of range (bandwidth versus range tradeoff). If higher tag
range in more narrow frequency band is desired, it can also be easily realized by bringing the
resonances together.

Figure 2.70. a) Large and b) small metal mount UHF RFID tags

The two versions (large and small) of the tag are based on the same antenna inlay and
deliver a global minimum read-range on metals of 25 and 10 ft accordingly. Both tags work
reliably on various materials, including metal, across the worldwide UHF RFID frequency
band (860-960 MHz).

Figure 2.71. Experimental and theoretical read-range (boresight direction) of large and
small metal mount tags in free space on plastic and metal (4 W EIRP)
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2.5.4. Improved dipole designs on metallic surfaces

In the work described in [KOO 11], there are two primary considerations that improve the
performance of the antenna on metallic objects. First, in order to increase the gain on metallic
objects, an additional loop surrounds the meandered folded dipole antenna. Next, to improve
matching characteristics, conjugate matching of the proposed antenna is performed in the
minimum impedance variation area for the metallic object so that the change of the input
impedance is small compared to free space case.

Figure 2.72(a) shows the proposed folded dipole antenna #1, which is designed without
consideration for metallic objects. The antenna #1 is realized with silver paste printed on a
thin flexible PET substrate with a thickness of 0.07 mm. The size for the entire substrate is 82



x 18 mm?, and the line width is 1 mm.

Figure 2.72. Geometry of proposed antenna: a) antenna #1 and b) antenna #2
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The proposed method to increase antenna gain is to use a multiple folded dipole
configuration [POL 07]. This purpose of technique is that antenna efficiency can be improved
by increasing the radiation resistance caused by the addition of the number of folded arms.
Therefore, in order to increase antenna gain on the metallic object, an additional loop, which
has a 2.5 mm line width, has been placed to surround the original meandered folded dipole
antenna with 1 mm line width as shown in Figure 2.72(b). To validate the effect of this
additional loop, two antennas are simulated as a function of distance from the metallic surface
at 910 MHz and are summarized in Table 2.6. A foam spacer (e, = 1) is used for adjusting the

separation from the metallic surface. Both tags are backed by a 200 x 200 mm metallic surface.
As seen from Table 2.6, the peak gain of antenna #2 is higher than antenna #1 in free space as

well as on the metal surface. The size of antenna #2 is 91 x 27 mm?.

Table 2.6. Simulated results of peak gain depending on distance from the metallic surface at

910 MHz

Distance |Antenna #1|Antenna #2
(mm) (dBi) (dBi)

1 -13.3 -11.2

2 -10.3 -4.6

3 -7.4 -2.5

Free space |0.2 1.75

When the RFID tag is placed near the metallic object, the resonance moves to a lower
frequency region, and then the input impedance undergoes significant frequency variation.
Therefore, this change of the input impedance causes the mismatch between the chip and the
antenna; so the antenna cannot deliver maximum power to the chip. To enhance the
performance of RFID tags on a metallic surface, the effects of the separation from the metallic
surface have been studied. Figure 2.73 illustrates the simulated impedance of the proposed
antenna #2 as a function of distance between the antenna and metallic surface, and compared to
the free-space case. Also, measured impedances of the IC (Alien Higgs? in strap package) are
plotted for the conjugate matching characteristic.

The IC input impedance is (7.4 — j113) Q at 910 MHz. To deliver maximum power between



the IC and the antenna, the input impedance of the antenna needs to be (7.4 + j113) Q at 910
MHez. In free space, antenna #2 has an input impedance of (6 + j110) Q at 910 MHz, providing
a good impedance matching to the IC input impedance. However, when antenna #2 is placed on
a metallic object, significant mismatch occurs in the operating frequency band 908.5-914
MHz. As can be seen from Figure 2.73, there are large variations in the input impedance
depending on the distance between the metallic surface and the antenna in the frequency region
B. However, there is a relatively small variation in region A. In other words, region A shows
much less impedance variation on a metallic object. Thus, if conjugate matching is performed
in this region, the effect of mismatch can be minimized when it is placed on a metallic object.
Therefore, in order to operate antenna #2 in region A, the resonance of antenna #2 is moved to
a high frequency by reducing the entire electrical length of the antenna such that the input
impedance at 910 MHz is in region A.

By adjusting the T-match, the conjugate matching between the IC and the antenna is optimized
at 910 MHz in free space. The overall size of the antenna is 81 x 27 mm. The experimental
results show that the maximum read-range of the proposed antenna is about 7.5 min free space,
and 3 m for a 1 mm separation from the metallic surface. It is interesting to note that the read-
range for 10 mm separation is 7.32 m, which is similar to that of free space.

In addition, the proposed antenna is compared to a commercial RFID label-typed tag (Alien
M-Tag) also equipped with the Alien Higgs 2 chip and fabricated out of copper. Also, the
overall size of the commercial tag is similar to the proposed antenna. Figure 2.74 shows a
comparison between the commercial RFID label-typed tag and the proposed antenna below 5
mm separation. The proposed antenna reveals a much longer read-range than the commercial
RFID antenna. For example, the read-range of the proposed antenna is about three times longer
than that of the Alien M-tag when it is placed 1 mm away from the metallic surface.

Figure 2.73. Simulated input impedance as a function of distance from the metallic surface
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Figure 2.74. Read-range comparison against the commercial RFID tag
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The Backscattering Technique and its
Application

Before starting ...

Today backscattering and shunt regulator techniques in RFID are not new ... but their mutual
incidences are not very well known. So, to give to the reader a good and complete overview
about this complex subject, a significant part of the content of this chapter is issued from the
already existing Dominique Paret books: RFID en Ultra et Super Hautes Fréquences UHF-
SHF: Théorie et mise en oeuvre, Dunod, 2005/2008, and the English version RFID at Ultra
and Super High Frequencies: Theory and Application, John Wiley, 2009.

As shown in previous chapters, the power P, reflected or reradiated by the tag (which is
dependent on the value of the power flux density s) can be received and detected by the
receiving antenna of the base station and can thus act as a signal informing the base station of
whether or not an object or tag is present in the electromagnetic field.

Also, while the tag is illuminated, and regardless of whether it is remotely powered or
locally battery assisted, provided that it has been designed to respond accurately via a specific
modulation, it is called “backscattering modulation”, which will be described in detail later
on.

Therefore, it is useful to analyze the way in which the radar cross section (RCS) is varied or
modulated, and to define the extent of its variation — the quantity Ao, ¢ — as a function of a
possible coding and a specific modulation, which will enable us to determine its ability to be
understood correctly by the base station. We will then proceed to determine what its merit
factor is, or ought to be.

3.1. Backscattering principle of
communication by between-base station and
tag

As a general rule, allowing for exceptions (and there are some), the communication model
followed by standard RFID systems used at UHF and SHF is based on the reader talk first



(RTF) principle, using half-duplex mode (an alternating link between the base station and the

tag).
The stages of transmission are summarized in Figure 3.1.

3.1.1. The forward link: communication from the base

station to the tag

During the first phase, known as the forward link of the half-duplex, the base station transmits
the carrier frequency to remotely power the batteryless tag. During this phase, the carrier
frequency is modulated (in amplitude shift keying (ASK) mode, for example) for the
transmission of the command and interrogation codes to the tag.

Figure 3.1. Principle of backscattering: forward link
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Note that, during this phase, the tag illuminated by the incident electromagnetic wave may
either absorb the power that it receives or reradiate some of it, depending on the state of its
antenna/load impedance matching. Generally, for remotely powered tags, the tag is made to
absorb the maximum possible power (i.e. with no standing waves) during this phase, in order
to provide the best possible remote power supply and thus achieve the highest possible
operating distance. However, it may reradiate during this phase, according to its “structural”
aspect.

To sum up, during the forward link we have:

— conjugate impedance matching (in remotely powered tags);
— maximum power transmitted to the load (remote power supply);

— reradiation of the “structural” type.

3.1.2. The return link: communication from the tag to
the base station



During the second phase of the half-duplex, called the “return link”, with transmission from the
tag, the base station initially supplies or maintains the sustained pure (unmodulated) carrier
frequency to provide a physical support for the tag’s response following the preceding
interrogation commands. During this return link phase, two operating subphases may be
present, depending on the binary information to be transmitted by the tag to the base station:

a) Either the transmission of no useful information or the transmission of a logical “1”: note
that these are often identical in physical terms, since they correspond to the same phenomenon
as that described in the previous section concerning the forward link.

b) Alternatively, the transmission of a logical “0”: in this case, the tag’s electronic circuit
modulates the value of the load impedance Z; = R, + X of the tag antenna at the rate of an on-off
keying (OOK) modulation corresponding to the logical data to be transmitted. Thus, at the tag,
there will be an impedance mismatch between the source (the tag antenna) and its load, leading
to the appearance of standing waves, and therefore to a new effective RCS and a variation of
the RCS area, which will immediately modify the amount of power reradiated in a different
way from that described in the previous section.

NOTES.—

The receiving part of the base station examines the content of the return path (the return link)
during subphases (a) and (b) only (Figure 3.2.).

To make this phenomenon easier to understand, the explanations above relate to the case of
simple bit coding (NRZ) of the return link. This bit coding is often different (Manchester,
BPSK, FMO, etc.).

To sum up, during the return link we have:
— deliberate mismatching of the antenna load impedance;
— a load power mismatch factor g;
— a change in the RCS of the tag;

— the reradiation of a different power levels by the tag, signifying the presence of a bit of
opposite value.

Figure 3.2. Principle of backscattering a) return link, tag matched/tuned; b) “modulation
return link
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Figure 3.3. Principle of backscattering: return link, tag mismatched
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The communication concept of the return link as outlined above is the main basis of UHF and
SHF RFID systems operating in a mode of detecting the value of the reradiated/scattered return
wave, known as the backscattering modulation mode.

Figure 3.4. Principle of backscattering: return link
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Let us now examine the details of the phenomena produced by the tag in the return link,
during the return wave modulation phase, for example the transmission of a logical “0” from
the tag, starting from the optimal matching conditions mentioned above. Let us see what
happens when we change the load impedance to values outside the optimal matching conditions
mentioned above.

As indicated previously, the deliberate modulation of the load impedance Z; leads to an

impedance mismatch between the source and the charge, on one hand, and the presence of a
wave reradiation phenomenon, on the other hand. Therefore, we can examine this problem of
impedance modification in terms of a “distributed constant line” and quantify this mismatch by
using the reflection factor to calculate it.

3.2. The merit factor of a tag, Ace g or
ARCS

As shown above, in RFID applications, which operate on the backscattering principle and
which are therefore based on the principle of modulating the wave reradiated by the tag, the
effective RCS of the tag o, ; varies when the impedance of the tag antenna is deliberately

modified by changing the value of its resistive and/or capacitive part.



3.2.1. Definition of the variation of the radar cross
section, oe s or ARCS

The resulting variation of g, . or RCS leads to the appearance of a new parameter, called A ge

s or ARCS = ce s modulated — oe s unmodulated due to the modulation of the antenna
impedance, which represents the difference between the two corresponding “unmodulated” and
“modulated” values of o, ..

Ag, ; or ARCS = g, ; moguiated — T s unmodulated
NOTES.—

1) In the technical literature, Ao,
factor” of an RFID tag.

2) Theoretically, the merit factor Ao, ¢ should be defined not as a scalar magnitude but as a

s or ARCS is also called the “merit figure” or “merit

vector value (i.e. complex variable) and therefore it includes amplitude and direction (or
modulus and phase), allowing for all the complex impedances involved.

This is because, depending on the different modulation states (particularly in the case of
BPSK or QPSK), the values of the reradiated scattered power in watts may be equal while the
phases of the scattered waves are different, and the difference of the scalar quantities Ag, |

between two states of modulation may be zero. To avoid this, the demodulator in the receiving
part of the base station must allow for this possibility and must therefore be capable of
demodulating either the amplitude or the phase of the received signal equally well.

Let us now take an overview of its variations as a function of the different parameters.

3.2.2. Estimation of Ao 5 as a function of AT

In an RFID application, we do not know in advance what the initial “unmodulated” position of
the tag corresponds to in physical terms (is it matched, nearly matched or completely

unmatched?), or what the corresponding value of I'1 = I' ., modulaieq Will De. To make matters

clear, the “unmodulated” physical state depends on the principles adopted for the design of the
application. For example, the system designer may decide that the tag should be of the battery
assisted type (having an incorporated battery, but still of the passive communication type return
link) because the application requires operation at very long range, in which case the tag
antenna does not necessarily have to be matched in advance in the “unmodulated” position to
recover the maximum energy, since a battery is provided in the tag.

By contrast with many currently available books on this subject, I will cover every possible
kind of application by stating, without any prior assumptions, that

r=r 4 (initial value in the unmodulated position)

I'y = I odulateq (the value when the load impedance is switched, i.e. in the modulated

nonmodulate

position)



Al = ]-_2 o rl = rmndulated e runn maodulated
Using the general equation, we can write:

— Oy ¢ = Og g structural T T s antenna mode — 11Xed part + Variable part (positive or negative) as a
function of the load R,
_ 2
- Ge s Ge s structural + [{(1 -T ) - 1}0e S structural]
_ 2
_Oe S _(1 -T ) Ge s structural

o
variable part, the difference between the “modulated” and “unmodulated” states is simply the
algebraic difference between the two values of the variable part of the equation o

namely Ge s antenna mode mod and Ge s antenna mode non mod (Fl Ure 3-5)-

ﬂgﬁ T ﬂR{E Of Tht‘: Tﬂ.g = Oa s antenna mode med — e 5 antenna mode non mod

Now let us calculate the corresponding values of g, (; and o

Because the structure of the equation o, , = o has a fixed part and a

+
e s structural e s antenna mode

e s antenna mode?

We obtain;

e s2:
— in the “unmodulated” phase: 0, .; = 0 ¢ syructural ¥ LL(L = T'1 )% = 130 ¢ coucturalls
— in the modulated phase: 0, s, = 0 < sructural 7 ([(1 = T2 )% = 1100 ¢ structural

After reduction, the merit factor becomes:

—AG, =0, — 0o gp;
—Ac, =Al'[-2+([',+T')]o

Finally, by replacing I', in this equation by its value (AT" + I';), we obtain:
AG, ;= AT [AT" + 2(T'y — D)]Ge s structural

e s structural

2.2
L

G i >
AC,; = AL [AT +2(T"; — 1)] T“” =f(Al.T,) inm"
T

Figure 3.5. Calculation and variations of Ao, ; = ARCS
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It is very important to note that the function Ao, ; = ARCS is simultaneously dependent on
two elements: the variable AI' and a parameter representing the initial value of I';.

3.2.3. The variation Ao ¢ = f(AI,I'1)

Let us return to the general equation for Ao, ; found above:

&ges =18 [ﬁ]-_ + 2(1—1 gt ]-J]Jes structural

First, we should note that the value of Ao,  is a function of two intercorrelated variables,
and for simplicity we will examine the case where Ao, = f(Al') with I'; = constant.

Let us start with an observation. Theoretically, the maximum variation of AT is limited to the
range of 0-2 inclusive, because the value of I' can vary from —1 to +1. In practice, in the case
of numerous RFID applications of the remotely powered type, this range of variation will be

smaller (from 0 to — 1) because of the need to recover some of the incident energy to supply the
remotely powered tags (see the list in Table 3.1).

Table 3.1.



I I AY =I3-I} AG, ;= AT" [AT" + 2(T"1 — 1)]0. stractural
+1 0 -1 ==1[-1+2 x (1 - 1)] =-1 X Gy wructural
1 = = ==2[-2+2 % (1= D] = +4 X ¢ spucram
0 -1 -1 ==1[-1+2 % (0-1)] =+3 X O, sorucrural
0 -1 +1 =+1[1+2 % (0-1)] =-1 * G, ypyepura; (25
expected)

i 0 +1 =+1[+1 +2 % (-1 = 1)] = -3 * G, sructural
< +1 +2 =2[2+2x(-1-1)]=-4 % G aructueal

Now let us take a closer look at the two very common cases shown in the first two columns
in Table 3.1, which represent the great majority of conventional RFID applications.

— The usual case of “remotely powered” applications, I'; = 0 and I'y = x

Large number of RFID applications operate in “remotely powered” mode and therefore start
from the initial unmodulated position with conjugate matching, i.e. R, = R, ; and a = 1, in
other words, I'; = 0, and then switches to a value of R, different from that of R, , giving rise
to a new value, I',. In this case alone, AI' = I',, and the above equation is simplified and

reduced to the form:
&Ge 5 = ]-_2 [_2 + ]-_2]59 uruu:nu'al:

&Ug 5 ]-_2 (]-_2 + z]ﬂ'—e structural-

&ges T [rimd - :rimd] Oe structural-
Table 3.2 shows examples of values of Ao, ..

Table 3.2.
R; a I, I ([Hh-2) Ag, ;
0 0 -1 -3 3 % O s structural
Rant 1 -] -0 0
0 o0 +1 —1 —1 X G 5 structural

Let us look at two subcases that frequently arise when I'; = 0.

— Subcase 1

R, is often switched all the way from the conjugate matching condition, R; =R, a =1, to R,
= 0 (load short-circuited) in UHF RFID, in order to maximize the variation of the value of Aag,
s~ This simultaneously gives rise to two conditions, a = 0 and I' = -1, and therefore:

&Ge 5= OU¢s — Og structural — (4 A ]-] Oe structural — 30_& structural



— Subcase 2

In RFID, it is sometimes desirable to reach a compromise between the variation of the RCS
and the power consumption of the tag in order to optimize the operating range of the system,
and therefore R; is made to change only very slightly about the matching value R In this

i.e. close to or substantially equal to 1, and that I', is (very) close to 0

ant t-

case only, a = R/R

ant

(matching). In this case, I',? will be small with respect to —2T",. Consequently, in this particular
case only,

-'ﬁge s — Oe s antenna mode — _EFEJE stroctural
which fits very well on the curve (the slope of the curve where a = 1, i.e. I' = 0).
— The normal case of “battery assisted” applications, I'; = +1 and I', = -1

If there is no need to provide a remote power supply to the tag, because the applications
concerned use battery-assisted tags, then our aim will clearly be to benefit from the wider
variation of Ag, . by switching the load condition from “fully open” to completely “short-

circuited”. If the initial value of I' in the unmodulated condition, I';, is equal to 1 (i.e. there is
an open load) — and only in this case — the above equation becomes:
/]'.2

4r
and clearly we can write
2

ARCS = 26
4

tag

ARCS =

G;g AT?

([>T

an equation which appears in many books and documents in this field ... but unfortunately with
no indication of the limits of its validity (battery-assisted tags only). So we should be careful
with unforeseen results. Table 3.3 shows the values for I'; = 1.

Table 3.3.
¥ T, AT AG, = AL AT + 2T = V0. deciani
+1 -0 ~1 =11 +2x{1 - 1)]=+1 %X 0, sructmal
o | -1 -2 =-2[-2+2x%x(1—-1)]="+4 X O¢ s structural

An example in RFID (remotely powered tag)

In general and specific terms, in order to modulate the area Ao, , of the tag, the value of R; is

reduced by what is known as “load modulation”, or else we modify the value of the tuning
capacitance upward or downward, using a variable capacitance diode; very often, it is not
possible to modify both of these simultaneously, as the resistive part of the load R, = R

ant t

takes a value of (R, — dR) and its reactive part X; = —X_  takes a value of (—X,; + dX). Let

ant t



us return to the original general equation for the current I flowing through the equivalent
circuit:
= ] - - Vequi
(Ramr +‘Rf)+.](‘1mltt +‘J£i)
and multiply the numerator and denominator by the conjugated quantity of the denominator:
I= (Ramr +}{f)_j(};autt +*YI) o
{Rﬂmt—i_RfJE—i_(‘Xrautt—i_‘l'f)_ o
Then it becomes:
o R R

ant t

i (R:mrt + (Rmrt _dR)Jl +(‘Ymrt ak (_J{mrt +f?r};))l o

—dR))- (X, +(—X_,, +dX)) V

ant t

e 2‘Ramr _d‘R)_-jd/Y T
(4R%,, +(dR)> —(4R_, dR)) + (dX)*

Hypothetical cases of tag operation

Let us assume that the total load impedance is only slightly different from that of the matching

condition, in other words, dR is small with respect to R, and/or dX is small with respect to

X, » and therefore the terms (dR)?, (dX)? and (4R, , dR) of the equation above are negligible
with respect to the others.
Thus, we obtain:

- -
77 (2R, —dR)—jdX 7

4Ral;1tr s
and therefore, finally:
Ty ; .
pre Lo |5 R ‘—jdi}
4R:er \ Ral\tl‘ ! Ral\tl‘

Now let us calculate the new effective RCS 0", . during this phase of impedance modulation.
We can do this by using the same type of calculation as before.

We know that, by definition, the new power reradiated by the tag P" is equal to:

P'; = Roatt ') Goats

Since we know the new complex value of I":
(2R_.. —dR)—jdX v

4Ral;1tr .
we can calculate its effective value (in other words, the value of its modulus):
J @R —dR)? +(dX)’ 3
4}%;_; ; equi eff

=

[7=



and then square it:
» (2R, —dR)* +(dx)’ .
- 4 i eff
16R =
In this case (transponder impedance modulation), the reradiated power P", will, therefore,
be:

jr.'!’

(2R_,, —dR)* +(dX)’

Ll - S ¢
5 : equi eff " ant t
16R_,,
We also know that the total structural power P, received by the tag from the base station is:
¥ .
B =—0G_, s 1nwatts
4r
and therefore
BxXaAw .
gt in Wm™

., ]

ant t
and the reradiated power P" will now be:

r —

r
5 o es \)
and therefore:

s
” 5
=

s
Now we can transfer the value of s into the equation for o, , then replace P"_ with its value,

which gives us:
(2R —dR) +(dX)’ Viguiesr
4T x16R: . P
We have seen that, when the impedances of the tag antenna and the load are matched, the
power P, is equal to the power dissipated in the load, i.e.:

4

»”» 2 2
G'e.s :/{‘ Gﬂntt

rd
equi eff
AR 4

If we include this value into the preceding equation, we obtain:
(2R .. —dR)* +(dX)?

ant t
; 47 X 4R,

If we expand the numerator, provided that dR is assumed to be small, in other words that dR?
and dX? are negligible because they are of the second order with respect to the other terms of

the equation, we find:

P=

" 2 ~2



R . -R_ dR

a7 3
(}- = Ga_.un
-Urx—lRm”
/;"' amt : 2
g, = ‘ 1- ‘ in m", tag not matched
\ antt ./
O, = cressmm‘ I—R— ‘ in m’, tag impedance not matched and not tuned.

amtt ./

In conclusion, given the structure of the resulting equation, we can identify (1 — dR /R, ()
with (1 -T)?=(1-2I" +T?) ~ (1 - 2I") because dR << R
much smaller than that of I, and so:

_ dR
2"[I'l-:ﬂ.utt

We could have expected this because

a—1
['=—— where a=
a+l i

and if R, is close to R, (and therefore dR is small), a is close to 1:
antt = AR
+dR) + R

.t » and therefore the value of I'? is

R

— since a is close to 1, the numerator is (R, + dR) — R

— since a is close to 1, the denominator is (R = 2R, ; because dR is

ant t ant t

small, and therefore

_ dR
2Rt

A few notes

I may have spent a long time in setting out and presenting all the foregoing equations, only
achieving useful approximations at the end of a series of proofs, but this has not been done in a
spirit of excessive masochism. I have acted in this way purely because I wanted to allow
readers and users to provide their own simplifications in the course of their calculations, in
line with the specific circumstances of their RFID applications.

I should also point out that this equation does not depend on dX, and therefore, in this case,
the variation of the RCS is essentially due to the load variation dR, and the phase does not
change to any great extent.

Another note

I could have followed a direct argument based on ..



r s Zf _Za.utt
ZI +Za.utt

" {RI +j4XI)_(R:mtr _.jj:mrt)
(R{ +jjf{)+(anr +j‘/Ya.utt)

£ - Ri— Ry )+, + X))
(B + Ry )+ )X + Xy
If we now multiply the numerator and denominator of this expression by the conjugate of the

denominator, we obtain:
- [(R) — R ) + (X + X )] [(R + R ) + 3, + X )]
(R{ +Rm”]2 ;i x j(‘XI * ‘Jf:mtrjJE
If there is optimal matching, (the output impedance of the antenna and the input impedance of
the integrated circuit are conjugate, i.e. R, = R, and X;, = =X, ), then I' = 0 and the

ant t

maximum available power will be transferred to the load. Before going more deeply into the
theory, let us return to the specifics of UHF and SHF RFID applications. The tag impedance
will be matched and then slightly mismatched; in other words, the resistive part of the load R;,

= R, Will take the value of (R
of (_Xantt + dX)
By replacing R; and X; with their new values in the equation for I', with no simplification, we

ant ¢ — AR) and its reactive part X; = -X_ ., will move to a value

obtain:
[ 2R AR +dR? +dX” [+ j[(2R,,
4R2 —4R_ dR+dR* +dX*

ant t ant t
Assuming that the variations of resistance dR and reactance dX are small (a small detuning of
the tag), in a first approximation we can disregard the terms dR?, dX? and the product (dRdX),

which are all of the second order. After simplification, we have:

dx]

re —dR +3dX
2(R_,,-dR)
and since dR << R, ¢:
—dR +idX
- “dR+3dY
2R:mtt

Given that, when the tag is only very slightly mismatched,
&Ue 5 (_2]-_ Jgesstmu:mral

dR — jdx
R

A O¢ ;s = Og s structural



The value in brackets is the tag modulation merit factor and shows the real and imaginary
parts that may be included in the value of Ag, ..

Important note about UHF RFID systems using backscattering

phase modulation

It should be noted that, based on the assumptions stated at the start of these explanations, if the
value of dR is very small or even zero, and if only the value of dX is significantly modified
(for example by modifying or modulating only the internal capacitance of the integrated circuit
of the tag, or, in other words, by keeping Z_ . equal to Z; in the forward link from the base

ant

station to the tag), the value of Ag, . is a purely imaginary quantity. Essentially, this means that

there is no change in the reradiated power in watts (backscattering) between the forward and
return link phases of communication, and that only the phase of the signal reradiated by the tag
is modified by the (reactive) impedance modulation of the integrated circuit. In this case, the
base station receiver has to carry out a phase demodulation of the backscattering signal,
instead of performing amplitude variation demodulation of the ASK type on the received
power as before. By way of information, 99% of commercially available base stations, which
for many other reasons have I, Q demodulators, always carry out simultaneous amplitude and
phase modulation.

Matching factor

To conclude this example, let us now calculate the value of the matching factor (actually the
mismatching factor) of the tag:

ematchiug: | F —q

To do this, we start by calculating the modulus of this expression:

J(@R)? +(dX)?

=
2(R:mrt _dR]
and then square it:
rp= (R +(dXy
4(R:mtt - {LR)]
AR, —dR)
NOTE.—

Theoretically, the input impedance R; of the integrated circuit is not equal to 73 Q.

Consequently, there is always an impedance matching circuit (a transformer or an LC circuit)
which adjusts the impedance represented by the integrated circuit (about 35 pyW at 2 V with P



=U%R, - R;;. =80 kQ) to 73 Q.

3.3. Variations of Ag, ¢ = f(a)

For reasons of simplicity, we often prefer to consider the variations of Ag, ¢ not as a function
of I, but as a function of a = R/R,,,. We can do this by returning to the previous general
equation, Aag, ¢ = f(I') and replacing I' with its value as a function of a. Given that:

e
Ogs — 7 Ue s structural
(a+1)
we can now calculate Ag, ( = (A0, ¢ — O, ¢ sructural), 10T the case of optimal matching:
- - R ¥
-"ﬁga s — Ogs — Oesstructural — ‘ T 1 Ue s structural
\(a+1)y

Now we are “theoretically” ready to apply the backscattering principle to RFID technology
but first of all we had better confront the cold hard facts, if only for a few moments.

3.4. After the theory, RFID at UHF and
SHF realities

We have now concluded our study of the theory of o, /RCS and other forms of Ao, . and

ARCS, which is absolutely necessary, but not sufficient. Everything we have said about the
variations of 0,/RCS relates to the best possible world, in which the tag can effortlessly

handle very small fields E and H (when the tag is at a long distance from the base station) and
very large fields E and H (when the tag is located very near the base station).

In fact, if the tag is going to be able to operate correctly at both long and short distances, we
must include a new element in the integrated circuit, namely a “shunt regulator”, to ensure that
excessive voltages do not appear across its terminals in the presence of strong fields.

Everything discussed so far relates to the phase of operation when this regulator is inactive,
which is important, since it defines the maximum operating distance of the system. As the tag
approaches the base station, the shunt regulator increasingly comes into action in parallel at the
input of the integrated circuit, thus mismatching the load from the radiation resistance of the
antenna R, ., causing a displacement of the reference point (where there is no modulation)

which, therefore, approaches the vertical axis of the curve, making the value of ARCS smaller
than before. This makes it harder to guarantee the variation ARCS for operation in proximity.

Figure 3.6. UHF tag: block diagram (whole circuit)
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It is worth examining these matters in detail for remotely powered tags (used in most
applications, therefore mainly with I'; = 0), as this will help us understand the phenomena

occurring in RFID at UHF and SHF. In order to do this, we need to examine the true equivalent
electrical circuit of the tag, while also considering the effects of its distance from the base
station.

Tag located very far from the base station

In this case, the tag does not receive (does not capture) enough energy to be remotely powered,
so nothing happens, and the problem is solved.

Tag exactly on its operating threshold (maximum distance)
The tag begins to receive the exactly correct minimum amount (threshold) of power. The shunt
regulator does not come into action (R, s infinite), meaning that the tag benefits from all the

possible incident energy supplied by the wave from the base station (Figure 3.7)

The “load modulation transistor” comes into action as required when data need to be sent
from the tag to the base station, and switches the load impedance of the tag antenna and moves,
in the case of a remotely powered tag, from the “matched” value (a,,; mod = Rf/Rani ¢ = 1) (in

order to obtain the maximum power) to the value a4 = (Rpatcn, I parallel with R ,,q)/Rane o)
enabling the initial backscattering area o cqq 10 be modified to a higher value (o, /RCS) in

order to reradiate more of the incident wave. The graphs in Figure 3.8 summarize the variation
of ARCS in the case of very weak fields.

Figure 3.7. Tag in the thresholdfield
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The resistance R4 must be chosen in such a way that it allows the base station to

understand and interpret the data (in the form of power variations) transmitted by the tag, and
therefore the value of ARCS shown in the diagram must be above a minimum level.



Consequently, there is a maximum ohmic value of R, 4 nax and therefore of a4 and I' 4. An
example of a calculation is given below for UHF applications according to ISO 18000-6
(UHF) and 18000-4 (2.45GHz), in other words with ARCS_,, of 50 cm? (see the example
below).

Of course, we could consider making life simpler by having R4 equal to 0 Q, thus

immediately providing (see Figure 3.9) the greatest possible variation of the area ARCS,
provided that this has no effect on the energy consumed by the tag — but that is another story.

Figure 3.9. Optimizing the variation of the load resistance for the highest value of ARCS

ISO18000-6
min 50 ecm?® 77

L, inweak field (d,.,, )

as in the previous theory!

a-1
a+1

.1r. (a+1)

Example: Ag, ; and conformity with ISO 18000-6 in the

threshold field

To ensure high compatibility of tags and base stations, the “Tag Parameter: 7d” of ISO 18000-
6 states that “the tag ARCS (Varying Radar Cross Sectional area) affects system performance.
A typical value is greater than 0.005 m’ = 50 cm?.” This means that, regardless of the
frequency within the 860-960 MHz band (the mandatory range for conformity with ISO 18000-
6), the minimum typical value of Ag, , is 50 cn?’. Additionally, given that the value of g,



structural 1S 0-214 A% for a A/2 dipole tag antenna with a gain of 1.64, and that

' 4

lrﬂlcjE" 3 = l )
(a+1)

we can estimate the minimum value of a = R/R,,, , to satisfy the equation Aa, ; =50 cm?’.

a) If the frequency = 960 MHz, A = 0.3125 mand 0, g ycrura; = 209 Cm:

4

(a+1)
and therefore a = 0.797,;
b) If the frequency = 860 MHz, A = 349 m and 0, 4 g ycrural = 260 CIP:

4

-1

Ok s structural

50—

—1‘ 209

M=

4 ‘ 260
(a+1)
and therefore a = 0. 83
where R, = 73.128 Q and R, = with these conditions we can find the maximum value

antt ant L4

of the minimum value of R,.
In case (a): Ry, = 58.28 Q and therefore I' ;, = —0.113.
In case (b): Ry, = 60.7 L and therefore I' ;, = —0.093.

NOTE.—

With these very low values of I' ;, (about —0.1), we are in the area where I' can be expected to

approach zero; thus:
&Ge 5 = _2]-_("'_& 5 structural
and therefore

Ag, = (=2) * (=0.1) x 250 = +50 cm® Q.E.D.

Tag entering its normal operating range

The tag is now correctly supplied with power, even above its strict minimum level. The shunt
regulator comes into action (or comes back into action) to limit the voltage at the input of the

integrated circuit (Figure 3.10).
Figure 3.10. Tag in the medium field — the shunt regulator starts to conduct normally
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For this purpose, the value of R decreases (by a few kilo-ohms) and is connected

shunt
directly in parallel with the load resistance of the antenna, thus causing a structural mismatch
of the antenna, even if there is no modulation by the modulation transistor, and a decrease of
the nominal value (without modulation) of a which thus becomes a' = (R, in parallel with

Rpunt)/Rant ++ This is equivalent the displacement of the initial operating point of a =1, I'; = 0
(the point corresponding to the operating threshold) toward a' < 1 and I'; other than zero and
with a slightly negative value (Figure 3.11).

According to the data to be transmitted to the base station, the modulation transistor of the tag
comes into operation and switches the above value (a") (which is no longer the matched value,

so the maximum power is no longer received, although this does not upset the tag because it is
closer to the base station) to the value R thus modifying the backscattering area (RCS) in

mod>
order to reradiate more of the incident wave.

Figure 3.11. Variations of the position of I'; as a function of the field strength
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As shown in the diagram, this modulation changes the value of a, but also causes a further
variation of ARCS, which is smaller than the previous variation. Furthermore, the value of
ARCS decreases as the tag approaches the base station. The question which then arises is: will
we fall below the minimum ARCS required by the standard? To answer this question, we must
consider the most unfavorable limiting case, which is present when...

The tag is located extremely close to the base station

The tag is correctly powered, even well above its absolute minimum level (Figure 3.12).

Figure 3.12. Tag in a strong field — the shunt regulator is fully conducting
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The shunt regulator is in full operation, thus limiting the voltage at the input of the integrated
circuit. For this purpose, the value of R, becomes very low (at a few ohms to a few tens of

ohms) and is connected directly in parallel with the load resistance of the antenna, thus causing
a very large structural mismatch of the antenna, even if there is no modulation by the
modulation transistor, and therefore a very large decrease of the nominal value (without

modulation) of a which thus becomes a” = (R, in parallel with R, ,)/Ryn ¢ This is equivalent

to shifting the initial operating point (at the operating threshold) of a = 1 toward a"” which is
located very close to the vertical axis in Figure 3.13, and bringing I'; close to the value of —1.

According to the data to be transmitted to the base station, the modulation transistor
continues to attempt to operate, switching the value a” to the value (R,q,,//R /IR

adap mod ~
Rt //Ripog) to modify the backscattering area (RCS) as much as possible in order to

shunt
reradiate some of the incident waves.

As shown in the diagram, this modulation not only changes the overall value of a and T, but
also causes a further variation of ARCS, which is even smaller than the previous variation.
Being very close to the vertical axis, the value of ARCS is even smaller, but must be greater

than the minimum value of ARCS required by the standard. This limits both the minimum range
and the value of Ry, and therefore the maximum strength of the field E that the tag can

accept. Also, for simple reasons of power dissipation, chip manufacturers specify a maximum
input current for their integrated circuits, for example 10 or 30 mA eff (refer to the first two
chapters of this book, if necessary, for more information).

Figure 3.13. The limiting case of the position of I'; in a strong field
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Example of a real case and conformity with ISO 18000-6 in

strong fields

As we have just seen, as the tag approaches the base station the shunt regulator comes
increasingly into operation, and the value of I'; (in the phase without modulation of the antenna

load) tends toward —1.

If we wish to comply with ISO 18000-6, even in strong fields, the value of Adj g ypjca) MuSt
be equal to 50 cn. Using a A/2 dipole in which the value of 0, ¢ cqya IS @pproximately 200

cm?’ at 900 MHz, and short-circuiting the antenna entirely in the modulation phase, our aim is to
obtainI', = —1 during the modulation. We can use the equations shown above to determine the
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Transferring the values:
50=[2(-1-T,) +(-1-T)(-1+Ty)] =200
we obtain a second degree equation in I'y, [-I'?; + 2I"; + 2.75], whose roots are

243873
I = +—:’ - _0.89

—-2—-3.873 . . ;
b= . —2.93. a physically impossible value

thatis I'y = —O-.89 (tag unmodulated, in a strong field, with shunt fully operational).

We can now determine the value of a as follows:
1+T

a=
1-T°

1-0.89
1+0.89

i1

.= D.058 = R:"IIIRautt
which shows that, in order not to exceed the minimum value required by ISO 180006, the
minimum value of the shunt resistance must not fall below RSy miy = 0.058 % 73 = 4.24 Q

(with R, ; of 73 Q on matching). The position of this point is shown in Figure 3.13 above.

By way of conclusion
As shown above, the value of Ao, ; decreases as we approach the base station. Precise

measurements show that the measured variation of Ao,  is substantially proportional to r?.
Additionally, the variation of the power reradiated by the tag, AP, is equal to sAg, . Now, the

incident power flux density s is equal to P , indicating that the AP reradiated by the tag is

anr’
substantially constant regardless of the distance at which it operates; this property being mainly
due to the presence and operation of the shunt regulator.
This concludes the major theoretical part of this section of the chapter which is primarily
concerned with reflection, absorption and the backscattering transmission principles and their

effects. Unfortunately, as you will certainly have realized, the concepts of RCS and Ag, , (or

ARCS) are rather difficult to grasp, and the values involved are not very easy to measure.



3.5. Measuring ARCS

As I have shown above, when the tag circuit modulates the value of RCS, this is done by using
a transistor operating in switch mode, in other words on an “on/off” basis, and therefore using
square wave signals (with or without subcarriers) which, when antenna mismatching takes
place, produce a frequency spectrum including sidebands that are located on either side of the
carrier frequency and that thus represent the modulating signal.

Most of the energy of the signal reradiated by the tag and representing the transmitted data is
therefore in these sidebands, and this is also the location of the power present in the return
signal, since, if we keep strictly to the conceptual aspect of the RCS (measurement of the return
power contained in the incident carrier only) we may find it very difficult to recover the signal.
Also, we can use return modulation of the Manchester subcarrier coding (SCM) or BPSK type,
as for RFID operating at 13.56 MHz (ISO 14443 and 15693), in an attempt to escape from the
use of the unwieldy carrier signal for the amplification and demodulation of the very weak
return signal.

3.5.1. Example of a method for measuring ARCS

Returning to our topic, we can obtain the value of Ag, ( (often called ARCS) by using the
measurement setup shown in Figure 3.14, in which a base station supplies/transmits a constant
isotropic power Pipirp = PeondGant bs- 1he power flux density radiated by the base station and
present at the tag, at a distance r; from the base station, is, as expected,

2

eirp
475

(1=

Figure 3.14. Method of measuring ARCS
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Let Pg 55 prrp denote the (difference in) global power EIRP reradiated by the tag when the

return wave is modulated by modulation of the tag impedance using a square wave signal with
a peak amplitude h. This is analyzed in a conventional way into the Fourier series:

F= 4h ( cos 1208 5 L cos 5x

T\ 3 5 )

indicating that the amplitude of the first harmonic (the fundamental frequency) of the function
that produces it is greater than 4/t (=1.27) at the initial value h of the square wave signal.
Also, assuming that this square wave signal creates an amplitude modulation (AM) of the
incident UHF/SHF carrier, the two reradiated sidebands created by this modulation support the
signal.

Given that:

— U,y 1S the maximum amplitude in the phase of dynamic modulation of the tag;

max

— Uy, is the minimum amplitude in the phase of dynamic modulation of the tag;

— Uy, is the amplitude of the carrier present when there is no dynamic modulation of the tag;
— U, is the sum of all the amplitudes of the signals making up the square wave;

we can write:
a) Urnax - Uc +2 Uh



b) Uy, =U. -2 Uy,
and U, = 0, when we perform 100% AM (ASK).

If we now simplify matters by identifying the real square wave signal U, with its first
harmonic and call the amplitude of its first harmonic (fundamental) Uj ;, Fourier analysis gives
us:

Uh=U,, x Z

4
and if we transfer this value into the above equations, we obtain:

T T T }T
'["'ma:-: e E"f— EE"_'.'.1 x _

T

Upin = U= 2U;y * —

Since U, is equal to 0 in AM of the 100% ASK type, we can combine the last two
equations to give:

'["':113:-: = E’T:.l)'q-[

This voltage-based description can be rephrased in terms of power (proportionally to the

square of the voltage). This entails a relationship such that the power reradiated by the tag (and
therefore received by any receiver) P_,,, corresponding to U_,,, is equal to:

Pmax:Ps.l . EE
where P, is the power contained in the first sideband reradiated by the tag, which is about 10
times greater than that expected from a purely static (or slow) modulation of the tag impedance,
provided that the return signal is only read by a detector whose analysis aperture has a narrow
bandwidth (a few kHz) to ensure that only the sideband(s) due to the modulation signal are
observed. Figure 3.15 provides an idea of the spectrum reradiated by the tag as a result of
modulation by a conventional square wave signal.

Figure 3.15. Example of a spectrum of the reradiated power
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If we only consider the reradiated power P ; contained in the first harmonic of the spectrum,
this will act as an equivalent isotropic transmission source for the backscattering signal, P ; 5o

errps part of which, P is recovered (in the first harmonic of the spectrum) at the receiver

recept
with a gain of G, recep 10cated at a distance r,, according to the Friis equation:
P
E’ecept = j:;l tag eirp [ AT amt recept
Bl
and therefore:
\2
47y, 1
Psl tageip "F:'ecept 4 G
\ s ant recept

By definition, the variation of the RCS of the tag, ARCS, representing the ratio between
retransmitted power and the incident power flux density will be:

.
£ Ps non modul Pmm '&1 tag eirp T

ARCS = smodul — el
5 § s
Combining the last of the above equations, we finally obtain:

= 2 (A7) rr? 1
AC, =ARCS=P, X7’ 21
A B

5 elrp - ant recept

P onq 1s the conducted power of the base station and G is the gain of the base station

ant bs
transmitting antenna:



iy g N
where ry is the distance between the tag and the transmitting antenna of the base station, r, is
the distance between the tag and the antenna of the measuring receiver, Gy recep 1S the gain of
the receiving antenna of the measuring receiver, Py.q is the power received and measured in
the first sideband of the spectrum and A is the wavelength of the carrier wave.

By applying this last formula to the measured value Py, we can find the value of Adg, ¢
which can be used in practice.

Note that all of these proposed measurement methods have been accepted as the basis for the
measurement of ARCS in ISO 18047-6 entitled “Conformance Tests” for RFID at UHF.

By way of information, an example of values of Ag,  (measured and then calculated) as a

function of the power contained in the first harmonic of the switched signal is shown in Figure
3.16.

As shown above, the value of Ao, ; becomes increasingly difficult to determine as we

approach the base station. “Up to what point?” the reader may well ask. Figure 3.17 shows a
few “bad examples”.

Note that there are two remarkable facts about this diagram:

— The horizontal axis is graduated according to the maximum distance for operation
(100%) of the tag.

— The diagram shows the value of Agd, ¢ ,;; which must be conformed with, according to
ISO 18000-6.

Figure 3.16. Example of measured and calculated values of Ao, .
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ARCS =
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(dBm) (dBm) (%) (em?)
-4138 18 100 101
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-403 ; 33 18 5
-405 / 34 16 3

To finish with this subject, one should always remember that, as mentioned above, because
of the necessary presence of a regulator in the tag to enable it to operate correctly in weak (far)
fields and strong (very near) fields, the return modulation index will also depend on the
distance, and therefore it is not as simple as it may appear to ensure a minimum value of

ARCS.

Developers of UHF and SHF base stations have therefore familiarized themselves with all
the methods of signal amplification, selection and processing, and, if this is not your main area
of expertise, I suggest that you consult the many specialist books about HF signals — or, if all
else fails, contact the authors.

/

P, power 33dBm=2W
G, antenna gain = 1.64
P+ Gy =3.28Wpip=2Werp

Figure 3.17. Examples of measured values of Ao, ( in commercial tags
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3.6. The “Radar” equation

Finally, let us now consider the radar equation.

Power reradiated by the tag and power received by the base

station
Remember that, as a general rule,
Adg . = AT [AT + 2(Ty— 1}]0 o5 stiucturar— AT and Ty)
whose value depends on both the variation of AI' and the initial point of this variation I'y;

therefore, when the load impedance of the tag antenna circuit is modulated, the difference in
power reradiated by the tag, APy,., between the “non-modulation” and “modulation” phases

will be:
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and the difference in power recelved at the base station (allowing for the gain of its antenna)
will be:
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ant t

[x = \ AT [AT + 2 (T; - D]]

This general equation enables us to design the receiving stages of the base station to make
them capable of receiving and detecting the small fraction of power APy, which is reradiated

by the tag via the variation of the area ARCS (see the example in the preceding chapter).

3.7. Appendix: summary of the principal
formulas

Antenna gain

For an isotropic dipole: gain = 1.5 or indB = 10 log(1.5) = 1.76 dB.
For an isotropic A/2 dipole: gain = 1.64 or in dB = 10 log(1.64) = 2.14 dB.
Power
PERP bs = Peond bsGant bs

PEIR_P =1.64 PERP
Power flux density produced by the base station

W o dP . 5
s=|§| = 2 ais _ in Wm™
4rre do
e B , )
g= 2w - _E in Wm

4rr- A4y
Effective area of the tag
/]'. 2

- . 7
Og;— — Gy 1IN
Ar

Power received by the tag
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RFID Markets

Which business problems can RFID technology resolve? This is this key question that this
chapter will try to answer

4.1. Introduction

The Internet of things (IoT) is emerging, and it will create a smarter world with objects
connected to their environments and also to all of us.

There will come a day when a massive network of small intelligent devices will be aware of
our needs and work for our actual benefit.

A number of technologies will enable IoT to be deployed widely, and the item-level RFID is
a key technology that has already conquered a few applications.

To date, RFID has been used mainly for business-to-business (B2B) applications, but
business-to-consumer (B2C) applications have started emerging with near-field
communicating (NFC) already turning hundreds of millions of mobile phones into RFID
readers.

The tipping point for RFID wide deployment is that consumers are using the technology for
their own benefits.

4.2. Market inflection point: users

Although history never repeats itself the same way, it is possible to highlight some analogies
between mobile phone, Internet and RFID.
In the early 1970s, the first e-mail was sent and the first handheld mobile phones appeared.

From there, it took 25 years to build a reliable infrastructure and another 5 years to build
user-friendly tools. Also, when users start experiencing the importance of the technology to
make their life simpler, this is the inflection point for fast technology deployment.

Figure 4.1.



RFID is not yet widely used, but it is heading toward this ultimate point.

4.3. RFID: what for?

An RFID user can enjoy the benefit of driving without stopping at the RFID toll collection and
paying “on the fly” with RF when very long queues line up at the toll collection booths with
cards and cash (see Figures 4.2 and 4.3).

RFID enables instantaneous and automatic transactions at a distance.

Figure 4.2. Jammed toll collection

Figure 4.3. Fluid RFID driveway



RFID can have more applications. It can also process multiple items at a time with several
hundred per second, without line of sight (RF goes through many materials), with no battery
and at extremely low cost. All these features enable an item-level RFID (see Figures 4.4 and
4.5).

Figure 4.4. RFID cabin with up to hundreds of tags in a trolley
@ TAGSYS RFIg '
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Figure 4.5. RFID manual reader with up to hundreds of tags in a case



4.4. Open- and closed-loop applications

4.4.1. Closed-loop applications

In the closed-loop applications, the item cycles again and again (see Figure 4.6). Examples of
this application are:

1) books in the library space;

2) garments and linen in the textile rental business;

3) gas cylinders, etc.

A service company buys items and services them. The user utilizes the item, and the owner

buys and services the items when cycling them back (washing textile, filling up gas cylinders,
etc.).

4.4.2. Open-loop applications

In the open-loop applications, the items go in a straight line, as shown in Figure 4.7.

The supply chain is a good example of an open-loop application. It goes from production up
to point of sales with billions of items manufactured mainly in Asia and transported to the
stores all over the world for consumers to buy. RFID is used along the supply chain enabling a



reliable logistics process.

Figure 4.6. Closed-loop application
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Figure 4.7. Open-loop application
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4.5. RFID return on investment

4.5.1. Introduction

Return on investment (ROI) is at the heart of the RFID buying decision process. RFID
technology must generate an ROI to trigger the associated investment.

In general, the RFID ROI is built on the cost reduction and sales increase, both generating a
global ROL



Handling millions of items moving across the world is a difficult exercise, for example, our
personal laundry at home with a few hundreds of items only ... but it is still a headache to pair

socks (see Figure 4.8).
Figure 4.8. L.aundry at home, a headache

Although there are many barcode systems already in place to manage the flow of items, the
gap between “which items are supposed to be there” and “which items are physically there” is
significant.

RFID answers the question “which items are physically there” fully automatically and
instantaneously.

Fully automatically and instantaneously: professionals use RFID to automate production,
distribution center (DC) and stores. Compared to barcodes, it is of course more improved in
speed and accuracy, but it can be more than that: it enables operations that were impossible
before, such as:

1) Control of all individual items inside a case in logistics: with barcode, it is limited to
sampling control.

2) Automatic and real-time store inventory: with barcodes, it is limited to the manual
inventory, very time-consuming and performed only occasionally.

Fully automatically and instantaneously: users can very simply make it intuitive, enabling
self-service kiosks such as:

1) In the library space, users borrow and return books on their own, simply by putting them
on a table antenna and by returning them into a chute.

2) In the laundry space, users collect their clean garments from an automatic dispenser and
return the soil garments into a chute.

3) In the luggage space, travelers drop their luggage on an automatic bag drop and the
luggage automatically checks in.

4.5.2. Cost reduction

There are many sources of cost reduction with RFID:
1) Material cost reduction, for instance:

i) Gas cylinders with the exact amount of gas inside the bottle. To fill the required
quantity of gas sold, we need to know each cylinder’s dead weight. With RFID, each



bottle automatically declares this enabling an accurate filling. Without RFID, individual
dead weights are not taken into account because of the task being too labor intensive
and containing too many human errors, and gas cylinders are overfilled to ensure the
minimum quantity of gas as per normal.

ii) Laundry washing machines operating in pull modes with the upstream information of
the incoming items, generating higher efficiency. For instance, instead of washing a
batch of “blue” items with only 60% of the machine capacity, it is preferable to wait
some limited time if the information “blue items have just arrived” is available.

2) Labor cost reduction with item automatic sorting in production and logistics, for
instance:

i) Garment sorters: garments have to be returned to the associated wearers. It means
that a particular garment needs to be sorted out and shipped out to the right location and
person. Automatic reading of the garment RFID tag enables labor-free, fast and accurate
garment handling and sorting systems.

ii) Book sorters: books are returned in bulk by the users, and the librarians have to
handle, sort and reposition the books on the shelves. Automatic reading of the book
RFID label enables labor-free, fast and accurate book handling and sorting systems.

3) Human error cost elimination in logistics, for instance:

i) In fashion retail, DCs receive items in bulk from the manufacturers and ship the
requested quantities of given items to stores. Automatic reading of the item RFID labels
enables automatic check-in (incoming items from suppliers) and automatic check-out
(outgoing items to the store), eliminating significant human errors.

4) Item loss identification, for instance:

i) In the textile rental industry, losses can be as high as 50% on a yearly basis with no
clear responsibility between the users and the textile rental company. Automatic reading
of the item RFID tags in the laundry enables automatic check-in (incoming items from
users) and automatic check-out (outgoing items to the user), and therefore the
misbalance can be attributed to the user without any doubt.

4.5.3. Sales increase

1) In the closed-loop applications, extra services are proposed to the users, with, for
instance, RFID-based kiosks. It is very easy to use because RFID reads “on its own”,
enabling 24/7 operation and eliminating long queues, consequently saving what we lack
the most in life, i.e. time.

2) In fashion retail open-loop applications, item visibility and accurate store inventory
increase sales mainly by eliminating out-of-stock situations. This starts with the RFID
check-in of incoming goods when cases full of items are delivered to the store. It continues
with the RFID inventory of items on the shelves and automatic overnight reordering of
missing items to be ready to sell the next day. Typically, accurate store visibility generates



proven sales increase between 7 and 12%.

4.6. Many RFID technologies

There are several RFID frequencies:
1) Low frequency (LF): this appeared in the mid-1980s and deployed with animals and car
keys.
2) High frequency (HF): this appeared in the mid-1990s and deployed mainly in the library
space.
3) Ultrahigh frequency (UHF): this appeared in the early 2000s and has been deployed in
the fashion retail space; it is currently the dominant frequency.

On top of the frequency, RFID can be passive, battery-assisted passive (BAP) or active:

1) Passive means no battery at all, and the RFID chip is powered up by the RF coming
from the reader.

2) BAP means a very small battery is required, just to power up the RFID chip (a few
HW), not as for RF transmission (a few mW, 1,000 times more). Whether Passive or BAP,
RFID chips are similar in technology; therefore, both are inexpensive and adequate for
large deployments.
3) Active means a significant battery for RF transmission. It provides, of course, very
large range but the battery limits the scope of applications significantly for item RFID.
RF sensing: RFID can be limited to the transmission of an ID, which is the case for most
applications today. RFID can also measure physical parameters (temperature, pressure, heart
beat, etc); in that case, RFID turns into RF sensing.

4.7. Examples

There are numerous RFID applications.
Let us briefly present the key applications:



RFID CAR KEY

- First major RFID deployment in the early 90s

- High anti-theft feature: the car engine can only ignite if
a successful RFID transaction occurs between the RFID
car key and the RFID reader at neiman level

- It is based on Low Frequency (LF) technology

CATTLE

- Each cattle head must carry a health record
- High food safety with highly secured animal 1D
- It is based on Low Frequency (LF) technology

PET

= Pets must be identified, either tattooing or RFID
- It is based on Low Frequency (LF) technology

LIBRARY

- RFID enables self-service kiosk

- No mare queuing up time for ser

- Maore time for the librarians to advice the wsers
It is based on High Frequency (HF) technology




SELF SERVICE: LIBRARY RETURN CHUTE

- Mo gqueuing up time

SELF SERVICE: LIBRARY BORROWING

- Mo gueuing up time

LIBRARY PEDESTAL

- Antitheft

TEXTILE SERVICE

-RFID enahb glf nd laun

) more queuing up time tor the user

automation

LAUNDRY AUTOMATIC SORTING SYSTEM

- Higher efficiency

= leee laber coct, lace arrare

SELF SERVICE : RETURMN CHUTE

-24/7

= Mo queuing up time

SELF SERVICE ; DISFENSING
247

=Mo queuing up time




CLOOD DAG

- Blood is a sensitive product
RFID enables full traceability and security from the donor through
the production process down to the
It Is based on HIgh Frequency (HF) tech
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ability ane Tty fro the praduction down to patient
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LUGGAGE PERMANENT BAG TAG

- RFID enables self-service kiosks

- No more queuing up time for the traveler
- Less labor for the Airlines

- It is based on Ultra High Frequency (UHF)

SELF SERVICE: LUGGAGE BAG DROP

LUGGAGE PAPER BAG TAG

- RFID enables efficient luggage sorting systems
- It is based on Ultra High Frequency (UHF)
technology




APPARELFASHION

- RFID enables VISIBILITY from manufacturing, through the
distribution center, and to the retail tloor

- It is based on the Ultra-High Frequency (UHF) technology

~110],14

= Manual INventory

™ DISTRIBUTION CENTER

= Check in from manufacturers
= Check aur tn etares

4.8. Next RFID: product-embedded and
seamless infrastructure

4.8.1. Introduction

The fashion apparel retailers are driving the large adoption of UHF RFID. It started in 2005
with Mark & Spencer in the UK with the first significant volumes (100 Mu/y), and it is
deploying further right now with the US retailers, hitting larger volumes (2,000 Mu in 2013).

4.8.2. RFID: “Slap and Ship”

As of today, RFID for retailers is named “Slap and Slip” (Figure 4.9):
1) The RFID label, mainly hanging label, is applied to the fashion apparel product at the
end of production or in the DC, and the RFID label is then discarded after sales.

2) RFID is used:
i) in logistics (DC check-in and -out), enabling accurate logistics;
ii) in the store, enabling accurate inventory.
There is no use of RFID beyond the point of sales, which means no customer interaction.

Figure 4.9. Slap and Ship



/ Slap & Ship \

2 it

Labe:

-
tagging digposal

b oesen P mmit P togsvcs P sore P Comumer P destuction_g

Check infout Manual

.

4.8.3. Next RFID: from cradle to grave

Next RFID will be used throughout the whole product life, from cradle to grave (see Figure
4.10).
It will require:
1) product-embedded RFID with the optional sensing capabilities; no more hanging labels
disposed of after sales;
2) seamless and ubiquitous reading infrastructure enabling automatic store inventory; no
more manual inventory with the associated human errors;
3) RFID-enabled mobile phones for the consumer to interact with the product.

4.8.4. Embedded RFID

4.8.4.1. Key constraints

Embedded RFID is a much more complex operation than just applying a hanging label onto a
product.

The process must start right at the beginning of the product design to incorporate RF
constraints and finally get a high-performing RFID.

Integrating an RF antenna into a product requires specific design rules as the product itself
becomes part of the RF antenna.

Figure 4.10. Full lifecycle
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Key constraints are:
1) The size:
i) At UHF, the best antenna size is 15 cm, and it generates a 15 mrange. Very often, it is
not possible to embed such a long antenna into an item.
ii) With many zigzags, the antenna length can be reduced and the associated range will
drop accordingly (see Figure 4.11).
2) Item content: it is metal of course, but also usual materials such as fabrics, leather and
plastic. RF is sensitive to the medium that it is applied to, and a specific design is
required.
3) Ruggedization: expendable RFID labels are usually based on flip-chip technology,
which is a fast and low-cost method to attach a chip onto an antenna using glue. For
embedded RFID, it usually does not provide the required ruggedization. In that case, wire-
bonding technology based on soldering must be used.

Figure 4.11. RFID range versus tag size
RFDrange 4

o XL range
15m

" XS range
Ly am

> Tag size

XXS size XYL sive

3
STy 15em

& %
4.8.4.2. A smart embedded RFID solution



At this point, let us mention the smart concept named Stiletto, which was developed by
TAGSYS, to dramatically simplify the embedded RFID.

1) It is based on the physical separation between the tag, which is very small in size, and
its RF antenna, up to 15 cm.

2) The RF antenna can be carried by the item itself if this contains an adequate piece of
metal; alternatively, a separate add-on RF antenna can be simply integrated into the item.

3) It enables outstanding features for embedded RFID:
i) a very small-size tag (see Figure 4.12);

ii) at the same time, rugged and flexible; it is rugged because the MUTRAK is based on
a very strong microelectronic packaging and flexible because the RF antenna can be
fully flexible and follow the item deformation as much as required (see Figure 4.13).

Figure 4.12. Very small tag

Tmm

B Tacsvs MuTRAK tag

4.8.4.3. Some practical examples

1) Textile tag: the RF antenna is made from a metalized thread woven into fabrics; it zigzags a
little bit to reduce to overall 15 cm length. The tag, MuTRAK, is positioned in the middle of
the RF antenna. The textile tag is very rugged, it survives laundry cycles and it is also fully
flexible and therefore totally transparent to the wearer. It provides a range of 5 m.

Figure 4.14. Textile tag
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2) High-heel shoe tag: the RF antenna is made from the metal stiffener inside the shoe. The



tag, MuTRAK, is integrated into the shoe sole in the middle of the metal stiffener. It provides a

range of 5 m. This is an example where the RF antenna is found in the item itself (see Figure
4.14).

Figure 4.15. Shoe tag

3) Bottle of wine: the RF antenna is made from the metal foil on top of the bottle and the tag
is positioned tangent to it. It provides a range of 3 m. This is an example where the RF antenna
is found in the item itself (see Figure 4.15).

4) Bra: the RF antenna is made from the metallic whalebone of the bra. The tag is positioned
in the middle of the metallic whalebone. It provides a range of 5 m. This is an example where
the RF antenna is found in the item itself (see Figure 4.16).

Figure 4.16. Bottle tag

Figure 4.17. Bra tag




4.8.4.4. RF Sensing

The RF antenna is of course the heart of the RF communication.

The RF antenna can have many applications. It can also tell us about the physical parameters
of the item that it is applied to. Indeed, the RF antenna is sensitive to the medium it is applied
to, and the medium can itself be sensitive to the physical parameters, such as temperature,
pressure and humidity.

Therefore, RF sensing enables access to the physical parameters with no extra tag component
and therefore no extra cost. Examples of this include human body temperature and heartbeat,
and maximum storage temperature of a wine bottle (see Figures 4.17 and 4.18).

4.8.5. Seamless and ubiquitous infrastructure

Embedded RFID turns items into “smart items” for their whole lifetime.

Similarly, reading devices, whether mobile or fixed, will improve to become fully non-
intrusive.

Figure 4.18. Human heart beat and temperature

Figure 4.19. Storage temperature of wine bottle

For user interaction, the mobile phone is of course the best platform (see Figure 4.19). As of
today, NFC standard integrates the HF technology. UHF is likely to be integrated into NFC
standards in the mid/long term.

Figure 4.20. UHF NFC phone
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As of today, RFID-fixed antennas are pretty bulky and 100 of them are required to cover a
whole store area and perform store automatic inventory. For the fixed reading infrastructure to
become seamless and ubiquitous, RF technology must leapfrog on two fronts:

1) RF antenna miniaturization;

2) RF range increase to reduce the number of antennas for automatic store inventory from
100 down to 10.

Figure 4.21. Seamless and ubiquitous infrastructure

4.8.6. Software for business decisions

4.8.6.1. Introduction

There will come a day when a massive network of small intelligent devices will be aware of
our needs and work for our actual benefit. Of course, we have not reached it, but the trend is in
the right direction.

The physical world with RFID devices will generate a lot of RFID events, themselves
creating the context.

From this context awareness, the logical world will provide answers to the following
questions: how to react to this context? How to make the right business decisions?



4.8.6.2. ePCGlobal middleware

In the mid-2000s, ePCGlobal standardized the RFID middleware, inspired by the functioning
of the Internet, with the following;
1) an edge server managing the RFID readers, collecting, filtering and reporting the data;
2) an electronic product code information system (EPCIS) repository to store these data
structuring the what, where, when, why (i.e. “what” can be ePC number, manufacturing
data (batch, expiration date, etc.), transactional data (shipment, invoice, etc.), and “why”
can be: business process, such as receiving and shipping);
3) an object name server (ONS) operating as the domain name server (DNS) for the
Internet and capable of finding the many EPCIS repositories (manufacturer, transporter and
retailer) where a given ePC appears.
Very few ePCGlobal middlewares have emerged due to the overall system inadequacy.

4.8.6.3. Next RFID middleware

One complexity is coping with the huge quantities of events generated by the RFID. It starts
with edge processing to keep only the pertinent data. Then, the data must be kept close to the
decision point.

Finally, predictive analytics, needed to take the right decision, must combine real-time and
historical data (see Figure 4.21).

Figure 4.22. Next RFID middleware
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