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Abstract
Billions of High Frequency (HF) Radio Frequency IDentification (RFID) cards/tags are
manufactured with a significant increase each year in the market of RFID applications.
This drives the industry to investigate different aspects in order to reduce the manufactur-
ing costs and enhance the card’s lifetime. One of the methods to achieve these goals is to
remove the electrically conducting (“galvanic”) connection between the card’s body and
the Integrated Circuit (IC) since the galvanic connection is costly in manufacturing and
reduces the card’s robustness against mechanical stress.

We investigate different designs for HF RFID cards with non-galvanic connection be-
tween the card’s body and the IC starting from the fundamental Bode-Fano limit. This in-
vestigation leads us to introduce the non-galvanic booster-based cards designed to achieve
the same power transfer levels as the conventional galvanic cards. Our booster-based
cards are also more flexible in achievable bandwidth designs for a given IC. However,
this flexibility comes at the expense of higher design complexity.

We also investigate a rather recent non-galvanic card design that uses a metallic Coupling
Frame (CF) with a slot and a gap, instead of the conventional coil structure. This type of
cards existed for several years without any explanation of its principle of operation. We
explained its operation by basic electromagnetic principles and Finite Element Method
(FEM) simulations, where we proved that it operates through inductive coupling, rather
than capacitive coupling as this was assumed previously. Further, we introduced two
enhanced designs for such metallic CFs.

Though the non-galvanic cards solve some real-world challenges for HF RFID cards,
their design still needs to be optimized to pass several standardized tests before commer-
cial use. Through our investigations, we found that the IC frontend significantly limits the
card’s operation range. We investigate the specified IC model components that are defined
by the standard within the Reference Proximity Integrated Circuit Card (PICC), where we
analyze its basic three circuits and also introduce a simplification and an enhancement to
its design. We also introduce a novel method to model commercial ICs leading to higher
modeling accuracy compared to existing methods. Further, we measure and calculate the
first model of the HF RFID IC when it is communicating by load modulation. Moreover,
we investigate the IC’s requirements to communicate at all the basic bit rates specified
in the standard. These investigations shed a light on many restrictions that need to be
accounted for in the card’s optimization criterion to pass the standardized tests.

Finally, we formulate a constrained minimization problem that accounts for all these
aspects to render a standard-compliant galvanic card and we extend this approach also to
non-galvanic cards. The results of this optimization algorithm are verified by prototypes
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on booster-based cards that pass the standardized tests for all basic bit rates.
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Kurzfassung
Milliarden an High Frequency (HF) Radio Frequency IDentification (RFID) Karten
(Tags) werden jährlich hergestellt, wobei der Markt der RFID-Anwendungen stark an-
wächst. Dies treibt die Industrie an, mehrere Aspekte zu untersuchen, mit dem Ziel, die
Herstellungskosten zu senken und die Lebensdauer der Karte zu erhöhen. Ein Ansatz, um
diese Ziele zu erreichen, ist, auf eine elektrisch leitfähige (galvanische) Verbindung zwis-
chen Karte und der integrierten Schaltung (engl: Integrated Circuit (IC)) zu verzichten,
da diese galvanische Verbindung die Herstellungskosten erhöht und die Robustheit der
Karte gegenüber mechanischer Belastung gefährdet.

Wir untersuchen verschiedene Entwürfe für HF RFID Karten mit nicht-galvanischer
Verbindung zwischen Karte und IC ausgehend von der grundlegenden Bode-Fano Grenze.
Diese Untersuchung führt auf nicht-galvanische booster-basierte Karten, die die gleichen
Leistungspegel übertragen wie die herkömmlichen galvanischen Karten. Unsere booster-
basierten Karten sind flexibler im Design als galvanische Karten hinsichtlich der erreich-
baren Bandbreiten für einen vorgegebenen IC. Diese Flexibilität erfordert jedoch eine
höhere Komplexität des Designs.

Wir untersuchen auch ein aktuelles nicht-galvanisches Kartendesign, das einen met-
allischen Kopplungsrahmen (engl: Coupling Frame (CF)) mit einem Schlitz und einer
Aussparung anstelle der herkömmlichen Spulenstruktur verwendet. Diese Kartenart ex-
istierte bereits seit einigen Jahren ohne korrekte Erklärung ihrer Funktionsweise. Wir
haben die Grundlagen der Funktionsweise der Karte durch die Verwendung grundlegen-
der elektromagnetischer Prinzipien und Finite Element Method (FEM)-Simulationen erk-
lärt, wobei wir bewiesen haben, dass der Kopplungsrahmen auf einer induktiven Kop-
plung beruht, anstelle einer kapazitiven Kopplung, wie vormals angenommen wurde.
Zusätzlich vorstellen wir zwei verbesserte Designs für metallische Kopplungsrahmen.

Obwohl die nicht-galvanischen Karten einige praktische Herausforderungen lösen,
müssen sie dennoch optimiert werden, um die erforderlichen standardisierten Tests zu
bestehen, bevor sie kommerziell eingesetzt werden können. Durch unsere Untersuchun-
gen haben wir festgestellt, dass der integrierte Schaltkreis eine erhebliche Einschränkung
des Betriebsbereichs der Karte bedingt. Wir untersuchen die spezifizierten Modellkom-
ponenten des IC, die im Standard festgelegt sind in der Referenz Proximity Integrated
Circuit Card (PICC), wobei wir seine drei Grundschaltungen analysieren und sowohl eine
Vereinfachung als auch eine Verbesserung seines Designs einführen. Wir führen außer-
dem eine neuartige Modellierungsmethode kommerzieller ICs ein, die zu einer höheren
Modellgenauigkeit führt verglichen mit bisherigen Methoden. Außerdem messen und
berechnen wir das erste Modell des HF RFID IC, während es durch Lastmodulation kom-
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Kurzfassung

muniziert. Darüberhinaus untersuchen wir die Anforderungen des IC, um mit allen im
Standard definierten Bitraten übertragen zu können. Diese Untersuchungen zeigen, dass
es viele Einschränkungen gibt, die im Kartenoptimierungskriterium berücksichtigt wer-
den müssen, um die standardisierten Tests zu bestehen.

Schließlich formulieren wir eine Minimierungsaufgabe unter Nebenbedingungen, die
all diese Aspekte berücksichtigt, um ein standardkonformes Design für eine HF RFID
Karte zu erhalten und wir erweitern diesen Ansatz auch auf nicht-galvanische Karten.
Die Ergebnisse der Optimierung werden durch gefertigte Prototypen für booster-basierte
Karten verifiziert, die die standardisierten Tests für alle Standard-Bitraten bestehen.
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1. Introduction

Léon Theremin has invented a device called “The Thing”, which was first used in the sec-
ond world war. The thing is a passive espionage listening tool that needs electromagnetic
energy from an outside source in order to become energized and activated [13], [14].
Thus, it is considered as a predecessor to Radio Frequency IDentification (RFID) [14].
The first true ancestor of modern RFID is a passive radio transponder with memory,
which was patented in 1970 [15]. The RFID market started to continuously grow since the
1990s, where currently each year witnesses a significant growth in the RFID market size.
In 2015, a total of 10.8 Billion tags were sold and in 2016, this reached 15.2 Billion [16].

The RFID systems are categorized according to their frequency ranges, where Low
Frequency (LF) systems operate between 125 kHz - 134.2 kHz, High Frequency (HF)
RFID has a carrier frequency at 13.56 MHz and Ultra High Frequency (UHF) systems
operate in the 860 MHz - 960 MHz range. There has always been a competition between
UHF and HF RFID markets, where up to year 2015 HF systems achieved larger numbers
in terms of sold tags with 14.3 Billion tags against 11.2 Billion for UHF RFID [17].
IDTechEx research found that in 2017, the total RFID market was worth 11.2 Billion US
dollars, where the value of UHF RFID tag sales is 25% of the value of HF tag sales,
mainly because HF tags used for secure communication (such as payment) have a higher
price point versus the cheaper, usually disposable labels used for tagging things [18].
According to recent statistics, the cumulative sales till 2017 of all UHF RFID tags are
approximately 29.4 Billion tags while HF tags are 21.5 Billion [16]. The total cumulative
sales of all RFID tags are roughly 59.5 Billion, so it is evident that the HF and UHF RFID
systems dominate this market [16].

The choice between HF and UHF RFID is determined based on the application. The
UHF RFID system offers a large read range and high transfer rate, which make it well-
suited for identifying many items at once as in a warehouse or marathon races [19]. In
addition, the large read range allows it to be used in electronic toll collection and parking
access control [20]. However, UHF waves are more likely to be attenuated than lower
frequencies and cannot pass through metal or water. On the other hand, HF RFID tags can
work fairly well in presence of goods with medium to high water content. The read range
of HF cards is relatively low (less than a meter) which makes it suitable for contactless
banking, tracking library books and transportation tickets [21]–[23].
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1. Introduction

1.1. Motivation and Goals

H-Field

Figure 1.1: HF RFID system.

The HF RFID system is composed of two components: a reader and a card/tag, as
shown in Fig. 1.1. The reader transmits a carrier signal at 13.56 MHz that powers up the
card through inductive coupling. The reader has a coil (antenna) and a matching circuit
to optimize power transfer at the frequency of operation. The cards are classified into
active and passive. An active card has a battery that supplies part or all of the power for
the operation of a microchip, while a passive card do not have a power supply and all
its power is provided from the field of the reader [24]. In this work, we focus only on
passive cards, which are conventionally composed of a coil that is galvanically connected
to an Integrated Circuit (IC). The data from the reader to the card is directly modulated
on the carrier, whereas the communication from the card to the reader is achieved by the
IC (denoted also as “chip”) through load modulation. The load modulation means that
the IC alternates its load between two different values such that the reader senses this
change and maps it to the corresponding ones and zeros. Since the reader is providing the
power to the card through the 13.56 MHz carrier signal, sensing the card’s load variation
at the same frequency is very difficult. Therefore, a subcarrier at a frequency of 847.5 kHz
is used, such that the data is contained in the two side bands around 12.7125 MHz and
14.4075 MHz [25]. A spectral representation of the HF RFID system is shown in Fig. 1.2,
where the data from the card is marked in blue, while that from the reader is in green.

The dominant products for HF RFID are smart-cards and contactless payment cards
with nearly 70% of the HF RFID market [16]. These cards are denoted in the market as
dual interface cards, where they support contact transactions through the contact pads on

2
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≈  

13.56 f (MHz)14.407512.7125

Power (W)

Figure 1.2: HF RFID’s spectrum showing the reader’s (green) and card’s (blue) data.

the card and/or contactless transactions through the HF RFID interface. The dual interface
cards are composed conventionally of a coil and an IC with a galvanic connection between
them, as shown in Fig. 1.1. This galvanic connection between the card’s body and the IC
is a major weak point, which can be broken when placing pressure on the card. Current
standardized robustness tests require that the card withstands a force of 8 N. Eliminating
this galvanic connection allows the card to withstand up to 15 N and leads to reducing the
minimum card’s thickness achieving higher flexibility, in addition to extending the card’s
life cycle, which is required by government bodies to reach a 10-year life cycle [26].

The manufacturing process of such card is divided into three stages: antenna (coil)
production, IC manufacturing and assembling (connecting) these two components. On
average each of these processes costs roughly one-third of the production cost [27]. To
connect the IC with the card’s body, a milling process forms a cavity in the card’s body.
Hot melt glue is used at the back surface of the IC’s package to attach it to the cavity.
The most challenging aspect to the production process of these dual interface cards is the
connection between the card’s coil and the IC, since this needs to be done to the back
surface of the IC’s package during the implanting process [26]. In Fig. 1.3, a sample
of the Austrian dual interface bank card is shown, where the red wire shows the coil
on the card. The meander wire area around contacts of the IC’s region are to account
for production variation when placing the IC [28]. Removing this galvanic connection
reduces the additional costs of migrating from contact-based to dual interface from 50%−
70% down to 30%− 50% [26].

To avoid this galvanic connection, a module is utilized [29], [30]. The module is com-
posed of an IC connected with a small coil placed on the back of the contact pads, as
shown in Fig. 1.4. Since the coil fits on the back of the contact pads, its dimensions are
small (11.4 mm ×12.6 mm). Thus, the module on its own cannot harvest enough power
to operate as well as the conventional galvanic cards. This module solves the problems
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Figure 1.3: Austrian dual interface bank card [28].

of having a galvanic connection between the IC and the card’s body because they can
now be inductively coupled (non-galvanic). However, modifying only the structure of the
coil on the card’s body to enhance the coupling to the module’s coil is not enough, as
we showed that such design has nearly 30 dB less power transferred in comparison to
galvanic cards [3]. Thus, a new design for the coil on the card’s body is required such
that non-galvanic cards can achieve the same communication quality as galvanic cards
in order to pass the standardized tests [31], [9]–[11]. This is the focus of our first two
included journal papers (Paper A and Paper B) [2], [3].

Figure 1.4: Front and back sides of the module [29].

The second main problem that we investigate in the thesis is to determine the ap-
proaches that lead to a standard-compliant card. Since the non-galvanic cards involve
more components and higher complexity in comparison to galvanic cards, we aimed to
investigate first the conditions for the standard-compliance of the galvanic cards and then
extend the approach to non-galvanic cards. The conventional galvanic cards existed for
more than 25 years in the market, so there exist publications for the design and opti-
mization of the parameters of the card such as a maximum power transfer criterion and
considering the minimum IC’s voltage required for carrying out load modulation [32]–
[34]. However, these published methods do not consider the standard-compliance of the
resulting cards for the whole field intensity range. The current design approaches in-
volve the choice of a certain resonance frequency and a quality factor of the card. We
investigate such approaches and we show that they are not enough to design a standard-
compliant card. We also show that the current key parameters (card’s resonance frequency
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and quality factor) are necessary but not sufficient for the optimization process.
To clarify this statement, we analyze the IC during both communication states, de-

noted as loaded and unloaded states. The IC is conventionally simplified and modeled
as a voltage controlled shunt RC circuit [8], [35]. We introduce a de-embedding method
to provide a more accurate model of the IC during unloaded state [1], [8], in compari-
son to available publications [35], [36]. Furthermore, we extend our approach to model
the HF RFID IC during loaded state (load modulation), which was not measured before
due to several measurement challenges [1], [7]. We discover that the IC is capable to
communicate with load modulation within a dynamic range. It is noted that this range
is different from the voltage at which the IC is burned. Based on these results, we con-
clude that a novel card’s optimization algorithm must account for the IC’s dynamic range,
non-linear model, card’s parasitic effects and loading effects to the reader antenna. Thus,
we introduced a novel systematic optimization approach to design a standard-compliant
galvanic card through formulating and solving a constrained minimization problem. We
have also extended that approach for non-galvanic cards and verified the results through
measurements on prototypes.

1.2. Thesis Outline
The thesis is divided into two parts: Part I presents the general formulation for the prob-
lems investigated and solved in this thesis, in addition to presenting briefly the neces-
sary theoretical basics of our system and the required standardized regulations, limits and
tests. We describe also in this part the contributions of the author and summaries of the
appended papers. Part II includes the author’s contributions in the form of five appended
papers.
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2. Preliminaries
The HF RFID card is composed of a coil distributed over the card’s area and an IC, where
the card communicates with the reader through inductive coupling. Several basic electro-
magnetic principles are discussed in this chapter to model the system. Furthermore, we
identify the fundamental tests required for a card to be considered a standard-compliant
card and we discuss the main test setup used in the appended papers in addition to the
standardized communication protocols between the reader and the card. This is followed
by a brief explanation of the Bode-Fano limit which is utilized in one of the appended
papers.

2.1. Electromagnetics Principles for RFID Systems
HF RFID system operates conventionally with the principle of inductive coupling. Thus,
we present briefly the basic concepts of operation using magnetic induction. A magnetic
field is generated around a wire, when a current is flowing in the wire, according to Am-
pere’s law.

Definition 2.1.1 (Ampere’s Law [24])
The contour integral of magnetic field strength along a closed curve is equal to the sum
of the current strengths of the currents within it

∑
I =

∮
H.ds, (2.1)

where the magnitude of the magnetic field is described by the magnetic field strength H
and I is the current flowing in the wire.

The direction of current follows Ampere’s right hand rule which states that the right
hand thumb points to the current’s direction while the fingers point to direction of mag-
netic lines of force, where:

Definition 2.1.2 (Magnetic Flux Φ [24])
It is the total number of magnetic flux lines that passes through a specific area in a mag-
netic field.

Definition 2.1.3 (Magnetic Flux Density B [24])
It is the amount of magnetic flux through a unit area taken perpendicular to the direction
of the magnetic flux.
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The magnetic flux over a perpendicular area A, magnetic flux density B and the mag-
netic field strength H are related through the following equation

Φ =

∫

A

B.dA = BA = µ0µrHA, (2.2)

where µ0 is the permeability of the vacuum and µr is the relative permeability of materials
in comparison to that of vacuum.

2.1.1. Inductance
An intense magnetic field will be generated around a conductor formed as a coil when a
current is passing through it, such that the total magnetic flux is calculated by

N∑

i

Φi = NΦ = Nµ0µrHA, (2.3)

withN is the number of coil’s turns andA is the constant area covered by each coil’s turn,
where we assume a homogeneous magnetic field [24], [37]. The ratio between the total
flux and the current I passing through the coil is denoted by the Inductance L, given as:

L =
NΦ

I
=
Nµ0µrHA

I
. (2.4)

The inductance is one of the main characteristic parameters of a coil. The inductance
values of distributed coils depend on the coil material’s properties in addition to the coil’s
geometry such as the track width, length, height and spacing between the tracks.

2.1.2. Mutual Inductance and Coupling Factor
If two coils are placed in proximity, the alternating current flowing in one coil creates
a magnetic field around it with some of these magnetic field lines passing through the
second coil, connecting the two circuits through this mutual inductanceM [24], as shown
in Fig. 2.1. The amount of mutual inductance depends on the relative positioning of
the two coils and the magnetic properties of the medium. The mutual inductance of the
second coil in relation to the first is defined as the ratio of the partial flux Φ21 enclosed by
the second coil, to the current I1 in the first conductor

M21 =
Φ21(I1)

I1

. (2.5)

The mutual inductance values between two coils are identical, where M = M21 = M12.
The mutual coupling is the physical principle upon which inductively coupled RFID sys-
tems are based.
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Reader
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Figure 2.1: Mutual inductance between two coils.

To provide a qualitative prediction about the coupling of coils independent of their
geometries, the coupling coefficient (factor) k is introduced

k =
M√
L1L2

. (2.6)

The coupling coefficient varies between 0 and 1, where k = 0 is a full decoupling sce-
nario, which can occur due to large distances or magnetic shielding [24]. We also denote
systems with a coupling coefficient near zero as weakly coupled systems. On the other
hand, a scenario with k = 1 denotes a total coupling case, where both coils are subject to
the same magnetic flux. Systems with a coupling factor approaching one are denoted as
strongly coupled systems.

2.1.3. Faraday and Lenz’s Laws
Faraday and Lenz’s laws are summarized in the following equation

Vinduced =

∮
E.ds = −dΦ

dt
, (2.7)

which states that a varying magnetic field will generate an electric field strength E that
induces a voltage Vinduced. If a metal surface is subjected to a varying magnetic field, an
electric field strength is induced on its surface causing circular currents that are called
eddy currents to flow which work against the exciting magnetic flux. This is Lenz’s law,
which is indicated by the negative sign in the previous equation. This effect is undesirable
in inductively coupled RFID systems since it significantly damps the magnetic flux in the
vicinity of the metal surfaces.
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2.1.4. Modeling of Spiral Inductor
Since a spiral coil is one of the main components of an HF RFID card, modeling of spiral
inductors is an essential topic for the results presented in this thesis. We compared the
most promising methods and tools, so we briefly discuss them and highlight our preferred
tool. The Finite Element Method (FEM) is a numerical method that divides the structure
into meshes and solves the differential formulation of Maxwell’s equations in addition to
the boundary conditions [38]. These results can be calculated using ANSYS Electron-
ics (previously called High Frequency Structure Simulator (HFSS)) [39]. However, the
drawback is that it requires a long design time to correctly incorporate all the details of the
card’s structure and it needs even longer simulation time and processing power. Though
this provides high accuracy, it is not a feasible designing tool due to its drawbacks.

The Method of Moments (MoM) is another numerical approach, which solves the
Maxwell’s equations in the integral form [40]. However, they are usually suited for struc-
tures that are of the same size as the operational wavelength. This is not the case for HF
RFID cards that operate at 13.56 MHz, which corresponds to a wavelength of 22.12 m,
while card’s sizes are usually in the range of 10 cm. ANSYS Electronics has a MoM
solver, however, it did not provide us with results better than the FEM method.

Partial Element Equivalent Circuit (PEEC) provides a simpler approach where it is a
full wave electromagnetic electrical modeling technique in terms of equivalent circuits for
conductors embedded in arbitrary dielectrics [41], [42]. This method can be used to model
the spiral inductors as lumped RLC elements, which can be later on simulated simply by
a SPICE circuit simulator. This method uses the Electric Field Integral Equation (EFIE)
full wave solution to Maxwell’s equations. It starts with the following expression for the
sum of all sources of electric field at any point r̄ in space

Ēo(r̄, t) =
J̄(r̄, t)

σ
+
∂Ā(r̄, t)

∂t
+∇Φ(r̄, t), (2.8)

where Ēo is a potential applied electric field, J̄ is the current density in the conductors,
Ā and Φ are vector and scalar potentials, respectively [42]. Through dividing the con-
ductor (spiral coil) into cells (filaments) and integrating (2.8) over the cell’s volume, the
four terms can be interpreted as follows: the left hand side is the applied voltage, the
first term on right hand side is the resistive voltage drop along this cell, the second and
third terms are the inductive and capacitive voltage drops. There exist various publica-
tions on methods for discretization of such conductor and exact closed form equations for
calculating the equivalent inductance, mutual inductance between cells (filaments) and
capacitance [43]–[49]. Through increasing the number of filaments in each conductor
segment, the skin effect is also accounted for in this approach. The skin effect is defined
as the tendency of an alternating electric current to become distributed within a conductor
such that the current density is largest near the surface of the conductor, and decreases
with greater depths in the conductor [50].

It has been shown that a spiral coil is modeled by a series resistance and inductance in
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addition to a parallel capacitor [24], [46], [47]. There is also a parallel high resistance due
to the dielectric’s losses [46], [51]; however, this resistance is conventionally neglected
since an IC is connected to the coil and its parallel resistance is dominant.

There is a well-known software package “Fast Field Solvers”, which uses PEEC to
calculate the equivalent circuit model of a conductor [52]. FastHenry is one of its tools,
which calculates the equivalent resistance and inductance of a conductor [53]. This tool is
very widely used for inductor designing among other applications. We have also verified
its basic operation and calculation methods through a MATLAB based-implementation,
however, the tool itself is already optimized and equipped with various algorithms to
calculate the values efficiently and fast, such as the multipole method [53]. Therefore, we
utilized it in all our calculations where measurements in our papers verified the accuracy
of the calculated values. Another tool is the FastCap2, which is responsible for calculating
the capacitance of a conductor (spiral coil) [54]. We found that sometimes the results
may not be accurate when the coil is placed within a dielectric. However, since these
calculations are outside the scope of our thesis, values were verified, when needed, with
FEM simulations using ANSYS Electronics.

2.2. RFID Standardized Test Setup

Since one of this thesis’s aims is to realize a standard-compliant design for non-galvanic
cards, we always consider in our measurements the standardized test setup defined in the
test standard ISO/IEC 10373-6 [55]. The system’s specifications are defined through the
base standard ISO/IEC 14443 which is divided into four parts [56]–[59].

First, we define the different notations used in the standard, where a reader antenna
(coil) is denoted in the standard as Proximity Coupling Device (PCD). The card is named
a Proximity Integrated Circuit Card (PICC). The conventional test setup is denoted by
Test PCD Assembly where the other common name for it in industrial terms is “RFID
Tower”. The setup is shown in Fig. 2.2 where we observe the reader antenna is placed
in between two sense coils. The sense coils are one-turn coils that are connected together
through a potentiometer P1 where a voltage probe is inserted. Before initiating any mea-
surements, the potentiometer P1 is adjusted such that the voltage measured by the probe
is minimized [55]. The potentiometer balances the effects of both sense coils such that the
voltage measured by the probe is dependent on the card under test only, which is placed
on top of one of the sense coils. The standard recommends the use of active probes in-
stead of passive ones, since they have low parasitic capacitances (∼ 1 pF) while passive
ones have (∼ 10 pF), which may detune the results [60].

The card under test is placed on “Sense Coil b”, where it is at a distance of 37.5 mm
above the reader coil, which is a distance far enough from the reader antenna to assume
a homogeneous magnetic field intensity at the card’s level. The reader transmits a set of
standardized sequences and a standard-compliant card should respond to all these com-
mands successfully. Since in practical scenarios, an HF RFID card would not be placed
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ISO/IEC 10373-6:2013(E) 

© ISO/IEC 2013 – All rights reserved 9 
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Figure 2 — Test set-up (principle) 

5.3.1 Test PCD antenna 

In test PCD assembly 1 the test PCD antenna 1 shall have a diameter of 150 mm. 

In test PCD assembly 2 the test PCD antenna 2 shall have a diameter of 100 mm. 

Each test PCD antenna construction shall conform to the corresponding drawings in Annex A. 

The matching of each test PCD antenna should be accomplished by using an impedance analyzer or a 
network analyzer or an LCR meter. If either an impedance analyzer or a network analyzer or an LCR meter is 
not available, then the matching may be accomplished with the procedure given in Annex B. 

5.3.2 Sense coils 

In test PCD assembly 1 the size of the sense coils 1 shall be 100 mm × 70 mm with corner radius 10 mm. 

In test PCD assembly 2 the size of the sense coils 2 shall be 60 mm × 47 mm with corner radius 10 mm. 

Each sense coil construction shall conform to the corresponding drawings in Annex C. 

5.3.3 Assembly of Test PCD 

The sense coils 1 and test PCD antenna 1 shall be assembled parallel and with the sense and antenna coils 
coaxial and such that the distance between the active conductors is 37,5 mm as shown in Figure 3. 

The sense coils 2 and test PCD antenna 2 shall be assembled parallel and with the sense and antenna coils 
coaxial and such that the distance between the active conductors is 23 mm as shown in Figure 3. 

240 Ω

10 Ω
P1

(a)

ISO/IEC 10373-6:2013(E) 

10 © ISO/IEC 2013 – All rights reserved 

The dimensional tolerance shall be better than ± 0,5 mm. The distance between the coil in the DUT and the 
calibration coil shall be equal with respect to the coil of the test PCD antenna. 

NOTE These distances are chosen to offer a strong and homogenous magnetic field in the DUT position. 

37.5 mm 37.5 mm
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Figure 3 — Test PCD assembly 1 and test PCD assembly 2 

5.4 Reference PICC 

A Reference PICC is defined to test the ability of a PCD to: 

 generate a field strength of at least Hmin and not exceeding Hmax;

 transfer power to a PICC;

 transmit a modulated signal to a PICC;

 receive a load modulation signal from the PICC;

in its operating volume. 

(b)

Figure 2.2: Standardized HF RFID test setup [55] (a) detailed view (b) overview.

at a constant distance from the reader coil, the tests are all carried out with respect to
the field intensity at the card’s level. This is equivalent to moving the card with respect
to the reader antenna; however, it is simpler as no mechanical equipment are needed in
the test to vary the distance. Therefore, the card shall communicate successfully within
a certain field intensity range, which is defined by the ISO/IEC 10373-6 standard to be
between 1.5 − 7.5 A/m [55] for Class 1 cards. The card classes differ in sizes and are
given in [56]. Thus, a simple interpretation of the term “standard-compliant”, used in this
thesis, is to ensure the operation of the card for a specified field intensity range. This
is also equivalent to ensuring a specific card’s operational distance or read range with
respect to the reader.

The test standard ISO/IEC 10373-6 specifies that the load modulation amplitude VLMA

at the side bands must be larger than some specified minimum values with respect to the
applied field intensity. The load modulation limit for Class 1 cards is 22/

√
H in millivolts

units where H is the magnetic field intensity (A/m) [57]. The load modulation voltage is
measured with the Test PCD Assembly using the voltage probe at the potentiometer, as in
Fig. 2.2.

As observed in [1], the limitations from the IC’s side are more strict than that from the
card’s side to satisfy this lower bound on the load modulation voltage. Therefore, we did
not include the card’s lower bound into our proposed optimization algorithm in [1]. If,
however, we require a minimum voltage at both sidebands, then both IC-side and card-
side limitations matter and this condition can be included easily into the optimization
problem. For such consideration, the IC’s voltage has to be mathematically converted to
the corresponding load modulation amplitude VLMA through applying the correct coupling
factor between the card’s coil and the sensing coil.
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Similarly for the non-galvanic cards, the load modulation voltage can be calculated,
though, the mathematical calculations are more complicated. Alternatively, we showed
in Paper A that the bandwidth of booster-based cards is controlled through the value of
the mutual inductance between the secondary coil of the booster and the module coil.
This coupling factor can be utilized to ensure exceeding the limits of the load modulation
amplitude [3]. A card’s 3 dB bandwidth of 3.39 MHz is sufficient to achieve a side
band voltage higher than the standardized limits, when the card is optimized according
to our proposed method [4]. It is noted that this is a pessimistic approximation of the
bandwidth, where lower card bandwidths can also operate fine, as demonstrated by the
optimized booster-based card in [4] which have a 3 dB bandwidth of 3.1 MHz.

2.2.1. Field Intensity Calculation
The calculation of the field intensity is defined by the standard to be measured through
the calibration coil shown in Fig. 2.3. The structure of the calibration coil is defined in
the ISO/IEC 10373-6 standard [55].

Figure 2.3: Standardized calibration coil.

The calibration coil is placed at 37.5 mm below the reader coil, which is the same
distance as that of the card under test. This allows us to measure the field intensity at
the card’s level through the calibration coil without introducing additional coils at the
card’s level. The calibration coil is a one-turn coil, which has a very large self-resonance
frequency, thus, allowing a flat response at the frequency of operation. The calibration
coil is connected to a SubMiniature version A (SMA) connector to measure the voltage
induced from the reader coil to the calibration coil. To determine the field intensity, we
start from the basic equations for the induced voltage Vcal on the calibration coil due to
the reader’s magnetic field Φ

Vcal = −N dΦ(t)

dt
. (2.9)

Using (2.2), the field intensity is calculated

Φ =

∫

A

B.dA, (2.10)

where B is the magnetic flux density over the calibration coil’s Area A. Since we assume
that the magnetic flux density is homogeneous at the card’s level, we can calculate the
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magnetic flux by
Φ = BA cos(ωt), (2.11)

therefore, the voltage is expressed as

Vcal = µ0µrHNAω sin(ωt). (2.12)

The calibration coil’s dimensions are 72× 42 mm, thus the field intensity is equal to [55]

H =
Vcal
0.32

. (2.13)

The field intensity is calculated by measuring the Root Mean Square (RMS) voltage on
the calibration coil.

2.2.2. Standardized RFID Data Communication Protocols
The communication in an HF RFID system is initiated through reader’s commands that
are defined in the standards ISO/IEC 14443 parts 3 and 4 [58], [59]. The Request com-
mand for type A (ReqA) is transmitted by the reader to the card to probe the magnetic
field for available cards. When a card in the field receives this command, it responds with
Answer to Request Type A (ATQA) command. After the reader receives this response,
it initiates the anticollision procedure, which returns the card’s Type A Unique Identi-
fier (UID). After the reader determine the complete identifier, it transmits a SELECT
command containing this UID. The card with the corresponding identifier confirms this
command by transmitting a SELECT Acknowledge (SAK) message. After that, the reader
sends a Request for Answer To Select (RATS) command to the card. The RATS command
and the Answer To Reset (ATS) returned by the card are used to exchange data and param-
eters in order to determine the data transmission options supported by the card and the
terminal. Following this, the values of the modifiable parameters can be selected using
Protocol and Parameter Selection (PPS) to make optimum use of the capabilities of the
card and the terminal.

All the previous data communication are carried out at 106 kbit/s, while after this
point, higher bit rates can be used. The standards define the basic bit rates to be 106, 212,
424 and 848 kbit/s. The International Civil Aviation Organization (ICAO) technical re-
port recommends the following communication sequence from the reader to the card [61]
ReqA→ ANTICOL→ SELECT→ RATS→ PPS→ I-Block with payload,
where the I-Block with payload is the sequence of data that can be transmitted at any of
the basic bit rates and its contents are also defined in [61] as follows
I-Block = 00 A4 04 0C 0C A0 00 00 02 47 10 01 00 00 00 00 00, where Fig. 2.4 summaries
the previous communication sequence.

The IC is responsible to carry out these communication protocols. The company NXP
Semiconductors GmbH supported us with ICs for HF RFID cards which vary mainly
in their nominal capacitance. The ICs have nominal capacitances of 17 pF, 56 pF or
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Figure 2.4: Standardized HF RFID communication protocol.

69 pF. The three ICs have the same structure where an additional lumped capacitance
is added to the latter two ICs to increase their equivalent capacitance allowing the ICs
to be used with different card/tag dimensions. In this thesis, we consider the NXP IC
“P5CD081UA/T1AY7996” in measurements, which has a nominal capacitance of 69 pF.
High power applications are one of the uses for this IC, since it has a high capacitance
value. However, this IC was always noticed to fail the standardized tests for Class 1 cards
which was the reason for us to consider it in our measurements to identify the sources for
its failure. The results that we draw on this IC in this work can be extended to the other
two ICs since the difference is only in a lumped capacitance.

For the standardized tests that are carried in this thesis (appended papers), we swept the
field intensity range while testing at each point the card with the sequence in Fig 2.4. If
the card responded correctly to these commands, the communication at that field intensity
is considered successful.
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2.3. Bode-Fano Limit
The use of matching networks to enhance the power delivered from a source to a load
has always been in the focus of research. In this work, we connect some of the matching
theories with the design of HF RFID cards to reach an optimum non-galvanic design.
Bode [62] and Fano [63] have determined all set of equations required to predict the
quality factor-bandwidth restrictions for a lossless matching network terminated by an
arbitrary load impedance [64], [65].

CL RL

Lossless 
Matching 
NetworkAC

Ro
1 2

Z

Figure 2.5: Network used for calculation of quality factor-bandwidth limitations.

Bode considered the network in Fig. 2.5 to derive a relation between the bandwidth
and reflection coefficient. The circuit consists of a lossless matching network terminated
with a load composed of a shunt resistance and capacitance. Bode studied the relation-
ship between the magnitude of the reflection coefficient Γ2 and the circuit’s bandwidth.
Conventionally, we would be interested in the reflection coefficient Γ1 from the source’s
point of view. However, the magnitude of the reflection coefficients in a circuit composed
of lossless two port networks is equal [62], [66]

|Γ| = |Γ1| = |Γ2|, (2.14)

where we prove such property in the Appendix. Before proceeding with the proof of the
Bode-Fano limit by Bode, we first present some definitions and background information.

2.3.1. The Complex Frequency Plane
The complex frequency plane is used to characterize the behavior of networks. The com-
plex frequency s is used where s = σ + jω with σ indicating the oscillation of the signal,
whether it is damping, constant or increasing, which gives information on the stability of
the system. The term ω is the frequency in radians.

The transfer function or impedance or reflection coefficient can be expressed as a ratio-
nal function of s where a general function W is given by

W (s) =
A(s− z1)(s− z2) . . . (s− zm)

B(s− p1)(s− p2) . . . (s− pn)
, (2.15)
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whereA andB are constants, z1, z2, . . . , zm are the zeros of the function and p1, p2, . . . , pn
are the poles. As the name implies, the zeros and poles are the complex frequencies where
the function’s value become zero or infinity, respectively.

A function, that do not have poles (singularities) over a certain region, is defined as an
Analytic function over that region.

Definition 2.3.1 (Analytic Function [62])
A function is said to be analytic at a given point in the plane of the independent variable
provided it has a finite derivative, independent of direction, at that point.

Integration of functions over the complex plane behaves similar to that over the real
domain. However, it is not enough to provide only integration limits over the complex
domain, a curve is rather defined. The choice of the integration path does not have an
effect on the result for analytic functions, as shown by Cauchy’s Integral Theorem.

Theorem 2.3.1 (Cauchy’s Integral Theorem [62], [67])
If a function f(s) is analytic within a closed curve and also on the curve itself, the integral
of f(s) taken around that curve is equal to zero.

Consider a function defined as k/s, which has a pole at the origin. Integrating such
polynomial over a half circle curve C from θ1 to θ2, is solved by expressing s in terms of
a polar angle θ such that s = Reiθ,

∫

C

k ds

s
=

∫ θ2

θ1

ikReiθ dθ

Reiθ
= (θ2 − θ1)ik (2.16)

The previous result is used provide a general output for the integral of a function, which
is not analytic inside the path. To clarify this, consider a function that is analytic except
for a simple pole at p1, so it can be expanded near p1 in the form [62]

f(s) =
A−1

s− p1

+ A0 + A1(s− p1) + A2(s− p1)2 + . . . (2.17)

Consider the path in Fig. 2.6, the function is analytic within this closed path, since
the path does not include the pole. Therefore, the integral value of this curve is zero,
according to Cauchy’s theorem. Looking further into this path, we observe that there are
two paths in Fig. 2.6, the outer one and the circle surrounding the pole. According to
Cauchy’s theorem, the integral for these two paths cancel each other. Therefore, we can
deduce the result of the integral of a non-analytic function. Using equation (2.16), we
can deduce that the value of the integral of the non-analytic function f(s) over the small
circle surrounding the pole p1

∮
f(s) ds = −2πiA−1, (2.18)
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2. Preliminaries

where we used (2.16) with the angle between π and −π. The coefficient A−1 is called the
residue of the function at the pole p1. If there are several poles inside the loop, we can
extend the expression to

∮
f(s) ds = −2πi[A−1 +B−1 + · · ·+N−1], (2.19)

where these are the coefficients of the other poles.

σ 

jω 

p1

Figure 2.6: Integral path of a non-analytic function.

2.3.2. Bode’s Limit
The reflection coefficient in Fig. 2.5 is expressed by

Γ2 =
Z −RL

Z +RL

, (2.20)

where Z is the total impedance as seen by the resistor RL. Through integrating the return
loss ln

(
1
|Γ|

)
over the closed path shown in Fig. 2.7, which is formed of the imaginary

frequency axis and a semicircle in the Right Half-Plane (RHP) of radius approaching
infinity, we can deduce the bandwidth limitation with respect to the load. We should
consider that the return loss might not be analytic over the RHP. Since RL and Z are both
passive impedances, the sumRL+Z can have neither zeros nor poles in the RHP [62]. On
the other hand, this does not apply to the roots ofRL−Z. The RHP zeros of the reflection
coefficient are equivalent to poles of the return loss function. Thus, we have to consider
the possibility that the return loss may have poles in the RHP. Circuits with zeros on the
RHP are denoted as non-minimum Phase circuits, which can be composed only of passive
elements, such as the all-pass filter [62]. When an external excitation has been applied to
non-minimum phase systems, it goes first to the opposite direction of exciting source.

One can modify the path in Fig. 2.7 in order to avoid these singularities, however, there
exists a simpler solution: Since we are only interested in the magnitude of the return loss
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2.3. Bode-Fano Limit

σ 

jω 

Figure 2.7: Closed loop integration curve in the complex plane.

over the frequency axis, the poles can be replaced with their conjugate on the left half-
plane by multiplying with (s − ai)/(s + ai) where ai represents the poles on the RHP.
This only affects the phase, as it has a unity magnitude over the frequency axis [62],
[63]. The zeros of Γ on the imaginary frequency axis are not eliminated with the same
procedure; they are rather avoided by the small semicircles on the frequency axis on the
path in Fig. 2.7. The modified return loss function is now analytic in the RHP, we can
write ∮

ln

(
Z +RL

Z −RL

(s− a1) . . . (s− an)

(s+ a1) . . . (s+ an)

)
dω = 0 (2.21)

This is equivalent to
∮
jπdω +

∫ ∞

−∞
ln

∣∣∣∣
1

Γ

∣∣∣∣ dω +

∫

C

ln

(
RL + Z

RL − Z
(s− a1) . . . (s− an)

(s+ a1) . . . (s+ an)

)
dω = 0 (2.22)

The first term is equal to zero and we divide the remaining closed path integral into an
integral over the frequency axis and over the semicircle. The magnitude of ln

∣∣ 1
Γ

∣∣ is an
even function of jω while the phase is an odd function. Thus, only the integral of the
magnitude of the return loss over the frequency axis is considered [63]. Since the fractions
(s− ai)/(s+ ai) have a unity magnitude for all ai, they are removed for the integral over
the frequency axis. For the semicircle integral, we assume that the semicircle is very
large, therefore at large ω, Z becomes nearly 1/iωCL and ln[(RL + Z)/(RL − Z)] is
approximately 2/iωRLCL. This is solved based on the approximation that ln(1±x) = ±x
when x is very small. Similarly for the factors (s − ai)/(s + ai), this would reduce to
−2ai/iω. The integral can now be expressed as

2

∫ ∞

0

ln

∣∣∣∣
1

Γ

∣∣∣∣ dω +

∫

C

[
2

RLCL
− 2

∑
ai

]
dω

iω
= 0, (2.23)

utilizing (2.16), the following result is reached
∫ ∞

0

ln

∣∣∣∣
1

Γ

∣∣∣∣ dω =
π

RLCL
− π

∑
ai. (2.24)
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Since the ai’s in (2.24) represent the poles of the return loss in the RHP, the
∑
ai must

be a positive real quantity (complex poles always exist in conjugate pairs), which would
reduce the limit on the integral of the return loss. Thus, we can express (2.24) as

∫ ∞

0

ln

∣∣∣∣
1

Γ

∣∣∣∣ dω ≤
π

RLCL
(2.25)

Consider an ideal matching conditions such that Γm is the minimum reflection coefficient,
which is constant for the frequency band ω1 to ω2 and unity everywhere else, then the best
reflection coefficient that can be theoretically achieved is given by [65]

∫ ω2

ω1

ln

(∣∣∣∣
1

Γm

∣∣∣∣
)
dω = (ω2 − ω1) ln

(
1

|Γm|

)
=

π

RLCL
(2.26)

This equation can be interpreted as

QB∞ =
π

ln 1
|Γm|

, (2.27)

where Q = ω0RLCL is the quality factor and B∞ = ω2−ω1

ω0
is the relative bandwidth

at the operating frequency ω0 while the subscript∞ indicates the order of the matching
network. The order is defined in this context as the number of resonance frequencies in
the circuit. For a constant quality factor, this equation shows that the bandwidth is always
traded-off with the achieved return loss.

2.3.3. Bode-Fano-Lopez Limit

Bode limit provides an upper bound on the bandwidth capabilities for a lossless matching
network connected to an RC load, where this bound is achieved for a matching network
with infinite number of elements. Fano extends the work done by Bode through solving
the integral in (2.21) for zeros of transmission at various positions such as at infinity,
origin, real axis, conjugate zeros on the imaginary frequency axis or on the RHP. He
provided a systematic method to calculate the bound with respect to a finite number of
elements. Additionally, he generalized Bode’s bound to loads other than a shunt RC load.

Wheeler developed principles for single and double tuned impedance matching net-
works using the smith chart in 1950 [68]. Lopez utilized the results from Bode, Fano and
Wheeler in order to quantify the improvement factor due to the increase of the order of
the impedance matching network [69], [70]. Wheeler’s equations for n-tuned matching
networks are given by [68], [70], [71]

QBn =
2|Γ| 1n

1− |Γ| 2n
. (2.28)
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2.3. Bode-Fano Limit

For n = 1, Lopez showed that this equation is

QB1 =
2|Γ|

1− |Γ|2 =
2

eln( 1
|Γ|) − e− ln( 1

|Γ|)
=

1

sinh
(

ln
(

1
|Γ|

)) . (2.29)

Similarly, for n = 2

QB2 =
1

sinh
(

1
2

ln
(

1
|Γ|

)) . (2.30)

Thus, the generalized form for these equations is

QBn =
1

sinh
(

1
an

ln
(

1
|Γ|

)) ≈ an

ln
(

1
|Γ|

) , (2.31)

which provides a good approximation with respect to Fano’s results for |Γ| > 1/3 and
n ≥ 3, while it is exact for n = 1 and 2 [72].

The values of an are given in Table 2.1. Lopez derived the amount of bandwidth en-
hancement for increasing the circuit’s order, which we utilize in Paper A. Equation (2.31)
has been enhanced through introducing a second parameter bn, as follows

QBn =
1

bn sinh
(

1
an

ln
(

1
|Γ|

))
+ 1−bn

an
ln
(

1
|Γ|

) (2.32)

where Lopez calculated the values of both an and bn using MATHCAD [69] and are given
in Table 2.1. Thus, the amount of enhancement in bandwidth can be easily calculated
based on this equation.

n an bn n an bn
1 1 1 6 2.838 0.264
2 2 1 7 2.896 0.209
3 2.4135 0.678 8 2.937 0.160
4 2.628 0.474
5 2.755 0.347 ∞ π 0

Table 2.1: an and bn values for the impedance matching equation (2.32).
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3. Contributions
The contributions of this thesis are presented in the five included papers, where we clas-
sify the contributions into three categories. The first category involves the design of non-
galvanic cards, which is studied in Paper A and Paper B. As we mentioned before,
the design of the coil on the card’s body needs to be modified in order to enhance the
power transfer to the IC on the module. In Paper A, we consider a generalized model
for the elements on the card’s body and utilize the Bode-Fano limit [62], [63] to reach the
best compromise between bandwidth and design’s complexity. Based on this analysis,
we present our booster-based card design and show the steps required to optimize the
card’s parameters to achieve a maximum power transfer criterion, in addition to demon-
strating the card’s design key parameters to control the card’s bandwidth. Prototypes are
manufactured based on this criterion and their behavior is compared to galvanic cards.
The comparisons show that our booster-based cards are capable of achieving the same
power transfer levels as that of the galvanic ones. Furthermore, they have the capability
to achieve different bandwidths for the same IC, which is not achievable by the galvanic
cards. We created a patent application based on these results, which was later filed by
NXP Semiconductors company [12]. We also show effect of the IC’s non-linearity on
the IC’s delivered voltage, where this effect highlights the importance of having a full
characterization of the IC.

In Paper B, we investigate a relatively novel non-galvanic card’s design that we gave
the name Coupling Frame (CF)-based cards. They are composed of a metal plate and a
module containing a small coil and IC. The metal plate contains a slot and a gap where the
module is placed. This card was created a few years ago by AmaTECH corp. [73], [74]. It
was evident that such metal plate enhances the power transfer from the reader’s antenna to
the module; however, there was no theoretical explanation to interpret such performance,
especially because it was known that metal in an HF RFID system’s vicinity deteriorates
the performance (see Chapter 2). Therefore, it was erroneously believed that this card
can be operating using capacitive coupling rather than inductive coupling [73], [75]. We
introduced the first proof and theoretical analysis using HFSS and basic electromagnetic
theory that these cards operate based on inductive coupling. In order to enhance this card
further, we introduced our circuit model for such card and proposed a first enhancement,
which is capable to either increase the power transfer or the card’s bandwidth. Utilizing
the same concepts from Paper A, we extended this card to the Double Coupling Frame-
based card design, which is capable of achieving both better bandwidth and better power
transfer, simultaneously, in comparison to classical CF-based cards. Measurements on
prototypes showed that this type of cards is more sensitive to the IC’s non-linearity.
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The second category deals with the standard-compliance of the HF RFID cards. The
test standard ISO/IEC 10373-6 defines a set of tests and test setups, which the card has
to pass to be considered standard-compliant and be used commercially [55]. One of the
tests, which reflects directly to the card’s design, is to evaluate the card’s capability to
demodulate the reader’s queries and respond adequately within a specific field intensity
range. We aim to determine the key parameters in the non-galvanic cards that lead to
a card that passes this test. We first investigated the available published methods for
optimization of galvanic cards, which are either a maximum power transfer criterion [32]
or considering the minimum voltage for the IC at which it can start load modulation [33],
[34]. However, these methods did not account for the standard-compliance of the cards for
the whole field intensity range. They all consider two main parameters for optimization,
namely: the card’s resonance frequency and the quality factor. In 2015, Roland and Höltz
analyzed the available cards in the market and they found that the resonance frequency
of the cards varies between 14 to 18 MHz [28]. There existed no explanation why such
values lead to a standard-compliant card and more interestingly why would a card with
a maximum power transfer design criterion (resonance frequency = 13.56 MHz) not pass
the standardized tests.

We address all these issues in Paper C where we first verify through a prototype that
a maximum power transfer design criterion is not suitable, as it fails the standardized
test. From our analysis, it is evident that the bottleneck for the card’s operation is due
to the IC. However, there exist very few research papers that analyze the performance
of the HF RFID card’s IC and there existed no publications that analyze the HF RFID’s
IC during load modulation. Therefore, we developed a novel characterization method
denoted as “De-embedding transformer-based” method to model the IC during unloaded
state, which provides more accurate results in comparison to the existing literature. We
extended this method to present the first method for modeling the IC while it is commu-
nicating with load modulation. We also discovered the IC’s constraint to communicate
using bit rates higher than 106 kbit/s. The results from these analyses presented novel
limitations from the IC’s side in terms of dynamic range, which was not discovered be-
fore. With these results in mind, we formulated a constrained minimization problem that
accounts for the IC’s dynamic range, non-linear behavior, card’s parasitic and loading ef-
fects. The solution of this optimization problem is the inductance value of the coil on a
galvanic card for a certain IC, which leads to a standard-compliant card.

We compared the performance of non-galvanic and galvanic cards using a maximum
power transfer design criterion in Paper A and Paper B. With our knowledge on the IC
and its limitation, we realize that a maximum power transfer method is not sufficient to
pass the standardized tests. Therefore, we extend our galvanic card’s optimization algo-
rithm for the non-galvanic cards in Paper D, where our maximum power transfer method
is used as an initial point for the new algorithm. There are several challenges for this
extension, since the non-galvanic cards are of higher complexity. Firstly, considering (for
example) the booster-based cards, they have five coupling coefficient parameters and it
would not be feasible to include them into the circuit analysis. On the other hand, if we
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neglect the three weaker coupling coefficients, the results of the optimization algorithm
do not apply well on an actual prototype. Therefore, we presented a new circuit model,
which is slightly simplified, but sufficiently aligned with the measurements. Furthermore,
this simplified model is generalized for non-galvanic cards, as different cards such as CF-
based card is easily modified to fit such simplified model. Secondly, we investigate which
key parameters are the feasible ones to efficiently tune the non-galvanic cards. Using
the simplified model, we formulate another constrained minimization problem to design
standard-compliant non-galvanic cards. Our optimization algorithm is tested using a pro-
totype where it is capable of fully communicating within the standardized field intensity
range at all basic bit rates.

The third and final category is explained in Paper E. This work is not related to the
design of non-galvanic cards; however, it deals with analyzing a reference card defined by
the standards. This reference card is used in testing the commercial readers and provides
a standardized model for the commercial card’s behavior. Since this card was not fully
analyzed before, to our best knowledge, it is beneficial to understand its operation. The
reference card is composed of a coil and three circuit blocks, which are the main building
blocks of a commercial IC. Since our model for the IC discussed in Paper C presents a
simplified and a practical usable model, analyzing this card gives a better understanding
about the IC’s components and its operation. Based on this analysis, we enhance the
reference card’s design by simplifying it. The simplification consists of the removal of
one of the three circuit blocks and modifying a second one. The simplified reference card
enables a more accurate prediction of the IC’s performance with commercial cards.
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4. Paper’s Summary

• Paper A: Design and Optimization of Low Cost Booster-based HF RFID Cards
The direction of the current industrial market goes towards novel designs without
galvanic connection between the HF RFID card’s body and the IC in order to ben-
efit from the reduced production costs and higher card’s durability that may lead
to having 10-year life cycle cards. This is achieved through using a module that is
comprised of a small coil connected to the IC and placed on the back of the con-
tact pads. There exists many possibilities for the circuitry on the card’s body, so
we use the Bode-Fano limit to reach the best compromise between complexity and
bandwidth. We introduce our booster-based card design based on this analysis in
addition to developing an accurate circuit model for the card. We show a system-
atic method to optimize its parameters to achieve maximum power transfer. We
also demonstrate the theoretical effect of the coupling between the card’s body and
module as it has a significant impact on the card’s bandwidth. This is also high-
lighted through three booster-based prototypes where the IC’s voltage is measured
and compared to that of galvanic prototypes. We show that our booster-based card
can achieve the same power transfer capabilities and also have the advantage of
being more flexible in achieving various bandwidths for the same IC. Finally, the
different IC’s states are demonstrated through various measurements on the cards
sweeping the reader’s power.

• Paper B: Metallic Inductive Coupling Frame-based HF RFID Cards
The Coupling Frame (CF)-based HF RFID cards are composed of a metal plate
and a module containing a small coil and IC. The metal plate contains a slot and
a gap where the module is placed. Experimental results showed that such a design
enhances the performance in comparison to the standalone module. We introduce
the first theoretical analysis for these cards that it operates based on inductive cou-
pling where the slot forces the eddy currents constructively on the metal frame. We
present also a circuit model for such card’s type and propose a first enhancement
that increases the voltage transfer to the IC by three times at the expense of the
card’s bandwidth. We utilize the same Bode-Fano limit expressed in previous pa-
per to further enhance this card’s characteristics by proposing the Double CF-based
card design, which is capable of achieving higher power transfer and bandwidth, si-
multaneously. Results are verified through measurements and are compared to the
performance of galvanic cards.
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• Paper C: Optimal Card Design for Non-Linear HF RFID Integrated Circuits
with Guaranteed Standard-Compliance
We investigate a maximum power transfer criterion for the design of HF RFID
cards and show by measurements that it does not lead to a standard-compliant card.
The underlying exact reasons for such result were never determined before. To find
these reasons, we develop a novel method for characterizing the IC during unloaded
state (not communicating) denoted as de-embedding transformer-based approach,
where we introduce a two port network between the measurement equipment and
the IC to increase measurement sensitivity and enhance impedance matching. This
provides more accurate results in comparison to prior art, as verified later in our pa-
per. Furthermore, the HF RFID’s IC was never characterized before during loaded
state due to several challenges, so we extend our approach to determine the IC’s
model during load modulation. This uncovers a new bound about the IC’s operation
where it is capable of carrying out load modulation only within a certain dynamic
range, which was the main reason a maximum power transfer criterion does not
work. Moreover, we uncover a new restriction in terms of the possible data bit rate
from the IC’s side with respect to the applied voltage. We develop a constrained
optimization problem based on the IC’s delivered voltage and accounting for the
loading effect of the reader and all parasitic elements of the card to determine the
optimum inductance value that leads to a standard-compliant card. All results in the
paper are then verified by measurements on a prototype. Additionally, simulations
are carried out, which show a very good alignment with the measurements.

• Paper D: Design of Standard-compliant Non-galvanic HF RFID Cards
Non-galvanic HF RFID cards have a more complex structure in comparison to gal-
vanic cards, which makes it more challenging to optimize their design to reach
a standard-compliant card. We present a simplification for the circuit model of
such cards such that we reduce the complexity of the analytical derivations with-
out any loss of generality and keeping an acceptable accuracy for the results to be
applied on prototypes. We showed in previous paper that the right approach for
designing a standard-compliant card has to account for the delivered voltage to the
IC, so we extend this approach to the non-galvanic cards. We also analyze the
different key parameters of the design to choose the simplest and most effective
parameters to tune the design. A constrained optimization problem is derived in
the paper accounting for reader antenna’s loading, card’s parasitic elements, IC’s
non-linear model and dynamic range. The solution of this optimization problem
is the booster’s capacitance leading to a standard-compliant card. A prototype is
manufactured based on these results and measurements show that the card operates
within the standard-defined field intensity at all basic bit rates.

• Paper E: A Simplified Reference Proximity Integrated Circuit Card for HF RFID
A reference Proximity Integrated Circuit Card (PICC) is used by the HF RFID
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test standard to test commercial readers and provide a standardized model for the
behavior of commercial cards. We provide in this paper the first analysis of the
operation of such card and also propose some improvements in the card’s design.
The reference PICC is composed of a coil and three circuits, which are the main
building blocks for any commercial IC: Voltage rectifier and limiter, load emulation
and load modulation circuits. We analyze and simulate each circuit on its own. For
the load emulation circuit, we provide a thorough analysis as the transistor used
in this circuit and recommended by the standard has been discontinued, so this
work serves as a guide to find a replacement transistor. We simplify the circuit
by removing the load modulation circuit and achieving this functionality in a more
realistic manner using the load emulation circuit.
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Appendix

Consider the circuit in Fig. A.1 where a lossless two port network is terminated by a
load RL and connected to a source with resistance Ro. In Bode [62], the following result
is used, but not proven:
The magnitudes of the reflection coefficients in a circuit composed of terminated lossless
networks are equal,

|Γ1| = |Γ2|, (A.1)

for all passive terminations Ro and RL, as in Fig. A.1.

Proof:
The input and output impedances of the terminated two port network in Fig. A.1 are
expressed as Z1 and Z2, respectively. The reflection coefficients are given by

Γ1 =
Z1 −Ro

Z1 +Ro

, (A.2)

Γ2 =
Z2 −RL

Z2 +RL

, (A.3)

where we aim to prove that for a lossless two port network, the magnitudes of the reflec-
tion coefficients are equal (|Γ1| = |Γ2|). Let Z11, Z12, Z21 and Z22 be the Z-parameters
of the two port network.

RL

Lossless 
Two Port 
NetworkAC

Ro
1 2

Z2Z1

Figure A.1: A terminated lossless two port network.

Therefore, the input and output impedances can be calculated as follows

Z1 = Z11 −
Z12Z21

RL + Z22

, (A.4)
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Z2 = Z22 −
Z12Z21

Ro + Z11

. (A.5)

Since a lossless two port network does not contain any resistive real elements, then
R(Zi,j) = 0 for all i and j. Using this property and substituting (A.4) and (A.5) in
equations (A.2) and (A.3) and after some simplifications, we reach

Γ1 =

Real︷ ︸︸ ︷
(Z11Z22 − Z12Z21 −RoRL) +

Imaginary︷ ︸︸ ︷
(RLZ11 −R1Z22)

(Z11Z22 − Z12Z21 +RoRL)︸ ︷︷ ︸
Real

+ (RLZ11 +RoZ22)︸ ︷︷ ︸
Imaginary

(A.6)

Γ2 =

Real︷ ︸︸ ︷
(Z11Z22 − Z12Z21 −RoRL)−

Imaginary︷ ︸︸ ︷
(RLZ11 −R1Z22)

(Z11Z22 − Z12Z21 +RoRL)︸ ︷︷ ︸
Real

+ (RLZ11 +RoZ22)︸ ︷︷ ︸
Imaginary

(A.7)

Therefore, through comparing equations (A.6) and (A.7), we conclude that for a loss-
less two port network, the following equation holds

|Γ1| = |Γ2|. (A.8)
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Abstract
Novel designs for High Frequency (HF) Radio Frequency IDentification (RFID)
cards comprise an intermediate circuit between the main coil and chip, such that
the chip is not physically connected to the coil on card which reduces costs of
production, enhances the card’s robustness against mechanical stress and im-
proves communication capabilities. Based on the Bode-Fano limit, we carry out
a theoretical analysis on the bandwidth capabilities of such types of cards and
their derivatives. We verify these results through simulations and measurements
of our own design, denoted as booster-based cards. An optimization method
for the design parameters of the booster-based cards is presented and derived.
Measurements on three booster-based card prototypes are carried out showing
the various bandwidth and power capabilities of the cards. Additionally, a com-
parison between the performance of such type of cards with respect to the con-
ventional ones is presented. Card measurements included a chip, highlighting
various states of the chip and its non-linearity.

1. Introduction

The High Frequency (HF) Radio Frequency IDentification (RFID) system has witnessed
a significant growth in the market in the recent years. This is widely used in access cards
for hotels, anti-theft techniques for shops, passport identification, contactless banking,
transportation, disposable tickets...etc. The global RFID market has reached nearly 10
billion US dollars where a significant challenge between different type of RFID systems
exists. The HF RFID cards have been a focus of the research for the recent years in order
to enhance their communication performance, reduce costs of manufacturing and provide
better bandwidth, among other goals.

An HF RFID system operates at 13.56 MHz where it is composed of a reader (inter-
rogator) which is power supplied and contains a coil in addition to a matching circuit to
maximize its performance at the frequency of operation and provide different variants for
possible data rates. ISO/IEC 10373-6 [1] provides a reference reader antenna design that
is used for testing all contactless cards. A card, tested with this reference reader design,
is assumed to operate properly with all ISO/IEC 14443 compliant readers.
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The second part of the HF RFID system is the tag/card where we focus in our discussion
on the passive tags, which means no power supply at the card side and communication
is solely dependent on the power transmitted from the reader. They are conventionally
composed of a coil that is connected to a chip with means of a physical connection, which
we denote as galvanic connection. This galvanic connection jeopardizes the robustness
of the card against mechanical stress and more importantly it increases the costs of man-
ufacturing. In order to eliminate such connection, a “module” is utilized [2]. The module
comprises the conventional RFID chip surrounded by a very small coil (module coil). The
size of that coil is so small, that it fits in the area below the chip’s contact pads. There-
fore, on its own the module can not achieve the same communication limits achieved by
conventional HF RFID cards. Furthermore, a direct addition of a large coil covering the
area of card and placing the module in a manner to achieve best possible coupling through
this additional coil also does not reach the lowest limits defined by the standard for RFID
cards, as shown in Section 5. Therefore, there is a need for another circuitry in addition to
the module to enhance the performance. In previous work, we have presented two alter-
native designs for such galvanic connection [3], [4]. In this work, we focus on presenting
the general concept of such designs [5] in addition to discussing one of these two designs
in a more thorough manner.

The paper is organized as follows: In Section 2, a general design for non-galvanic cards
is presented and the Bode-Fano limit is utilized to derive the bandwidth relation with
respect to the card design. The booster-based cards are introduced in Section 3 where a
circuit model and optimization criterion is presented. The derivations of the optimization
criterion are available at the Appendix. We manufactured three prototypes based on the
presented analysis to highlight various bandwidth capabilities of the booster-based cards.
These prototypes in addition to a galvanic card design are discussed in Section 4. In
Section 5, the test setup is presented where a comparison between the three prototypes
and galvanic card is carried out, in addition to measurements with a chip.

2. Non-galvanic Designs

An RFID card operates within a weak coupling range with respect to the reader, where the
coupling factor is in the range of 0.05. Therefore, one can study the card on its own with-
out including the reader in order to simplify the analysis. A non-galvanic card would be
composed mainly of a module and an additional circuitry. The module is composed of a
chip and a small coil denoted as module’s coil. The module on its own cannot operate with
the same performance level specified by the standard [1] because the module’s coil has a
very small size that it cannot harvest enough power from the reader antenna. Therefore,
an additional circuitry needs to be added in a manner that enhances the power transfer to
the module. It is acceptable to assume that this additional circuitry would contain at least
one coil, which is designed to cover the available area of the card/tag to enhance the cou-
pling between the reader and the card. Since adding other elements within the additional
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circuitry would enhance the performance, we denote the remaining of the additional cir-
cuitry as “Circuit A”, for generality. Therefore, our system becomes as depicted in Fig. 1,
where Rc and Cc are the simplified circuit model of the chip, Lm and Rm are the induc-
tance and resistance of the module’s coil, and L1 is the inductance of the additional coil.
The parasitic capacitance of the module’s coil is combined with the chip capacitance Cc.
For simplicity, we do not consider in this analysis the parasitic capacitance and resistance
of the additional coil. The voltage source and the source resistance (50 Ω) in the figure
are for theoretical purposes only, however, the card is passive and operates solely based
on the magnetic field from the reader.
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Module

Circuit A
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Figure 1: General circuit model of non-galvanic cards.

To adequately design the additional circuitry, one must define its requirements. The
additional circuitry should efficiently transfer the power from the reader to the chip ter-
minals. Since we have assumed that the additional circuitry is composed of at least one
coil L1, this coil must achieve that goal. Thus, it should cover a large area to maximize
power harvested from the reader field and it should have a high coupling with respect to
the module’s coil. This is simply achieved by dividing this inductance into two parts, one
which is large to cover the tag/card area and a second small coil placed in close proximity
to the module’s coil.

The next step is to study the structure of Circuit A and which elements should be
included in it, in addition to understanding the effect of these elements on the operation
of the card. One of the main aspects that receives much attention is the bandwidth of the
card. We analyze the bandwidth capabilities of the card using the Bode-Fano limit. This
limit is studied for a circuit composed of a matching circuit and a shunt RC load. Thus,
to utilize such limit we express the circuit in previous figure as shown in Fig. 2, where we
utilize the 3 T-shaped inductances to include the mutual coupling M between the coils L1

and Lm. Thus, the matching circuit as in Bode-Fano limit is here composed of circuit A,
the 3 T-shaped inductances and resistance Rm.

The quality factor - bandwidth limit, for a circuit as in Fig. 2 composed of a matching
circuit and a shunt RC load, is known as the Bode-Fano criterion [6], [7] and is given by
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Figure 2: Representation of matching circuit on a general model for non-galvanic cards.
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where Γ is the reflection coefficient of the matching circuit measured from the source side.
Bode [6] was first to derive the theoretical relationship for the relative bandwidth B∞
using a matching circuit composed of an infinite number of elements [8]. For that case,
we assume ideal matching conditions such that Γm is the minimum reflection coefficient
which is constant over the frequency band f1 to f2. Therefore,

∫ ω2

ω1

ln

∣∣∣∣
1

Γm

∣∣∣∣ dω = (ω2 − ω1) ln

(∣∣∣∣
1
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π

RcCc

. (2)

Hence, this equation is interpretable as

QB∞ =
π

ln
(∣∣∣ 1

Γm

∣∣∣
) , (3)

whereQ = ω◦RcCc is the quality factor of the load,B∞ is the relative bandwidth which is
the bandwidth divided by the operating (center) frequency ω◦ and the subscript∞ refers
to the order of the matching circuit. Based on this equation, we interpret that for a certain
load, the ratio of the bandwidth and reflection coefficient is constant. Thus, increasing the
bandwidth is opposed by a change in the reflection coefficient. Applying that equation
to our HF RFID card, we deduce that there is a trade-off between the bandwidth and the
amount of voltage transferred to the chip (can be expressed in terms of the usable distance
between reader and card).

Fano [7] has determined the quality factor - bandwidth limit for any order n of the
matching network, where the order of the matching network is defined by the number of
resonant frequencies in the whole circuit. Lopez [9] provided a simplified expression for
the quality factor - bandwidth product (QBn) using
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∣∣)
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where an and bn are constants calculated by Lopez in [9]. Fig. 3 shows the results of the
quality factor - bandwidth product versus the reflection coefficient for different matching
circuit orders.
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Figure 3: Quality factor - bandwidth product versus the return loss of the matching circuit for
various matching orders.

Lopez [9] has also calculated the percentage of bandwidth increase for |Γ| > 0.33 with
respect to changing the order of the matching circuit as depicted in Fig. 4. One observes
that the highest gain in bandwidth is achieved at order 2 which leads to 100% increase in
bandwidth. However, for higher orders the increase in bandwidth is nearly 20% or less
which does not seem to pay off.

3. Booster-based Cards

Reviewing the previous results and the amount of bandwidth gain resulting from incre-
menting the order of the matching network, we reach the conclusion that a matching
circuit with order 2 provides the best compromise between utilized bandwidth and cir-
cuit complexity. The circuit complexity increases significantly by adding elements to the
matching network, as one would end up with at least 7 variables for a circuit of order 2
and then all these variables needs to be optimized to reach the optimum solution that
maximizes power transfer from reader to card while taking into account the bandwidth
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Figure 4: Percentage of increase in bandwidth with respect to different matching circuit orders.

capabilities. Thus, we focus in the next parts of this work on adding a matching circuit
with order 2 to an RFID card using a module. A circuit with order 2 means that we should
end up with 2 resonance frequencies on our card, which means in addition to the module’s
coil, we can add a capacitor and an inductor to our circuit.

Identifying the purpose of the coil on the matching circuit would help determining
its design. The coil should be able to harvest as much power possible from the reader,
therefore, it needs to cover the whole available area of the card. On the other side, the
coil should be strongly coupled to the module’s coil such that it can efficiently transfer the
harvested power to the chip. Thus, we separate that coil into two; one covering the large
perimeter of the card and the other would be a small coil placed at a close proximity to the
module. Furthermore, to reach a matching circuit with order 2, we need to add another
capacitor where there are 2 possibilities; either adding it in parallel or series to the coils
of the matching network. The properties of a parallel LC circuit show that the circuit
would have high resistance at resonance which would not be useful for our circuit. Thus,
we place the capacitor in series with the two coils. The design of the matching circuit
without the module’s coil is depicted in Fig. 5, where we denote primary, secondary coils
and capacitor as a booster [10]. The points “1” and “2” marked in blue on the figure are to
be connected with a different layer. In such design, the module is placed directly on top
of the secondary coil, ensuring highest coupling coefficient between module’s coil and
secondary coil.

Simulating such a design can be achieved through the use of 3D electromagnetic field
simulator such as HFSS. This provides accurate results at the expense of high complexity
and high simulation time. Determining the circuit model for such card leads to achieving
a more robust method for designing such cards. In Fig. 6, we introduce our circuit

48



3. Booster-based Cards

CB

Primary Coil
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Figure 5: Booster composed of primary, secondary coils and a lumped capacitor.

model of the booster-based cards. A spiral coil is modeled through a series resistance and
inductance in addition to a parallel capacitance. The capacitance of the module’s coil is
combined with the chip capacitance Cc for simplicity. The capacitor CB is the lumped
capacitor in the booster.
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Figure 6: Full circuit model for booster-based cards.

In order to optimize such a circuit, we first list some simplifications; The capacitance
of the secondary coil C2 is usually a very small value ≈ 0.7 pF, so it is fine to ignore it,
as that would simplify the analysis. The resistances of primary and secondary coils are
simplified, combined and expressed as RB. We also identify several coupling coefficients
in the system, however, for the current analysis of the card only, the dominant coupling
between L2 and Lm is considered and denoted by M . We utilize the 3 T-shaped induc-
tances L2 − M , Lm − M and M as in Fig. 7 to include the mutual inductance in our
circuit.

Assuming we have a certain chip load, we determine the matching circuit elements.
The dominant elements that require optimization are highlighted in red in Fig. 7.

We have two resonance frequencies in the booster-based cards; one from the module
and the second from the booster (there are more resonant frequencies arising due to the
coils’ parasitic capacitance, however, they are far from the frequency of operation, so they
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Figure 7: Simplified model for booster-based cards.

are not relevant). An optimization criterion is defined ensuring that both dominant reso-
nance frequencies are close around the frequency of operation. This optimizes the power
transfer characteristics and resulting bandwidth. Through some lengthy derivations, we
are able to calculate the real and imaginary parts of the total impedance ZT for the cir-
cuit in Fig. 7. The condition for resonance is that the imaginary part should be equal to
zero at the frequency of operation. Based on our derivations, we present our optimization
steps which maximizes power transfer at frequency of operation, where derivations are
available in the Appendix. First, we choose the module inductance such that

Lm =
R2

cCc

1 + ω2
◦R

2
cC

2
c

, (5)

where ω◦ is the frequency of operation in radians per second.
The choice of the secondary coil is left as a free element for the designer to decide, as

it is useful to control the bandwidth of the card as will be shown later. We recommend
keeping it small (nearly 1 µH), such that it has high mutual inductance to the module’s coil
and also allowing the primary coil to be large enough to maximize energy harvested from
the reader coil. The choice of the booster capacitor has a direct impact on the bandwidth
of the card and higher is better. However, the capacitance value is usually upper bounded
by the industrial capabilities. The inductance of the primary coil is chosen according to

L1 =
1− ω2

◦L2CB

ω2
◦CB + ω2

◦C1 − ω4
◦L2C1CB

(6)

The final element is the mutual inductance between the secondary coil and module’s
coil. This element affects the bandwidth of the card at the expense of the delivered
power. Therefore, it should be chosen according to the application and the design require-
ments whether it is distance or bandwidth oriented. Controlling the mutual inductance is
achieved by the choice of the dimensions of the secondary coil, since the module’s coil
is placed on top of the secondary coil. The higher the mutual inductance is, the more
bandwidth the card realizes.
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Figure 8: Representation of under-, critical- and over-coupling of a double tuned circuit.

The strength of the coupling is categorized in literature into three stages: under-,
critical- and over-coupling [11], as depicted in Fig. 8. The under-coupled state occurs
when the coupling coefficient is below a certain critical value and is characterized by a
low gain (transfer function). Critical coupling is the optimum coupling value delivering
highest power transfer with one peak at the resonance frequency. Lastly, the over-coupled
state is characterized by two peaks in the power transfer function with a small ripple
where the local minimum occurs at the resonance frequency, however, its advantage is
covering a larger bandwidth. The critical coupling factor for a double tuned circuit, as our
booster-based card, is given by

KBM−c =
1√

QBoosterQModule

, (7)

where QBooster = 1
woRBCB

and QModule = woRcCc are the quality factor of the booster
and module, respectively [12], [13]. Therefore, the critical coupling factor for the booster-
based cards is

KBM−c =

√
RBCB

RcCc

. (8)

It is noted that the coupling here refers to the coupling between the booster (L1 + L2)
and the module’s coil Lm, hence, the subscript BM . Thus, if the card is to be designed
for maximum read range, regardless of the bandwidth, the designer targets a coupling as
close as feasible to the critical coupling factor KBM−c.
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4. Prototypes

In this section, we utilize the previous analysis to create booster-based prototypes. We
consider an NXP chip with nominal capacitance 69 pF and resistance 1850 Ω as specified
by the manufacturer. In reality, the chip is much more complex and its behavior varies
according to the applied voltage [14]. However, for the current analysis we consider this
simplified model. First, we choose the inductance of the module’s coil using (5) which
gives Lm = 2.03 µH. A module’s coil is limited by the dimensions of the module which
is 11.4 × 12.6 mm. Using FastHenry simulation [15], we determine the dimensions of
the coil which result in the target inductance, considering the manufacturing capabilities.
We choose an 0.7 µH inductance for the secondary coil. In order to highlight the effect
of the mutual inductance on bandwidth, we create 3 variants of this secondary coil to
reach different mutual inductances M between the module’s coil and secondary coil. The
booster capacitor is chosen to be 22 pF. The inductance of the primary coil is calculated
by (6) which results L1 = 4.7 µH.

Primary Secondary Module
N 5 w 0.3 N 4 w 0.3 N 9 w 0.1
a 80.5 g 0.3 a 21 g 0.3 a 11.4 g 0.025
b 50 h 0.035 b 21 h 0.035 b 12.6 h 0.018

Table 1: Dimensions of the primary, secondary and module’s coils for “Card 1” (all
values are in mm units).

Through the use of FastHenry, we choose the proper geometries for the first card, de-
noted by “Card 1” that correspond to the previously calculated values, as indicated in
Table 1. The variable ‘N’ indicates the number of turns, ‘a’ and ‘b’ are the width and
length of the coil, respectively. The track width and height are given by ‘w’ and ‘h’, and
‘g’ is the gap between two adjacent wires. After determining the dimensions of the coils,
the assumed values of the parasitic elements (C1, Rm, ...) can be calculated and reused in
(5) and (6). This iteration is repeated a couple of times for higher accuracy. Furthermore,
we manufacture two more cards where the only difference is in the dimensions of the
secondary coil. It is noted that the inductance value is still the same 0.7 µH, however, we
use different dimensions in order to increase the mutual inductance M to the module’s
coil. Table 2 shows the dimension of the secondary coil for “Card 2” and “Card 3”.

We also identify that the system becomes more complex with more mutual inductances
between the reader, booster-based card and also within the card itself. The two domi-
nant coupling coefficients are between the reader and primary coils and that between the
secondary and module’s coils. There are 3 more mutual inductances which have low ef-
fect. We present in Table 3 all the mutual inductances for Card 1 which is separated by a
distance of 37.5 mm from the reader.
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Card 2 Card 3
N 5 w 0.3 N 6 w 0.3
a 17.5 g 0.3 a 15 g 0.3
b 17 h 0.035 b 16 h 0.035

Table 2: Dimensions of the secondary coils for Cards 2 and 3 (all values are in mm
units).

Primary Secondary Module
Reader 100 nH 5 nH 6 nH
Module 80 nH M = 310 nH

Table 3: The mutual inductances between the reader antenna and Card 1.

(a) (b) (c)

Figure 9: (a) Manufactured Card 1 with module containing a 69 pF chip (b) Card 2 with a
module containing a lumped RC load (c) Card 3 (booster only).

For the purpose of testing, we carry out several measurements with a known load
instead of the chip. Thus, we have soldered a lumped RC load on a module, with
Rc = 1800 Ω and Cc = 68 pF which are the closest standard values for the assumed
load of the chip. Fig. 9 shows the three manufactured prototypes for booster-based cards
with different secondary coil dimensions. The module with a chip can be seen in Fig. 9(a)
and the second module with RC equivalent load is in Fig. 9(b). It is noted that we utilize
modules without contact pads in order to simplify the analysis, where the contact pads
shift the resonance frequency of the module slightly. We have previously investigated
booster-based cards with modules with contact pads in [3].

To create a comparison to the normal galvanic cards, we designed a coil for direct
connection to a 69 pF chip. The card is composed of one coil with the dimensions of
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50 × 80 mm, 3 turns, 0.3 mm track width, 0.3 mm gap and 0.035 mm track height. This
card is denoted as “Galvanic Card” and is shown in Fig. 10. We have two prototypes;
one with a chip and the second with a lumped RC load. For a fair comparison, we used
an identical chip as in the modules. On the manufactured galvanic cards, there are 2 pins
which are placed only for connecting the measurement probe and do not affect the card’s
operation. It is noted that HF RFID cards in the market usually have higher resonance
frequency (nearly 16 MHz) to adapt to certain standardized constraints, which means
trading off the voltage at the chip side with the achieved bandwidth. However, for the
sake of fair comparison, we designed this galvanic card to have a resonance frequency at
13.56 MHz similar to the booster-based cards.

(a) (b)

Figure 10: Manufactured galvanic card with (a) a 69 pF chip (b) a lumped RC load.

Through utilizing FastHenry and HFSS, we calculate the values of the circuit elements
in Fig. 6. Table 4 shows the values of all circuit elements for Card 1. For Card 2 and
Card 3, the only difference is in the secondary coil. We have manufactured it to have an
inductance of nearly 0.7 µH and there is not a significant change in the parasitic elements
also. However, the mutual inductances between the secondary coils and the module’s coil
are changed where for Card 2, it is equal to 0.64 µH. Since the secondary coil of Card 3
has more turns directly below the module’s coil, it has the highest mutual inductance
M = 0.94 µH.

Primary Secondary Module Booster and chip
L1 4.7 µH L2 0.7 µH Lm 2.1 µH CB 22 pF
R1 3 Ω R2 0.7 Ω Rm 5.4 Ω Rc 1800 Ω
C1 4.9 pF C2 1 pF Cm 2 pF Cc 68 pF

Table 4: Circuit elements values for booster-based Card 1.

5. Test Setup and Results

In order to achieve practical results for the operation of our booster-based cards in an
actual RFID system, we include the reader into our setup. The reference reader coil is
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specified at the ISO/IEC 10373-6, where we use test Proximity Coupling Device (PCD)
layout 1 (available at Annex A [1]) for both simulations and measurements. The standard
defines a measurement setup composed of a Test PCD assembly where the reader coil
and card are separated by distance of 37.5 mm. We utilize this setup in Fig. 11 which is
composed of a reader coil connected to a signal generator (R&S SMU 200A). The card
under test is placed on the test PCD assembly and an active probe is used to measure the
voltage transferred from the reader to the terminals of the chip or lumped load. In such
a setup, it is essential to use an active probe rather than a normal passive probe, since
the parasitic capacitance of such probes is very low (∼ 1 pF) in contrast to a (∼ 10 pF)
capacitance for passive probes. Such high capacitance value would be relatively close to
the capacitance of the chip which means it would detune the results [16]. The active probe
(R&S RT - ZD30) is connected to a signal analyzer (R&S FSQ26) in order to visualize
the results. A computer is used to control the center frequency of both the signal analyzer
and generator simultaneously, in order to carry out a frequency sweep. Fig. 12 shows the
test setup at our lab, where the Test PCD Assembly is shown on the right and the card
is placed on top. The reader is placed in the second slot at the distance 37.5 mm. The
second sense coil is located at the last slot which is placed in accordance to the standard,
but does not influence the measurements in our setup.

Computer

Signal 
Generator

Signal 
Analyzer

Active Probe

Card

Reader 
Antenna

Test PCD
Assembly

37
.5

 m
m

Figure 11: Test setup to measure the transferred voltage to the chip on an RFID card.

We also carried out a 3D electromagnetic field simulation using HFSS for the whole
system including the reader coil. Fig. 13 shows our simulation structure at HFSS, where
we consider the same distance between reader and card. The reader is implemented ex-
actly as specified by the standard and the card is modeled including the substrate of the
PCB (FR4 epoxy) and that of the module (epoxy glass). The corresponding circuit model
of this system is simulated using ADS, where the reader circuit model is available at the
standard [1]. For the card, the circuit model in Fig. 6 is used along with the values from
Table 4.

We compare the results of our simulations and measurements for Card 1 in Fig. 14,
where a 10 dBm power is used at the reader coil. For the results in this figure, we used
the module containing the lumped RC load. This helps identify the behavior of the card
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Figure 12: Implementation of the test setup.

Figure 13: HFSS simulation model including a reader coil and booster-based card separated by
37.5 mm.

without the effect of the chip’s non-linearity. The results show that our optimization cri-
terion achieved its goals successfully, where the voltage transfer is optimized around the
frequency of operation (13.56 MHz) without having any peaks at higher frequencies. We
also measure the voltage transferred for Card 1 without the booster capacitor CB, where
we observe that the peak of the voltage transferred is almost 0.06 V against 1.6 V for
our booster-based design, as shown by the magenta curve. Our design with the capacitor
enhances the voltage transfer by nearly 30 dB [10]. It should be noted that the current coil
dimensions might not be the optimum one for a card without the booster capacitance CB,
however, proper tuning of the dimensions would still keep the voltage within the same
range. Furthermore, the circuit simulations by ADS and electromagnetic simulations by
HFSS show an agreement with the measurements which confirms the accuracy of our
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proposed circuit model and the calculated values. HFSS simulation has a slight shift in
frequency in comparison to the circuit simulation and measurements. This is due to in-
cluding all details of the reader and card which makes the field simulation more complex.
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Figure 14: Comparison of the voltage transferred to Card 1 with a module containing a lumped
RC load using measurements and simulations to that of a booster card without CB .

As mentioned in Section 3, changing the mutual inductance M between the secondary
and module’s coils affects the bandwidth of the card. Thus, we verify this claim through
the three booster-based prototype cards, where each of them has different dimension for
the secondary coil which means different mutual inductance, yet they still have the same
inductance value L2. According to design, Card 1 should have lowest mutual inductance,
therefore smallest bandwidth, while Card 3 would have the biggest bandwidth among
the three cards. Fig. 15 shows the results of measuring the voltage transferred to the
terminals of the lumped load on the module for the booster-based prototypes in addition
to the galvanic card. We observe that the three cards have different bandwidths where
bandwidth is defined by the 3dB bandwidth from the peak of the transferred voltage,
which means the region where the voltage drops by

√
2 from the maximum. Card 1 has

1.9 MHz bandwidth, Card 2 reaches 3.1 MHz and Card 3 achieves the largest bandwidth
of 4 MHz, where all cards have nearly a center frequency around 13.4 MHz. This is
aligned with our optimization criterion previously discussed.

Furthermore, we relate these results with the Bode-Fano limit expressed by Fig. 3,
where the Bode-Fano limit states that as the return loss increases, the bandwidth de-
creases. This is observed here in Fig. 15, where as the bandwidth increases, the max-
imum voltage that the card reaches, is decreased. Moreover, to link these curves with
the degree of coupling shown before at Fig. 8, the critical coupling factor for such card
is KBM−c = 0.025, according to equation (8). The coupling factor between the booster
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Figure 15: Comparison of the measured RMS voltage transferred to galvanic card and
booster-based cards (1− 3) at a source power of 10 dBm, both containing lumped RC

load.

and module for the three booster-based cards are KCard 1
BM = 0.09, KCard 2

BM = 0.19 and
KCard 3

BM = 0.28. Thus, we observe that Card 1 shows a beginning of over-coupling
behavior where its voltage is relatively close to the optimum and bandwidth is slightly
enhanced. For Cards 2 and 3, the over-coupling behavior is obvious where we note the
two peaks and lower voltage level.

Based on Fig. 15, the booster-based cards achieve several advantages over the galvanic
cards at the expense of higher complexity. Firstly, the main goal of removing the galvanic
connection between the main coil and chip is satisfied which enhances card’s robustness
against mechanical stress and reduces costs of production. Through comparing the volt-
age delivered to Card 1 with that from the galvanic card, we have reached nearly the same
level (difference of 6%). On the other side, the booster-based Card 1 is able to achieve
higher bandwidth of 1.9 MHz in comparison to 1.5 MHz for the galvanic card. Differ-
ent variants of the booster-based cards (Cards 2 and 3 and other possible structures) can
achieve higher bandwidths for the same chip load. This flexibility is not available for nor-
mal galvanic cards, as there exists only one coil which has to be tuned to the 13.56 MHz,
thus rendering the same bandwidth no matter the dimensions of the coil (if correctly tuned
at 13.56 MHz). As presented here, we were able to achieve different bandwidths (up to
4 MHz) for the same chip load by changing the dimensions of the secondary coil on the
booster.

After analyzing the behavior of the booster-based cards, we replace the lumped load
with an actual chip, using the module shown in Fig. 9(a). Since the chip’s behavior is
dependent on the delivered voltage, we sweep the reader’s power starting from 0 dBm
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Figure 16: Comparison of the measured RMS voltage transferred to the chip of a galvanic card
(solid) and booster-based Card 3 (dashed) at different power levels.

up to 24 dBm and we show in Fig. 16 the results for the galvanic card and booster-
based Card 3. Thus, we expect that the galvanic card would have a higher voltage but
lower bandwidth with respect to the booster-based card. The chip’s behavior has been
investigated where different blocks of analog and digital circuits operate within the chip
dependent on the voltage at its terminals [14], [17]. At low voltage, the chip exhibits
a relatively high resistive value (∼ 3KΩ) and as the voltage increases, the value of the
resistance is decremented [14]. The chip enters a power-on reset state at an RMS voltage
of nearly 1.5 V, where at this point the chip starts setting some of its blocks to a predefined
state. The resistance of the chip at that state exhibits two spikes at nearly 1 and 1.5 V.
We can observe these spikes at 6 and 12 dBm curves of the galvanic card. Up till the
12 dBm power, the chip has not started operating yet and we can observe that the galvanic
card achieves higher voltage and lower bandwidth compared to booster-based ones as
expected. The Controller Processing Unit (CPU) of the chip is set to start operating at
nearly 2 V [14]. After this point, the slope of chip’s resistance change is reduced, which
means the reduction in chip’s resistance is less with respect to the applied voltage. For the
galvanic card, we notice the power-on reset spikes for 18 dBm at nearly 12 and 15 MHz
and the spike of the start of operation of the chip at nearly 12.5 MHz. For higher power, we
observe that the booster-based card achieves nearly the same voltage as the galvanic one
and even outperforms it, while having higher bandwidth capabilities. The behavior of the
booster-based cards is more sensitive to the change in chip’s load, as can be depicted by
the unsymmetrical behavior around the chip’s operating state (18 dBm) which is expected
as the circuit is more complicated, as a result it would behave differently to the galvanic
card. However, it is still operating within the acceptable range, as the fluctuations in the
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voltage are not severe. It is noted that the standard ISO/IEC 14443 [18] states that the
card should be able to communicate at a minimum field intensity of 1.5 A/m. This means
that at that field intensity, the chip should reach at least 2 V. The booster-based cards were
able to achieve such limit, where the chip starts operating at an input power of 18 dBm
which is equivalent to nearly 0.4 A/m.

6. Summary and Conclusion

We present a novel design which enhances the robustness of the card against mechanical
stress and reduces its cost of production while preserving the quality of communication.
Through utilizing the Bode-Fano limit, the bandwidth gain of the card versus the added
complexity is investigated. We conclude that a matching circuit of order 2 provides the
best compromise between bandwidth and complexity. We introduced a circuit model
for the booster-based cards and deduced theoretical derivations in order to optimize the
voltage transfer to the card. The optimization shows a method to determine the values
of 5 dominant elements within the card, while considering the parasitic elements. Three
booster-based prototypes were manufactured that achieve different bandwidth capabilities
based on the dimension of the secondary coil. This is also the first work to compare
the behavior of such cards to a galvanic card where we found that the booster-based
cards have more advantages in terms of bandwidth control for a certain chip load. Thus,
providing more flexibility over the galvanic cards while not sacrificing the amplitude of
the transferred voltage. HFSS and circuit simulations are carried out for a card with a
lumped load and compared to measurements where the results are in a good alignment
confirming our proposed circuit model. We have also measured the behavior of the card
with a chip while considering different input powers. The booster-based cards show a
slightly more complex and sometimes non-symmetric behavior during the chip transition
states, however, their behavior is in the same range as that from the galvanic card while
achieving more bandwidth.

Appendix

In this section, we list the derived equations for real and imaginary impedance of the
circuit given by Fig. 7. Although, the expressions are lengthy, they are merely calculated
through substitution of variables, so these calculations are not computationally expensive.
The real part of the card’s impedance is expressed by
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Re(ZT ) =RB
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Assuming that Re(ZT ) = r, where r is an arbitrary real value, we rearrange the equation
in terms of Lm, such that
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From this equation, one can deduce that there are two values of Lm that can satisfy
this equation at a certain frequency and resistance r. Based on the knowledge that this is
a resonant circuit which would have a maximum resistance value at only one point, we
need to find the unique value of Lm which satisfies that condition. Since this is a quadratic
function in the form ax2+bx+c, there is one unique solution when x = −b/2a. Applying
the same approach on the equation, we reach that

Lm =
R2

cCc + w2
oR

4
cC

3
c

1 + w4
oR

4
cC

4
c + 2w2

oR
2
cC

2
c

, (11)

where wo is the frequency of operation in radians per second. After eliminating the equal
terms from numerator and denominator, the module inductance is expressed by

Lm =
R2

cCc

1 + w2
oR

2
cC

2
c

, (12)

This equation can also be interpreted by considering the imaginary part of the impedance
(13), where choosingLm according to the previous equation makes the imaginary impedance
independent of the reactive elements in the module side. In other words, the imaginary
impedance at the module circuit becomes zero at the frequency of operation.

The imaginary part of the total impedance is expressed by

Im(ZT ) =
wL1

1− w2L1C1

− 1
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It can be simplified, using the previous condition on Lm, at w = wo such that

Im(ZT ) =
wL1

1− w2L1C1

− 1

wCB

+ wL2. (14)

Therefore, to achieve resonance, the primary coil has to be calculated according to

L1 =
1− ω2

oL2CB

ω2
oCB + ω2

oC1 − ω4
oL2C1CB

. (15)
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Abstract
A coupling frame-based High Frequency (HF) Radio Frequency IDentification
(RFID) card is composed of a metallic coupling frame with a slot and a module
(contains a small coil and an integrated circuit). This provides higher coupling
and better performance in comparison to the standalone module. Such design
eliminates the need for a mechanical connection between the module and card
body (metal frame) which leads to reduced manufacturing costs. Further, it en-
hances the card’s robustness against mechanical stress. We explain the operation
of such a design from first principles and highlight the effect of the slot on the
performance. Additionally, a circuit model for the card is derived. Furthermore,
we propose an enhancement to the card design which improves the card’s per-
formance with two variations either in terms of better transferred voltage (up to
3 times higher) or more bandwidth (up to double). The enhancement is shown
by HFSS simulations, circuit simulations and corresponding measurements in-
cluding the HF RFID integrated circuit. Finally, a double coupling frame-based
design is proposed and analyzed which simultaneously achieves increased band-
width and higher transferred voltage. The results are compared to those of con-
ventional HF RFID cards with galvanic coupling to the integrated circuit.

1. Introduction

In the recent years, there has been a significant increase on demand for Radio Frequency
IDentification (RFID) technology. Thus, this motivated the research on this topic to aim
for better performance capabilities such as enhancing the interrogation zone’s size, band-
width, costs of production, ... etc.

High Frequency (HF) RFID systems operates at 13.56 MHz and are composed of two
main components: the reader and card. The communication between the reader and card
is achieved based on inductive coupling. The card is composed of a spiral coil connected
to an Integrated Circuit (IC) through a physical connection. Conventionally, the spiral
coil is implemented with a metal such as copper. Alternatively, there are investigations to
increase the power transfer through using metamaterials [1]. Different approaches aimed
to remove the connection between the main coil and IC on the card, since this would
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reduce the production cost of the card and enhance its robustness against mechanical
stress. One method was implemented through exchanging the IC with a module [2], [3]
which contains a small coil connected to an IC. However, the coil on the module is too
small to maintain the same performance level as the conventional cards. Therefore, an
additional circuitry is added to the card to overcome such disadvantage and it is denoted
as a booster [4]–[6], where it includes mainly two planar coils and a capacitor.

Another approach utilizes a metallic Coupling Frame (CF) with a slot in order to en-
hance the performance of the module [7], [8]. We provide in this paper the first expla-
nation for the actual theory of operation for such cards, in addition to presenting our
designs to further enhance the performance in terms of the achieved maximum voltage
transferred from reader to IC and the bandwidth capability of the card. This paper is an
extended version of our previously published paper [9].

This paper is organized as follows: Section 2 introduces the coupling frame-based de-
sign and its theory of operation. Our circuit model of the card is presented in Section 3. In
Section 4, we provide a method for determining the values of the elements in the circuit
model, in addition to the proposed design enhancement. The results are verified in Sec-
tion 5 using 3D electromagnetic field simulations, circuit simulations and measurements.
We investigate the bandwidth capabilities of the enhanced design in Section 6. Finally,
we present the double CF-based cards in Section 7 which are capable of achieving both:
high bandwidth and high transferred voltage.

2. Card Design

The card is composed of a module placed on a metallic CF. The structure of the CF is
shown in Fig. 1 where it has a slot and a gap to place the module. The module is an
11.4 mm ×12.6 mm structure containing the contact pads, IC and a small module coil.
The theory of operation of the CF-based cards was not known to be based on inductive
or capacitive coupling, since the role of the metallic coupling frame was not identified.
To explain its actual operation bases, we start with Faraday’s law which states that any
change in magnetic flux Φ will generate an electric field strength E, where the resulting
electromotive force V is given by

V =

∮
E.ds = −dΦ

dt
. (1)

Therefore, when a metal surface is subjected to the varying magnetic flux of the reader
coil, an electric field strength is induced on the metal surface which generates eddy cur-
rents. This current works against the exciting magnetic flux, as indicated by Lenz’s law
through the negative sign in (1). This effect is not desirable for inductively coupled RFID
systems [10]. However, the current structure of the CF (Fig. 1) uses the induced eddy cur-
rents to improve the performance rather than degrade it. We explain how this is achieved
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Figure 1: Metallic coupling frame (ID-1 size).

through an HFSS (currently named ANSYS Electronics) simulation of the CF-based card
separated from the reader coil by 37.5 mm. The induced currents on the CF are depicted
in Fig. 2. There are two main current loops with opposite directions, the clockwise loop
is the induced current based on Faraday’s law which opposes the exciting magnetic flux.
However, the second anti-clockwise current loop that surrounds the module coil creates
a magnetic flux in the same direction (as exciting magnetic flux) which enhances the
coupling to the module.

Figure 2: Surface current density field on the coupling frame.

We implement an additional simulation without any slot at the CF, to identify the cause
of the anticlockwise current loop. For better visibility, the surface currents are uniformly
distributed in Fig. 3. One observes in Fig. 3a that there is no current loop surround-
ing the module coil where the direction of current loop is only clockwise all over the
CF. Therefore, in this case the produced magnetic field opposes the exciting field which
leads to degrading the performance. On the other hand, the currents on the CF with the
slot depicted in Fig. 3b show a different behavior, where it forms a second loop that
flows anti-clockwise generating a magnetic field in the same direction as the exciting
field. Therefore, the slot forces the distribution of the current around the module in a con-
structive manner. Based on the previous analysis and simulations, we conclude that the
concept of operation of the CF-based cards is inductive coupling. Recent measurements
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of the magnetic (inductive) field profiles [11] confirm our magnetic coupling theory and
corresponding HFSS simulation results [12].

(a) (b)

Figure 3: Comparing the surface current density around the module’s area on a CF (a) without
any slot (b) with the slot.

3. Card Model

Through measurements and simulations of the standalone CF, we discovered that it ex-
hibits the behavior of a parallel RLC resonant circuit. Our full model of the CF-based
card is depicted in Fig. 4, where the slot is modeled through the shunt high resistance
RS and small capacitance CS . The capacitance is approximated using the parallel plate
capacitance equation based on the slot dimensions

CS =
εA

d
(2)

where ε is the permittivity, A is the surface area of the slot and d is the gap width of
the slot. The eddy currents induced on the CF are represented by the inductance LCF .
Since we have two main loops, one along the large surface of the CF and the second one
surrounding the module coil, the inductance is split into two parallel inductances LCF1

and LCF2. The resistances RCF1 and RCF2 have very low values, so the CF acts as a
parallel RLC resonant circuit. The module is modeled using the following elements: Rm

and Lm are the resistance and inductance of the module coil, in addition to the simplified
model of the IC which is composed of a capacitor CIC and a shunt resistor RIC. The
parasitic capacitance of the module coil is combined into CIC.

HFSS simulations provide us with an approximation for the combined values of induc-
tances through the imaginary impedance of the CF at low frequency. The capacitance is
calculated through determining the resonance frequency of the standalone CF or by (2).
The shunt resistance RS is determined using the real impedance of the CF at resonance.
Fig. 5 shows the real and imaginary impedances (calculated at the slot terminals) of the
coupling frame which was simulated by HFSS. One observes that the standalone CF has
a self-resonance frequency at approximately 1.5 GHz.
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Figure 4: RLC model of the coupling frame-based card.
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Figure 5: Real and imaginary values for the impedance of the coupling frame.

4. Enhancement

4.1 Description

It would be expected that the slot dimensions would be one of the main design parameters
for the coupling frame, however, we found that varying the gap width d of the slot does
not affect the performance. Through changing the gap width, the slot capacitance CS is
varied. Therefore, the resonance frequency of the coupling frame changes. However, it
is far from the frequency of operation (always in the GHz range). We deduce that the
resulting slot capacitance CS for various slot gap widths is too small. Thus, we propose
our first enhancement for the CF-based cards by introducing a high capacitance (few
nanofarads) at the slot of the CF as per Fig. 6. This leads to creating a parallel resonance
in the CF close to the frequency of operation which results in a higher transferred voltage
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to the IC that reaches up to nearly three times the performance of classical CF-based
cards, as demonstrated in Section 5. Such capacitance value can not be reached practically
through only reducing the slot width, therefore, a lumped capacitor needs to be added.

c

Figure 6: Adding a capacitor to the slot of the coupling frame.

4.2 Verification

To verify our proposed enhancement, we manufacture a copper CF of thickness 0.1 mm
and a 4.7 nF lumped capacitor is soldered on the slot. The approximate values of the CF’s
circuit elements in Fig. 4 are calculated through simulating the CF using HFSS. Utilizing
the fact that the CF behaves as a parallel resonant circuit, the value of RS is equal to the
real part of the impedance at resonance. The total inductance of the CF, given by

LCF ≈ LCF1//LCF2, (3)

is calculated using the imaginary part of the impedance at low frequency (1 MHz). It is
difficult to determine the exact values of the inductances LCF1 and LCF2, however, by
observing the current distribution in Fig. 2, we provide an acceptable approximation for
their values. The inductance LCF1 covers a larger area with low current concentration on
the CF and on the other hand, LCF2 is distributed on a small area surrounding the module
gap, with a high current concentration. Therefore, we can assume that both LCF1 and
LCF2 values are nearly equal and a simple tuning leads to higher accuracy.

We measured the impedance of the CF through connecting it to an Agilent Impedance
Analyzer E4991A with its corresponding test head and the spring clip fixture 16092A, in
order to verify our calculated values for the CF’s circuit model. One of this impedance
analyzer’s features is to determine the equivalent parallel RLC elements for the device
under test. Based on both our simulations and measurements, we summarize the values
of the CF’s circuit model in Table 1. Since the value of CS is in the picofarad range, it
can be neglected in comparison to the added lumped capacitor.

A comparison between the circuit simulation and measurements of the imaginary
impedance of the coupling frame with 4.7 nF capacitor is presented in Fig. 7. The slight
difference in resonance frequency between measurements and simulations, is due to the
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Circuit Elements
LCF1 55 nH LCF2 60 nH
RCF1 0.01 Ω RCF2 0.01 Ω
RS 150 Ω CS 0.75 pF

Table 1: Values of the RLC circuit model of the coupling frame with a 4.7 nF lumped
capacitor.
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Figure 7: Comparison between measurement and circuit simulation for the imaginary impedance
of a CF with 4.7 nF capacitor.

tolerance in the value of the manufactured lumped capacitor. Therefore, a low tolerance
is an important specification for the lumped capacitor. Furthermore, the self-resonance
frequency of the capacitor has a great impact on the performance, so our recommendation
is to choose a capacitor with at least 5 times higher self-resonance frequency than the
operation frequency.

5. Measurements and Simulations

A classical CF card is designed and optimized to serve as a reference for our compar-
isons. The classical CF is composed of an 0.1 mm thick copper frame with a module (no
lumped capacitor) and is denoted by “CF1”. Its performance is optimized when used with
Module ‘1’, where module’s dimensions are available at Table 2.

To verify our proposed enhancement, we simulate a copper CF of thickness 0.1 mm
with a 4.7 nF capacitor and module ‘2’, using HFSS. We determine the equivalent circuit
model of the enhanced CF-based card through utilizing the previous analysis. The lumped
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parallel capacitor is modeled in parallel to CS and we use FastHenry [13] to calculate the
values of the equivalent elements of the module. Our modules contain contact pads on
the opposite side of the coil where that metal leads to slight shift in the element’s values.
Thus, we adjust these shifts through comparing the results of HFSS simulations. The
elements of the module are Lm = 1.35 µH, Rm = 4 Ω, CIC = 65 pF and RIC = 1850 Ω.
The equivalent circuit of the reader coil can be found in [5], [14]. There are 3 coupling
coefficients in the system:

• The coupling between reader coil and LCF1:
kR−CF1 = 0.09.

• The coupling between LCF2 and module coil:
kCF2−mod = 0.3.

• The coupling between reader coil and module coil:
kR−mod = 0.002.

These values are approximated by FastHenry and tuned based on results from measure-
ments and HFSS simulations.

85 mm

54
 m

m

Figure 8: CF2: Copper CF with 4.7 nF capacitor and a module.

Furthermore, we manufacture a prototype of the card using a copper CF of thickness
0.1 mm, a 4.7 nF lumped capacitor and a module containing an actual IC, as per Fig. 8
and we denote the card by “CF2”. Our test setup is shown in Fig. 9, where we utilize
the standardized test PCD assembly for the placement of the card and reader. The card
and reader antenna are separated by 37.5 mm. A signal generator emits a sinusoidal
signal with 0 dBm power to the reader coil. An active probe is connected to the IC
terminals of the card which is connected to the signal analyzer R&S FSQ26. A computer
is used to control both the signal generator and signal analyzer to carry out a frequency
sweep. A passive probe has high parasitic capacitance (∼ 10 pF) which would detune the
results, therefore, it is essential to use an active probe instead, which has lower parasitic
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Figure 9: Test setup.

capacitance (∼ 1 pF) [15]. HFSS simulations and circuit simulations are carried out for
the same test setup (including reader antenna and coil). The reader’s circuit is provided
by the standard ISO/IEC 10373-6 [14]. The reader coil’s dimensions are given in the
same standard and utilized in the HFSS simulation, where a 50 Ω lumped port is used
for feeding and lumped RLC boundaries are used for implementing the reader’s matching
network. The system is simulated within an air box of dimensions 250× 250× 100 mm3.
Measurements are also carried out and compared to the simulations, as depicted in Fig. 10.
The measured and simulated RMS (Root Mean Square) voltage at the IC load (RIC and
CIC) are in a good alignment which verifies our proposed circuit model of the CF-based
card.

The dimensions of the modules are given in Table 2, where ‘N’ indicates the number
of turns, ‘a’ and ‘b’ are the width and length of the coil, respectively. The track width
and height are given by ‘w’ and ‘h’, and ‘g’ is the gap between two adjacent wires. The
measured voltage at the IC is nearly tripled compared to the classical CF design without
a capacitor, as shown by Fig. 11.

Module ‘1’ Module ‘2’
N 12 w 0.125 N 8 w 0.125
a 12.6 g 0.025 a 12.6 g 0.025
b 11.4 h 0.018 b 11.4 h 0.018

Table 2: Dimensions of modules ‘1’ and ‘2’ (all units are in mm).
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Figure 10: RMS voltage delivered to the IC (Module ‘2’) on the enhanced CF2 using
measurements and simulations.
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Figure 11: Comparison between the measured RMS voltage delivered to the IC of a classical CF
(no capacitor) and an enhanced CF (with capacitor).

6. Bandwidth Analysis

The results of the previous enhancement show a significant increase in the transferred
voltage to the IC which corresponds to incrementing the read-distance of the tags. How-
ever, one observes that the bandwidth is still limited and considerably small. The CF
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is the main reason for the limitation of the bandwidth, since the inductance values are
very small, consequently a large capacitance has to be used to reach resonance. Thus, the
Q-factor of such CF becomes very high,

QCF = ω◦RSC = 60, (4)

where ω◦ is the operating frequency, RS is the parallel resistance of the CF and C is the
lumped capacitance added to the slot of the CF. Since the value of the inductance can
not be changed significantly, as it is created through eddy currents, we opt to increase the
bandwidth through controlling the coupling factor. In [16], we showed the three existing
definitions for the coupling strength which are under-, critical- and over-couplings. The
critical-coupling achieves the best power transfer characteristics, while over-coupling can
provide better bandwidth capabilities at the expense of lower power transfer [17].

The effective coupling coefficient in our design is the one between the module coil
and the CF. Therefore, one can consider simply modifying the gap size by controlling the
overlap between the metal of the CF and that of the module coil. In that case, increasing
the gap size should reduce the coupling coefficient and vice versa. However, this is not
a very simple task in the case of CF-based cards, as changing the gap size effectively
alters the equivalent inductances of the frame. Reducing the gap size, requires a higher
lumped capacitance to reach the resonance frequency, thus we end up without much en-
hancement in the bandwidth. We verified these results by carrying out measurements on
three standalone coupling frames (without a lumped capacitor or module) with different
module’s gap sizes. Fig. 12 shows the measurement of the CF with the impedance ana-
lyzer, where the equivalent circuit values are depicted on the impedance analyzer screen.
Furthermore, we carried out HFSS simulations to depict the change on the surface current
due to modifying the module’s gap size. The legends of the two plots in Fig. 13 show that
the maximum value of the surface current is affected, consequently, the equivalent induc-
tance of the CF is changed. The inductance of the coupling frame LCF in Fig. 13a is
19.7 nH, as calculated by the impedance analyzer, while for the second one it is 57.6 nH.
Therefore, increasing the mutual coupling does not lead to a significant enhancement in
the bandwidth.

However, one can still argue that with the proper choice of the lumped capacitance
and module coil, we could reach better bandwidth at the expense of the delivered voltage
which would serve as another alternative to changing the mutual inductance. We have
achieved such results through choosing the resonance frequencies of both the coupling
frame and module not to be identical, yet close to each other. For that purpose, we create
card “CF3” where we use a lumped capacitor of 5.6 nF for the coupling frame and Module
‘3’ with 11 turns, track width of 0.075 mm and other dimensions are similar to Module
‘1’. Fig. 14 shows a comparison between measurements of the cards discussed previously
and “CF3”. We are able to achieve a significantly better 3dB bandwidth where bandwidths
are 1.6, 0.7 and 3.8 MHz for “CF1”, “CF2” and “CF3”, respectively. On the other hand, the
maximum voltage amplitude achieved by “CF3” is significantly reduced. In order to put
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Figure 12: Measuring impedance of standalone coupling frame using an impedance analyzer.

(a) (b)

Figure 13: Comparing the surface current of two coupling frames with different module’s gap
sizes.

the comparison into perspective, we create a galvanic card composed of one coil with the
dimensions of 50×80 mm, 3 turns, 0.3 mm track width, 0.3 mm gap and 0.035 mm track
height, same as presented in [16], which achieves a bandwidth of 1.3 MHz. Thus, the
enhancement trades off bandwidth against delivered power stronger than galvanic cards.

7. Double Coupling Frame-based Cards

We can propose a further enhancement after analyzing the role of the coupling frame from
a different perspective. Through observing the magnetic field distribution of our enhanced
CF design in Fig. 15 which is simulated by HFSS for the same setup shown in Fig. 9, we
observe that the coupling frame concentrates the magnetic field to pass through the gap
where the module coil is placed which in turn enhances the amount of voltage delivered
to the IC.

Therefore, we propose to extend such a method by increasing the size of the gap and
placing a small second coupling frame with a capacitor inside the gap, which allows
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Figure 14: Comparison between measured RMS voltage delivered to the IC of classical CF,
enhanced CFs and galvanic card.

higher magnification of the magnetic field. This approach corresponds also to increasing
the order of the matching network as discussed in [16] which would result in better band-
width capabilities while preserving the quality of the transferred voltage at the expense
of higher complexity. We show an HFSS representation for the double CF structure in
Fig. 16a which is composed of two coupling frames with slots and a capacitor on each of
them. This figure contains only the module coil to simplify the structure, however, in sim-
ulations, all details (substrate, contact pads, ... etc) were taken into account. The double
CF-based card is denoted by CF4 where a 2.5 nF capacitor is soldered on the large CF
and an 0.5 nF capacitor on the small CF. The used module coil has 11 turns, 0.075 mm
track width and remaining dimensions are similar to these at Table 2. The manufactured
double CF used for the measurements is given in Fig. 16b.

The test setup (Fig. 9) including the double CF-based card is presented in Fig. 17. The
test PCD assembly is shown on the right where the card is placed on top of the upper sens-
ing coil and the reader coil is placed below it by a distance of 37.5 mm. On the bottom
left is the signal analyzer R&S FSQ26 and the R&S SMU 200A signal generator on top.
The measurement results are depicted in Fig. 18, where we make a comparison between
all the CF-based cards previously mentioned and the galvanic card. One observes that the
double CF-based card achieves the best trade-off among the enhanced CF-based cards,
where it is capable of achieving the same amplitude as the enhanced “CF1” which is char-
acterized by high amplitude and low bandwidth. On the other hand, it achieves the large
bandwidth that the enhanced “CF3” reached. To summarize the results, Table 3 shows
a comparison between the values achieved by all discussed cards in terms of maximum
RMS value of VIC and 3dB bandwidth at an input power of 0 dBm at reader antenna.
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Figure 15: Magnetic field distribution simulated by HFSS.

(a) (b)

Figure 16: Structure of double coupling frame-based cards (a) using HFSS (b) manufactured
card.

Among the CF-based cards, the double CF4 achieves the best combination between the
voltage and bandwidth with 0.47 V and 3dB bandwidth of 1.9 MHz.

Finally, we observe the behavior of such cards in response to changing the power at the
reader antenna’s input in Fig. 19. At low power, the bandwidth of the double CF-based
card is better than that from galvanic card, while the amplitude is lower. Starting from
12 dBm, this is switched oppositely around where the galvanic card’s bandwidth is better
with lower amplitude. Thus, these curves show that the IC’s behavior [18] need to be
included into the analysis to fully characterize the RFID card’s behavior when practically
operating.
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Figure 17: Measurement setup for double coupling frame-based cards.
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Figure 18: Comparison of the measured RMS voltage delivered to the IC with various coupling
frames and a conventional galvanic card.

8. Summary and Conclusion

The coupling frame (CF)-based RFID cards have been analyzed and the coupling between
the card and the reader is fundamentally inductive. The slotted design of the metallic CF
forces the current distribution to induce a magnetic field parallel to the exciting field lead-
ing to increased coupling of the module. The CF is modeled well by a parallel resonance
circuit which has been verified by simulations in HFSS, circuit level simulations, and
measurements (all in good agreement). Inserting an additional capacitor in the slot cre-
ates a resonance near the frequency of operation which increases the voltage transferred
from the reader coil to the module nearly threefold. The lumped capacitor and the in-
ductance of the module coil allow to trade off bandwidth at the expense of the delivered
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Classical
CF1

Enhanced
CF2

Enhanced
CF3

Double
CF4

Galvanic

Max.
RMS of VIC

0.17 V 0.48 V 0.22 V 0.47 V 0.79 V

3dB
Bandwidth 1.6 MHz 0.7 MHz 3.8 MHz 1.9 MHz 1.3 MHz

Table 3: Comparison between the maximum RMS value of VIC and 3dB bandwidth of
various coupling frame-based and galvanic cards at 0 dBm input.
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Figure 19: Comparison of the measured RMS voltage delivered to the IC at various input power
levels between the double CF4 card (solid) and the galvanic card (dashed).

voltage. Finally, we proposed the double CF-based cards which are capable of achieving
both high bandwidth and high transferred voltage. We conclude that such double CF de-
signs provide higher flexibility than galvanic cards and classical CF-based cards, in terms
of achievable bandwidth for an HF RFID integrated circuit.
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Abstract
The state-of-the-art design criteria for High Frequency (HF) Radio Frequency
IDentification (RFID) cards at 13.56 MHz depend on the choice of a resonance
frequency and a quality factor of the card. Our investigations show that these
values are a result of the Integrated Circuit (IC)’s non-linearity and its dynamic
range. We describe our accurate method for calculating the IC’s circuit model
during loaded and unloaded states. The dynamic range is identified where
the IC is capable of achieving load modulation for all basic bit rates (106 —
848 kbit/s). The calculated IC’s circuit model is simulated and compared to
measurements showing good agreement. We formulate a constrained minimiza-
tion problem based on the IC’s circuit model, its dynamic range, and including
all the card’s parasitics, as well as loading effects from the reader side. The
problem’s solution is the optimum inductance for the card’s coil that renders
a standard-compliant HF RFID card. A prototype card is manufactured based
on the optimum inductance and we show that it passes the standardized tests
and operates for all basic bit rates within the field intensity range from 1.5 to
7.5 A/m, as specified.

1. Introduction

The High Frequency (HF) Radio Frequency IDentification (RFID) cards are composed
of two components: a coil and an Integrated Circuit (IC) containing a microcontroller
and the radio interface. The choice of coil type and dimensions is dominated by its in-
ductance value. Established numerical tools exist which allow to compute spiral coil
dimensions on the card’s body: e.g. ANSYS Electronics [1] (formerly known as HFSS)
or FastHenry [2]. The second component is the IC whose nominal equivalent parallel
capacitance varies with the choice of IC. Considering a specific IC, a designer seeks the
coil’s dimensions that optimize the performance of the card. In this context, the optimum
performance is determined based on the tests defined in the test standard ISO/IEC 10373-
6 [3]. Several tests as specified in [3] need to be passed before any card is considered
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standard-compliant. One of the main tests that are directly dependent on the coil’s de-
sign examines the card’s responses to the reader’s data packets, as specified by ISO/IEC
14443 [4]. According to the standard, Class 1 cards are supposed to fully operate for field
intensities between 1.5 A/m and 7.5 A/m [5]. A standard-compliant (ICAO Doc. 9303
compliant) HF RFID card is capable of operating within that field range using all basic
bit rates (106, 212, 424 and 848 kbit/s).

HF RFID cards have been utilized in many applications for over 25 years. Many de-
signers have found practical card designs that are standard-compliant. State-of-the-art
practical designs of a card’s antenna coil depend on the choice of two parameters: the
card’s resonance frequency and quality factor. IC manufacturers provide a recommenda-
tion for the choice of these two parameters to design a fully operational card. However,
previously there was no explanation why the recommended choice leads to a standard-
compliant card and we are not aware of any previously published systematic method to
optimize the card for standard-compliance. In [6], Reinhold et al. focused on optimizing
the energy transmission to the card considering neither the standardized tests nor the IC’s
non-linear behavior. In [7], [8], the condition for the IC’s start of operation with respect
to the field intensity was considered, however, this condition is not sufficient as shown
by the prototype in Section 2. Our work utilizes more information from the IC’s side in
addition to enforcing more conditions to ensure full standard-compliance at all basic bit
rates.

To reach a systematic optimization method, we focus on analyzing and modeling the
behavior of the IC, since there exists very little publicly available information on its op-
eration and limitations. Based on that analysis, we present our method for providing the
actual key parameters for designing a standard-compliant card.

This paper is arranged as follows: In Section 2, we analyze the performance of a card
designed based on a maximum power transfer criterion. The structure of the IC, as de-
fined by the standard, is briefly explained in Section 3. Our method for determining the
circuit model of the IC denoted as De-embedding transformer-based method is presented
in Section 4. This is followed by explanation of the IC’s load modulation operation and
extending the de-embedding method to characterize the IC during load modulation in
Section 5. The circuit model of the IC during loaded and unloaded states is verified in
Section 6. In Section 7, we present a method to determine the IC’s dynamic range for bit
rates higher than 106 kbit/s. Based on these analyses, we provide in Section 8 a system-
atic method for calculating the card’s coil inductance that lead to a standard-compliant
card. Finally, the algorithm’s results are verified in Section 9 through a manufactured
prototype, which passes the standardized tests.

2. Maximum Power Transfer

We test the performance of a card designed based on a maximum power transfer criterion,
which means that the card’s resonance frequency is equal to that of the reader (13.56
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MHz). For the first glance, this approach seems the most adequate one since this leads
to transferring the maximum possible power to the card, which reflects on the card’s read
range.

We have designed and manufactured the card shown in Fig. 1. This card uses an NXP
IC “P5CD081UA/T1AY7996” with nominal capacitance 69 pF and nominal resistance
1850 Ω. The card has a resonance at 13.56 MHz and is denoted as “Card 1”. The coil’s
inductance is 2 µH and its dimensions are available in Table 1 where ‘N’ indicates the
number of turns, ‘a’ and ‘b’ are the width and length of the coil, respectively. The track
width and height are given by ‘w’ and ‘h’, and ‘g’ is the gap between two adjacent wires.

Figure 1: Manufactured “Card 1” with a 69 pF IC.

Card 1
N 3 w 0.3
a 50 g 0.3
b 80 h 0.035

Table 1: Coil’s dimensions of “Card 1” (all values are in mm units).

There exist various tests at the ISO/IEC 10373-6 standard to validate an HF RFID
card [3], [9]. The most challenging one with respect to card’s design is to test the response
of the card over the field intensity sweep from 1.5 up to 7.5 A/m. The test setup uses the
Test Proximity Coupling Device (PCD) Assembly, which is composed of a card placed at
37.5 mm on top of the reference reader antenna (PCD), as specified by the standard [3]. A
calibration coil (defined in [3]), composed of one turn and has a high resonance frequency,
is used to measure the field intensity of the reader. It is placed at a distance of 37.5 mm
below the reader antenna. The field intensity H is calculated from the RMS voltage
measured on the calibration coil Vcal, using the following equation [10]

H =
Vcal

0.32
. (1)
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For this test, the reader sends several sequences for the card starting by a wake-up
signal (Request A), where the card should respond. If the card responds correctly to all
the reader’s commands, the communication is considered successful, then the reader’s
power is changed and the test is repeated. For a standard-compliant Class 1 card, it
should respond successfully between 1.5 and 7.5 A/m. An overview of the test setup
can be watched in the video* accompanying this contribution.

The test results for “Card 1” with 106 kbit/s are shown in Fig. 2. The card successfully
achieves the lower bound where it is able to communicate starting from nearly 0.5 A/m.
On the other hand, the card operates successfully only until 6.2 A/m and then it fails. This
behavior is against intuition, since as the field intensity increases, the supplied voltage to
the IC increases, thus it should have worked successfully. Such behavior have always
been observed by our colleagues in industrial companies, however, its reasons were not
determined and were generally related to the non-linearity of the IC without determining
a specific reason. This was also one of the reasons that industrial companies did not
recommend the use of the 69 pF ICs for HF RFID cards with ID-size 1, as this test
becomes even less successful for higher bit rates as depicted in Fig. 2. The behavior of
the IC for bit rates higher than 106 kbit/s is analyzed in Section 7.
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Figure 2: Results of the standardized test on “Card 1”.

3. IC’s Standardized Structure

Based on the results of the previous section, it is evident that the optimization method
of an HF RFID card has to consider the IC’s non-linearity. The IC contains a very com-

*The video is available at https://ieeexplore.ieee.org/document/8447197/
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plicated structure, as it is composed of many transistors and stages, so it is infeasible to
simulate the IC’s behavior from a transistor level, either because of the high complexity
or because IC manufacturing companies do not share the structure of their ICs, as they are
patented and classified. The general structure of the IC is defined within the Reference
Proximity Integrated Circuit Card (PICC), which is defined in the standard [3]. We have
investigated the Reference PICC in details [11], so we present here briefly the general
structure of the IC and its operational stages.

The IC is composed of a voltage rectifier and limiter, load emulation and load modula-
tion circuits. The AC voltage induced in the coil on the card is converted into DC inside
the IC with the use of the voltage rectifier circuit. Conventionally, it is composed of a
full-bridge rectifier [12] and a smoothing capacitor. A zener diode is used as a voltage
limiter to avoid a voltage higher than a specific value in the IC. The load emulation circuit
is a voltage controlled resistor that varies its resistance value to control the voltage drop
on the IC as the power delivered increases.

The data exchange in RFID is achieved through load modulation, which means that the
IC alternates its load from high to low values. The reader senses that change in load and
maps it to the corresponding zeros and ones. Thus, load modulation circuit is the final
stage in the IC, which is responsible for alternating the IC’s load.

kHz 5.847sf

≈  

13.56 f (MHz)14.407512.7125

V

L C Runloaded Rp

S

 MHz56.13cf

 Kbit/s106bitf

L

C Runloaded Rloaded

L C Runloaded Rloaded

RL

Figure 3: Simplified circuit model of an HF RFID card with IC.

The IC can be simplified and modeled as a voltage controlled shunt capacitance and
resistance circuit [13], [14], where the resistance is denoted as unloaded resistance. This
simplified structure is easily verified through reviewing the structure of the Reference
PICC [11]. Load modulation is modeled by adding a switch and a parallel low valued re-
sistor denoted as loaded resistor. The values of the loaded resistance, unloaded resistance
and capacitance vary with the applied voltage. Load modulation can be implemented
by a loaded capacitor instead of resistor [13], but conventionally a resistor is used. The
switch is connected to the unloaded resistance by default and when communicating with
the reader, the IC switches between unloaded and loaded resistors. The simplified model
of the card is given in Fig. 3, where L and RL are the inductance and parasitic resistance
of the coil on the card, C is the shunt capacitance of the IC, Runloaded is the unloaded

91



Paper C: Optimal Card Design for Non-Linear HF RFID Integrated Circuits ...

resistance and Rloaded is the loaded resistance of the IC during load modulation.
To include the IC’s non-linearity, we need to calculate the capacitive and resistive val-

ues of the IC with respect to the IC’s voltage.

4. De-embedding Transformer-based Method

4.1. The Method

The default position for the switch on the RFID IC is connected to the unloaded resistance,
so in this section we aim to measure this resistance and the IC’s capacitance versus the
IC’s voltage. A direct measurement of the IC’s impedance has been carried out [14].
However, we showed earlier that such measurement technique would easily suffer from
inaccuracy [15].

In [14], the resistance of the IC at low power is nearly 10 kΩ, while, at the beginning
of IC’s operation, it reaches around 2 kΩ. Similar results are also measured in [16] with
another NXP IC, which has a different nominal capacitance value. Through analyzing the
reflection coefficient ΓRC of a shunt RC circuit, the sources of the inaccuracy are clearly
observed. The equivalent impedance for a passive RC load is given by

ZRC =
R− jωR2C

1 + ω2R2C2
, (2)

which can be easily converted to the reflection coefficient (S-parameter). We simulated
the effect of changing the value of the resistance and capacitance on the equivalent reflec-
tion coefficient. We observe a difference of only 0.3 dB for changing the resistance from
2 to 10 kΩ, as depicted in Fig. 4. Since the measurement equipment (such as a Vector
Network Analyzer (VNA)) calculates the S-parameters of the IC and based on that we in-
terpret the equivalent resistance and capacitance, this means such measurement has very
low sensitivity to load variation where the smallest S-parameter’s measurement error leads
to a high difference in the equivalent values of resistance and capacitance. Furthermore,
all variants are highly mismatched, which have a negative impact on the accuracy of the
measurement equipment that usually operates with higher precision for matched loads. It
is noted that these measurements are not possible to be measured by an impedance an-
alyzer (which is more accurate than a VNA for mismatched loads) because the classical
ones do not support high power measurements, which are essential to characterize the IC.

To counteract that problem, we propose the de-embedding transformer-based method
[15]. Through inserting a proper two port network between the measurement device and
the IC, we enhance the matching and more importantly the reflection coefficient’s sensitiv-
ity to the variations in the RC load of the IC. Our proposed two port network is composed
of two strongly coupled coils; one coil connected to the IC and the other to the measure-
ment equipment through an SMA connector, as demonstrated in the circuit in Fig. 5. The
first coil is modeled by L1, R1, C1 and Rs represents the substrate’s losses [17], while this
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Figure 4: Reflection coefficients for 4 variants of an RC shunt circuit.

substrate’s resistance is neglected on the second coil, since it is usually much higher than
the IC’s parallel resistance. The second coil connected to the IC is modeled by L2, R2

and C2. The two coils are conventionally strongly coupled with a mutual inductance M .
Finally, we add the 50 Ω resistance, which enhances the circuit’s matching with respect
to 50 Ω. The voltage Vs represents the input voltage from the measurement equipment to
the measurement fixture. Currently, there are several modules [18], [19] containing a coil
directly connected to the IC (corresponds to the right half of the circuit in Fig. 5), this
was the reason for choosing such circuit structure, as it allows a fast measurement of the
IC, by just placing the module wirelessly on top of a coil connected to a 50 Ω, as we did
in [15]. However, the prototypes we present here provide higher accuracy as verified in
Section 6. Furthermore, this transformer structure provides high sensitivity of the reflec-
tion coefficient Γin (as seen by input source Vs) with respect to changing the resistance’s
value, as shown in Fig. 7.
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Figure 5: Circuit model of the de-embedding transformer-based measurement fixture.
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A comparison between the simulated reflection coefficients for the proposed measure-
ment fixture with a two port network is shown in Fig. 6. We observe that there is a
significant change in the reflection coefficient, with changing the resistance R, similarly
with changing the capacitance C. From this curve, it is also clear the choice of the two
port network is related to the target load range, where the current circuit would not be
suitable for an IC with a significant change in capacitance. However, the de-embedding
concept is very general where the designer has to seek a suitable two port network for the
target IC to be characterized.
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Figure 6: Comparing the reflection coefficients of different loads connected to a two port
network.

Since we are only interested in the IC’s behavior at 13.56 MHz, we compare in Fig. 7
the change in the reflection coefficient versus both the resistance and capacitance using
the two port network (solid lines) to the direct method (dashed lines). These results are
carried out by ANSYS Electronics (HFSS) simulations for the fixture implemented in
Fig. 9. The capacitance value of 70 pF is the center value where we aim for the highest
accuracy, since the IC that we measure has a nominal capacitance of 69 pF. At that
capacitance value (red solid line), the S-parameter is highly sensitive to the change in
resistance, so the IC’s resistance can be accurately determined based on measuring that
S-parameter.

Moreover, all the variances of the de-embedding method are much better matched in
comparison to the direct method. This is beneficial, since the measurement equipment are
more accurate with respect to better reflection coefficient. When the resistance value falls
below 200 Ω, the matching of the direct method becomes better. However, the value of
matching of the de-embedding method is still good enough for good accuracy. Further-
more, we observe that the direct method is highly insensitive to the capacitance change
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Figure 7: Comparing the reflection coefficients of different loads with (solid) and without
(dashed) a two port network at 13.56 MHz.

for all the resistance values, as opposed for the de-embedding method, where there are
significant changes in the value of the reflection coefficient at high resistances.

The input impedance Zin of the measurement fixture is measured by a VNA. The
impedance of the IC ZIC is calculated using the de-embedding equation as follows

ZIC =
Z12Z21

Z11 − Zin
− Z22, (3)

where ZIC is the equivalent impedance of the IC (R//C) and Z11, Z12 = Z21 and Z22 are
the Z-parameters of the two port network.

Equation (3) provides accurate results only if the Z-parameters of the two port network
are accurately calculated. To do so, we need to determine the exact values of 8 variables
(Fig. 5). We showed earlier the analytical method to calculate these values [15]. The
easier method is to perform three measurements on three different known lumped loads
before placing the IC, which allows also to account for the different parasitic effects [15].
Using these results, we substitute in (3) and calculate the unknown Z-parameters. Then,
with the knowledge of the Z-parameters, the value of the IC’s impedance is calculated.

4.2. Test Setup
For accurate results, the reflection coefficient Γin of the measurement fixture (conse-
quently the input impedance Zin) and corresponding input voltage Vs should be accurately
measured. This is achieved using a power calibrated VNA (R&S ZVA8). The IC is also
tested at high power levels; therefore, we utilize the inputs of the VNA instead of the
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ports, in addition to using attenuators to protect the inputs of the VNA. The test setup is
shown in Fig. 8, where the calibration is carried out as usual in place of the measurement
fixture.
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Figure 8: Test setup for characterizing the IC.

The “source” input of the VNA provides the input signal to the amplifier. This input
signal is attenuated by 20 dB as the VNA provides better signal to noise ratio at higher
power levels and on the other hand, the amplifier has a maximum input power. The 6 dB
attenuator after the amplifier is placed to better match the amplifier such that it provides
constant power regardless of the load’s value. A directional coupler is used to connect the
measurement fixture and the VNA. The direct path of the directional coupler has nearly
no attenuation, while the coupled paths have 20 dB attenuation. Further 20 dB attenuators
are placed on the coupled paths before the VNA’s inputs, to protect them from high power.

(a) (b)

Figure 9: Manufactured PCB for characterizing the IC using de-embedding transformer-based
method (a) Top (b) Bottom.

We implement the circuit in Fig. 5 on a Printed Circuit Board (PCB), where the two
identical coils L1 and L2 are placed on top and bottom layers, respectively. This is equiv-
alent to the test fixture that was used in [15], where a PCB and module (IC + small
module’s coil) were used. However, our approach here provides better accuracy as the
location of the two coils is fixed, which is essential, since they are strongly coupled. Fur-
thermore, this allows testing ICs with different packages. Fig. 9 shows the manufactured
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test fixture. Moreover, using this PCB design we are able to fix an active probe at the
IC’s location to measure the IC’s voltage at each input power level. We utilize an active
probe (R&S-ZD30), which has low parasitic capacitance and high resistive value. The
dimensions of the two coils L1 and L2 are given in Table 2, where both coils are identical.
For the 50 Ω resistor, we utilize two parallel 100 Ω resistors with 0.5 W rating such that
they can withstand the high input power.

Coils L1 and L2

N 8 w 0.3
a 33 g 0.3
b 33 h 0.035

Table 2: Dimensions of coils L1 and L2 for de-embedding method (all values are in mm
units).

Another approach for calculating the IC’s voltage VIC is to derive it based on the source
voltage Vs measured by the VNA. First, the current at port one is calculated by

I1 =
Vs

Zin + 50
, (4)

where the 50 Ω accounts for the source’s impedance. The current of the second port is
given by

I2 = − Z21

ZIC + Z22

I1. (5)

Then, the IC’s voltage is calculated using

VIC = −I2ZIC. (6)

The full implemented test setup is shown in Fig. 10. The three known loads used in the
measurements are (3900 Ω, 75 pF), (1800 Ω, 68 pF) and (100 Ω, 62 pF). Through solving
equation (3), the Z-parameters of the two port network are calculated, which also accounts
for the parasitic effects of the active probe, as the probe is connected during the measure-
ments of the three loads. We recommend splitting this equation into two equations for
real and imaginary parts, as this would make solving for the Z-parameters using MAT-
LAB simpler and more accurate. The values of the Z-parameters are calculated at each
power level to account for the changes within the measurement equipment themselves.

The measured equivalent IC’s load is given in Fig. 11 for an NXP chip model
“P5CD081UA/T1AY7996” with a nominal capacitance of 69 pF, where we observe the
variation of the resistance with respect to the applied voltage, which is equivalent to the
effect of the load emulation circuit in the Reference PICC [3], [11]. The model of the IC
measured here provides higher accuracy in comparison to [14], [16] as per our previous
analysis and especially at low power where we measure the resistance value at low power
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Figure 10: Implemented test setup for the de-embedding transformer-based method.
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Figure 11: Equivalent load of the IC.

to be around 3.5 kΩ while [14], [16] shows a value of nearly 15 kΩ. We present the first
verification of our IC’s model in Section 6, which shows high accuracy and better results
in comparison to our previous model [15].

Through observing the change in IC’s load values, two IC’s regions of operation are
identified. The two spikes between 1.1 V and 1.6 V mark the “Power on reset” mode,
where all the blocks of the IC are reset to a predefined state [14]. The following spike
corresponds to the “Start of operation” mode, where the CPU of the IC starts operating and
after this point (at 2 V) the IC is capable of communicating through load modulation [14].
We have discovered a third operation region, which starts at nearly 3.2 V in which the IC
is capable of initiating load modulation at bit rates higher than 106 kbit/s, as shown in
Section 7.
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5. Load Modulation

5. Load Modulation

5.1. Introduction

Load modulation is the method of sending data from the card to the reader. This is
achieved within the IC through switching between the loaded and unloaded resistances,
as shown in Fig. 3. The unloaded resistance is the one where the IC’s switch is connected
to it by default. After the IC receives a certain wake-up sequence from the reader, the
card responds by alternating the switch between both resistances. The reader senses that
change in resistance, as the card’s matching is affected and it maps that into the corre-
sponding zeros and ones.

The standard ISO/IEC 14443-2 specifies the use of a subcarrier fs = 847.5 kHz to mod-
ulate the main carrier fc = 13.56 MHz. Thus, there are two side bands at 12.7125 MHz
and 14.4075 MHz, where the card’s data are contained only at these side bands [5], [13].
The frequency spectrum is shown in Fig. 12. The blue areas are the transmitted data and
they depend on the used bit rate, where the basic bit rates according to the standard are
106, 212, 424 and 848 kbit/s.

kHz 5.847sf
≈  

13.56 f (MHz)14.407512.7125

V

L C Runloaded Rp

S

 MHz56.13cf

 Kbit/s106bitf

L

C Runloaded Rloaded

L C Runloaded Rloaded

RL

Figure 12: Frequency spectrum during load modulation.

5.2. Measurement’s Challenges

There are several challenges to characterize the IC during load modulation. One can-
not directly use the previous de-embedding approach to determine the loaded resistance
Rloaded, since the IC only switches to this state after receiving the wake-up sequence and
then it keeps alternating between loaded and unloaded states for a short period (few mil-
liseconds).

The loaded resistance of an Ultra High Frequency (UHF) RFID IC has been previously
measured [20], but there are no publications for measuring it for HF RFID ICs. We tried to
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extend such approach for HF ICs, however, it was not feasible, since a bandwidth of nearly
3 MHz is required to fully capture the modulated signal, as can be seen in the spectrum in
Fig. 12. This bandwidth is relatively large for a center frequency of 13.56 MHz and the
available VNAs are not able to provide accurate measurements at this bandwidth. Thus,
the measurement setup in Fig. 8 has to be modified, as VNA is not suitable for these
measurements. The advantages of the VNA is that it provides accurate information on
both magnitude and phase of the signal, so when looking for a replacement of the VNA,
it needs to provide the same information. Unfortunately, for such bandwidth, we can only
measure the magnitude accurately without phase knowledge, which makes the task more
complicated. However, we present our work-around through utilizing the information
from the unloaded state and through extending the de-embedding method.

We use the same circuit in Fig. 5. A wake-up sequence is transmitted to the IC with a
trigger marking the beginning of the IC’s response. In [21], we presented an approach to
determine the loaded resistance based on the magnitude of the IC’s voltage and using the
VNA to measure the magnitude and phase of the source voltage Vs. In this work, we use a
different approach through simultaneously measuring the current IIC = I2 and voltage VIC

at the IC’s terminals, so no need to use a VNA. This approach is simple to determine the
loaded resistance of the IC, however, both magnitude and phase information are required.
As discussed earlier, due to measurement equipment’s capabilities, we are only able to
measure the magnitudes of the IC’s voltage and current during loaded state. Based on the
measured magnitudes at loaded state, the magnitude of the IC’s impedance is calculated
using (6) where ZIC is the IC’s impedance during load modulation (Rloaded // C). We
derive the following equation based on (2)

R4
loaded

(
ω4C4|ZIC|2 − ω2C2

)
+ R2

loaded

(
2ω2C2|ZIC|2 − 1

)
+ |ZIC|2 = 0, (7)

where the capacitance C is dependent on the unloaded IC’s voltage. Therefore, we can
determine the loaded resistance only if the IC’s capacitance with respect to the applied
voltage is known, which we calculated in the Section 4. We assume that the IC’s capac-
itance does not change with load modulation, which is an acceptable assumption based
on the structure of the load modulation circuit from the standardized Reference PICC [3],
[11]. Furthermore, our assumption is verified in Section 6 as the measurements are aligned
with our extracted model.

5.3. Measurements

We utilize a vector signal generator (R&S SMU 200A) to generate the wake-up sequence
for the IC to respond back. This allows also generating a trigger marking the beginning of
the IC’s response. Our test setup is provided in Fig. 13, where we show the measurement
fixture in two parts (two port network + IC) to show where the probes are placed. The
current probe (Langer HFI 02) is placed in series to the IC while the active voltage probe
(R&S-ZD30) is placed in parallel to the IC to measure its voltage. Since our signal ana-
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lyzer (R&S FSQ26) has only one input, we use two signal analyzers, one for each probe.
The connection of the voltage and current probes to the PCB is shown in Fig. 14.

Vector 
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attenuator

6 dB 
attenuator
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Signal 
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Signal 
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ICV

A

Vector Network 
Analyzer

Directional Coupler

Ref MeasSource

Amplifier

20 dB 
attenuator

6 dB 
attenuator

Measurement 
Fixture

Figure 13: Test setup to measure the loaded resistance of an IC.

It is noted that we can also remove the two port network for measuring the loaded re-
sistance, since our measurements are now dependent on the magnitudes of the current and
voltage of the IC in addition to the unloaded capacitance of the IC calculated in previous
section. However, we keep the two port network in the setup to utilize the same PCB
for measurements and also because we reuse the IC’s voltage and capacitance extracted
in previous section where the parasitic effects of the circuit were accounted for using the
three known lumped measurements, so this provides better accuracy.

Figure 14: Manufactured PCB with current and voltage probes.

The vector signal generator sweeps the power between 10 dBm to 32 dBm (power level
after the amplifier) and at each point, the loaded and unloaded voltages and currents of
the IC are measured. At each step, the measured IC voltage will be as in Fig. 15, if load
modulation is carried out successfully. The voltage at the unloaded state (higher voltage)
is used to determine the corresponding capacitance value of the IC at this point, through
looking into the data in Fig. 11. After that, we substitute in (7) with the capacitance
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value and the magnitude of the IC’s impedance |ZIC |, which is calculated by dividing the
measured IC’s voltage by the IC’s current at loaded state (low voltage and current states).
Through solving equation (7), the loaded resistance Rloaded of the IC is calculated at every
power level.

Shrief Rizkalla

Results
Measurements of Chip Voltage

At each input power, we measure magnitude of chip’s voltage during 
load modulation

1

Unloaded 
IC’s voltage

Loaded IC’s 
voltage

Figure 15: Measuring IC’s voltage during load modulation using signal analyzer.

Fig. 16 shows the measured loaded resistance, in addition to the unloaded resistance
measured in Section 4. From this figure, we deduce an important information on the
IC’s operation that there exists a dynamic range in which the IC is capable of achieving
load modulation. As already known, the IC is capable of starting load modulation at
nearly 2 V [14]. However, there exists also a maximum voltage at which the IC stops
load modulation, where it is marked by the small jump around 4.6 V. The difference
between the loaded and unloaded resistance just before this point becomes small, which
can lead to communication failure as the reader might not be able to differentiate the
loaded and unloaded states. Therefore, we conclude that this IC can operate only between
2−4.6 V RMS. It is noted that this 4.6 V is different (lower) than the maximum allowable
IC voltage after which the IC is burned.

Considering the IC’s dynamic range, we can now understand why the card stopped
operating at 6.2 A/m, as shown in Fig. 2. At this point, the voltage on the IC reached
the peak value, where the values of the unloaded and loaded resistances were equal, so no
load modulation was achieved after that. This means that if the card is capable to operate
at a very low field intensity, this would directly reduce the value of the maximum possible
field intensity. Therefore, a new optimization algorithm must consider the IC’s non-linear
behavior (change in values of resistance and capacitance), in addition to considering the
delivered voltage to the IC. This demonstrates our claim, that the resonance frequency
and quality factor are not sufficient parameters for designing a standard-compliant card.
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Figure 16: The measured unloaded and loaded resistances of the IC.

Their values are just a result of a certain limitation from the IC.

6. Verification

Through the methods proposed in the previous sections, we are able to characterize the
IC during loaded and unloaded states. In this section, we aim to verify the accuracy of
the derived IC model through simulating the model in ADS circuit simulator and compare
that to measurements. For the measurement setup, the characterized IC is connected to a
coil on an RFID card. We utilize the same test setup as in Section 2, where a reader and
the card are placed with a 37.5 mm separation. The reader transmits a wake-up sequence
to the card and an active probe (low parasitic effects) is used to measure the voltage on the
IC at loaded and unloaded states at 13.56 MHz [10], where the communication bit rate is
set to 106 kbit/s. The same setup is simulated with the reader and card using ADS circuit
simulator. The reader’s circuit is given in ISO 10373-6 [3], while we calculate the card’s
model and coupling coefficient using HFSS and FastHenry [2].

We model the IC in the simulation as a non-linear voltage controlled RC circuit, where
the values of the IC’s resistance and capacitance in Fig. 11 and Fig. 16 are used. The IC’s
voltage is simulated for loaded and unloaded state where the system’s circuit model is
given in Fig. 17. The circuit on the left hand side is the reference reader antenna’s circuit,
as defined by the standard [3]. It is composed of a circular coil and a matching circuit to
maximize power transfer at the frequency of operation. The right hand circuit is the RFID
card. The IC is modeled by the parallel resistance RIC and the capacitance CIC, where
their values depend on the applied voltage. The inductor on the coil is represented by
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the inductor L and small series resistance RL. The parasitic capacitance of the coil is in-
cluded in the IC’s capacitance. The mutual inductance between the two coils is expressed
with M .

C1
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CPCD
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RPCD

RQ

90.264 pF
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CIC RIC

AC

50Ω 475 nH
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Reader antenna Card

VICVin
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Figure 17: Circuits of the reader and card.
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Figure 18: Comparison between measurements and simulations of the IC’s voltage.

Fig. 18 shows the comparison between measurements and simulations of the IC’s volt-
age. The measured IC’s voltages are similar to that shown in Fig. 15, where we represent
the unloaded and loaded voltages in Fig. 18 through taking the maximum and minimum
of the waveform at each reader’s power level, respectively. For the unloaded state, the
simulated and measured IC voltage shows a very good alignment confirming the accuracy
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of our de-embedding method for calculating the IC’s model. The curves for the loaded
state are also aligned well showing the validity of our method and assumptions in calcu-
lating the loaded resistance. We also conclude that the parasitic effect of the probes used
in calculating the loaded resistance are very low, since the curves are aligned.

The measured loaded voltage (solid red curve) differs from the unloaded one only
within the dynamic range of the IC (2−4.6 V), where load modulation occurs. These lim-
its are not implemented in the simulation, which is why we see difference in comparison
to the simulated loaded curve outside the IC’s dynamic range.

7. Higher Bit rates

Before proceeding to the optimization algorithm, we address the different requirements
on the IC’s operation for bit rates higher than 106 kbit/s. The ISO/IEC 14443-2 standard
demands for a Type A communication that the card modulates the information with an
On-Off Keying (OOK) scheme at 106 kbit/s, while it requires Binary Phase Shift Keying
(BPSK) modulation of the subcarriers at 12.7125 MHz and 14.4075 MHz with bit rates
212, 424, 848 kbit/s [5]. As observed from Fig. 2, the card’s behavior for higher bit rates
is different, as load modulation for bit rates higher than 106 kbit/s is initiated at 1.0 A/m
in comparison to 0.5 A/m for 106 kbit/s. To identify the source of such behavior, we
investigate the IC on its own, without considering the bandwidth limitations enforced by
the coil’s design. However, the required sequence for an IC to respond at higher bit rate is
significantly long that we could not achieve by the vector signal generator (SMU 200A).

For that reason, we utilize an industrial reader (Proxilab) to transmit sequences at high
bit rates. According to the standard, the initial communication (Request A, Anti-collision,
Select, RATS and PPS) between the reader and card is achieved at 106 kbit/s and after
that an “I-Block” is transmitted at the desired bit rate (106, 212, 424 or 848 kbit/s). Thus,
the reader needs to sense the IC’s response before it can start communicating at high bit
rate. Therefore, we utilize the calibration coil [3] by soldering the IC on its terminals and
connecting the reader directly to it. There are two advantages for using the calibration
coil here; first is that it has a very high resonance frequency (nearly 100 MHz), so it will
provide a flat frequency response at the desired frequency of operation (13.56 MHz). This
ensures that the conclusions that we draw on the IC are dominated by the IC’s behavior
and that the coil’s dimensions do not affect the performance. The second advantage of
using the calibration coil is that by placing the reader’s sense coil on top of it, the reader
can sense the communication from the IC and initiate the high bit rate communication.
The used calibration coil with an IC is shown in Fig. 19.

Through connecting the reader to the SMA connector of the calibration coil, we utilize
the active probe (R&S-ZD30) with a signal analyzer to measure the voltage change on
the IC. We tested the IC first at 106 kbit/s and the results were as expected, that the IC
is capable of starting communication at 2 V. We found out that the IC is only capable to
start communication at 3.2 V for higher bit rates. Fig. 20 shows the lowest voltage where
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Figure 19: A calibration coil with an IC.

load modulation was achieved at 848 kbit/s, where the unloaded IC’s voltage is 3.15 V.
We observe here that the difference between the loaded and unloaded states is small in
comparison to Fig. 15 because in this test the IC is directly connected to the signal source,
so the mismatching due to load modulation is not strong.

Figure 20: The voltage on an IC communicating at 848 kbit/s.

Therefore, we deduce that for an IC operating at 106 kbit/s, the IC’s dynamic range is
2− 4.6 V. While for higher bit rates, the dynamic range is reduced to 3.2− 4.6 V.

8. Novel Optimization Algorithm

As per our analysis, the voltage delivered to the IC is essential in determining the oper-
ation range of an HF RFID card. To include the IC’s voltage, inherently means that the
reader’s circuit should be included into the analysis also. We aim to use a set of equations
in order to formulate an optimization problem to determine the value of the coil’s induc-
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tance L that leads to a standard-compliant card. The Sections 8 and 9 build on and extend
our previous work in [22] where, in this contribution, all basic bit rates are investigated,
all parasitic elements are included, a better and more practical optimization goal is set, in
addition to including further clarifying figures to verify the results.

We utilize the circuit model in Fig. 17 to derive (see Appendix) the following equation
(
ω4C2

IC +
ω2

R2
IC

)
L2 − (2ω2CIC)L + 1 +

RL

RIC
+

R2
L

R2
IC

+ ω2R2
LC

2
IC −

∣∣∣∣
jωMIr
VIC

∣∣∣∣
2

= 0, (8)

that relates the reader’s current Ir with IC’s voltage VIC while considering all the compo-
nents in the system. This is the key equation to deriving an optimization algorithm for HF
RFID cards.

Using (8), we formulate a constrained optimization problem to calculate the induc-
tance L that leads to a certain defined voltage at the IC’s terminals. Let VIC−1 and VIC−2
denote the dynamic range of the IC, where VIC−1 and VIC−2 are the minimum and maxi-
mum RMS voltages, respectively, at which the IC is capable of achieving load modulation.
Let RIC1, CIC1, Ir1 and RIC2, CIC2, Ir2 be the IC’s unloaded resistance and capacitance
and the reader current corresponding to IC voltages of VIC−1 and VIC−2, respectively. We
define the vector

x = (x0, x1, x2, x3)
T = (L,M, |Ir1|, |Ir2|)T (9)

of unknowns, where xn denotes the nth (between 0 and 3) element in x. Using (8), the
function f(x) is defined as,

f(x) =

(
ω4C2

IC1 +
ω2

R2
IC1

)
x2
0 − (2ω2CIC1)x0

+ 1 +
2RL

RIC1
+

R2
L

R2
IC1

+ ω2R2
LC

2
IC1 −

ω2x2
1x

2
2

|VIC−1|2
,

(10)

and the constraint vector g(x) is given by

g(x) =




ax2
0 − bx0 +

(
c− ω2x2

1x
2
3

|VIC−2|2
)

k
√
x0LPCD − x1

|Ir(x0, x1, RIC1, CIC1)| − x2

|Ir(x0, x1, RIC2, CIC2)| − x3


 , (11)

where k is the coupling factor between the reader and card with

a = ω4C2
IC2 +

ω2

R2
IC2

,

b = 2ω2CIC2,

c = 1 +
2RL

RIC2
+

R2
L

R2
IC2

+ ω2R2
LC

2
IC2.

(12)
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and the reader’s current Ir is calculated by Equation (19).
Using these functions, we formulate the constrained optimization problem

min
x

f(x) (13a)

subject to f(x) ≤ 0, (13b)
g(x) = 0, (13c)
x � 0. (13d)

This optimization problem finds the inductance value x0 = L that leads to a voltage of
VIC−2 at field intensity H2 while reaching at least voltage VIC−1 at H1. This means that
the card works between H1 and H2 and it may also work at field intensities below H1,
if the IC’s dynamic range allows that. The values of all parameters in (13) are known
or calculated in previous sections. The values of the IC’s resistance and capacitance are
calculated in Section 4.

The objective function is minimized subject to the constraint that it is less than or equal
zero, according to (13a) and (13b). These two equations correspond to having an IC
voltage of at least VIC−1 at the field intensity H1. The first equation in the constraint
vector g(x) forces a voltage of VIC−2 on the IC at field intensity H2. It is noted that the
IC’s voltage becomes highly sensitive to the resistance value as we approach VIC−2. The
value of the mutual inductance is updated in accordance to the inductance value for a
certain coupling factor k, as expressed by the second equality constraint g1(x) = 0.

Finally, the remaining two equations in the constraint vector account for the loading
effect (coupling term ω2M2

Zcard
) by updating the reader’s current according to (19), which is

dependent on the mutual inductance M and inductance value L. For these two conditions,
it is more accurate to consider the actual complex values of the currents rather than the
magnitudes. However, solving for the magnitude simplifies the problem and allows it to be
solvable through MATLAB. The constraint (13d) ensures that the optimization vector x is
feasible and element-wise positive. The value of mutual inductance x1 = M can actually
be negative in real applications, however, the sign does not affect the performance (it is
always squared in the equations) and its sign only reflects the winding direction of the
card’s coil. Therefore, without loss of generality, the whole vector x is constrained to be
element-wise positive.

The procedure for optimization of L is summarized in Algorithm 1. The algorithm
starts by choosing L0 that leads to maximum power transfer. This means L0 is calculated
such that the card has a resonance frequency at 13.56 MHz. FastHenry [2] is utilized to
determine the corresponding mutual inductance M and coupling factor k. After that, the
reader currents at 1.5 A/m (H1 for generality) and 7.5 A/m (H2) are calculated at the
maximum power transfer condition. These values are used as an initial point for solving
the optimization problem (13). The algorithm outputs the vector x where the inductance
value is given by x0.
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Algorithm 1: Optimization of L in the RFID Card

1 Initialize L0 =
R2

IC1CIC1

1+ω2R2
IC1C

2
IC1

2 Calculate coupling factor k and mutual inductance M0 with FastHenry for L0

3 Set the power at the reader corresponding to H1 A/m, calculate the reader
current I1

4 Set the power at the reader corresponding to H2 A/m, calculate the reader
current I2

5 Set xinitial = [L0, M0,|I1|, |I2|]
6 Solve the optimization problem (13) with the initial point xinitial

Output: L = x0

9. Prototype Measurements

To verify our proposed algorithm, we utilize the information of the IC that we measured
in previous sections to calculate the inductance value of a standard-compliant HF RFID
card. The IC has the following values: RIC1 = 503 Ω, CIC1 = 75 pF and VIC−1 = 3.3 V.
We consider here the minimum voltage required for communication at the highest basic
bit rate (848 kbit/s). The parasitic capacitance of the spiral coil (≈ 7 pF) is included into
the IC’s capacitance. The IC is capable of communicating through load modulation up to
voltage VIC−2 = 4.6 V where RIC2 = 98 Ω and CIC2 = 74 pF. These values, based on
results in this contribution, are more accurate in comparison to values extracted from [15].

The value of the coupling coefficient for a card with size ID1 is k = 0.05, according
to our calculations. The coil’s resistance RL = 1.4 Ω. The standard specifies the card to
operate between 1.5 to 7.5 A/m, however, to allow for some tolerance in the results, we
set H1 = 1.3 A/m (corresponds to 26.6 dBm reader’s input power) and H2 = 7.6 A/m
(corresponds to 42.5 dBm). Substituting all the values into Algorithm 1, the optimum
inductance value is L = 2.16 µH. The algorithm outputs also the mutual inductance
M = 50.55 nF, |Ir1| = 0.318 A and |Ir2| = 2.026 A.

We manufactured an optimized card based on the algorithm’s results, where the di-
mensions of the coil are given in Table 3. Fig. 21 shows the measured voltage on the
optimized card, using the same setup as described in Section 2. The results show that the
voltage on the IC at 7.6 A/m is nearly 4.6 V while at 1.3 A/m the IC’s voltage is higher
than 3.3 V, which verifies our optimization criterion.

Optimized Card
N 4 w 0.3
a 38 g 0.7
b 67 h 0.035

Table 3: Coil’s dimensions of optimized RFID card (all values are in mm units).
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Figure 21: Measured IC’s voltage of optimized RFID card.

Furthermore, the optimized card passes the standardized tests successfully where it
operates for all bit rates from 1.4 to 7.6 A/m, as depicted in Fig. 22.
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Figure 22: Results of standardized test on the optimized card.

In practical scenarios, a card would not have a constant distance from the reader an-
tenna, it would be rather moving. However, the standard does not define a test for a
moving card. It depends rather on the field intensity at the card’s level, which is directly
related to the movement of the card. This means that the reader’s power required to reach
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1.5 A/m at a distance of 37.5 mm is higher than that required to reach the same level at
10 mm distance. To illustrate this further, we carry out ADS simulation for our setup,
where we include the reader antenna, card and calibration coil. The reader’s power is set
to 27 dBm and we vary the coupling factor between the reader and card and that to the
calibration coil. This is equivalent to moving the card with respect to the reader antenna
while measuring the field intensity at the card’s level. Fig. 23 shows the change in IC’s
voltage versus the field intensity as the coupling factor changes from 5% to 50%. We
observe that with increasing the coupling factor, the value of the IC’s voltage between 1.5
to 7.5 A/m is still within the IC’s dynamic range. This effect is also demonstrated in the
video accompanying this contribution.
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Figure 23: Simulated IC’s voltage of optimized RFID card at 27 dBm reader’s power and
varying the coupling factor from 5% to 50%

For the reference reader antenna that we use in our measurements, we calculate that
the coupling factor would increase from 5% to 7% (with measurements and simulations)
when the card is moved to 9 mm from the reader antenna. Therefore, the change in
coupling factor is not very strong. We test the optimized card at 9 mm from the reader
antenna for 106 kbit/s and it works for the same field intensity range as shown in Fig. 22.

There exist other reader antenna designs where the coupling factor might have a stronger
variation; however, the standard only specifies these tests against the reference reader an-
tenna, which we used. Therefore, the designer should specify an adequate value for the
coupling factor (consequently the equivalent reader’s input power to reach the needed
field intensity) such that the card is operating within the application’s range. Usually,
the IC’s dynamic range is larger than the operational range of the card, as shown in the
106 kbit/s results in Fig. 22 and with another prototype in [22], which can be utilized by
the designer. However, we can see in this contribution that for 848 kbit/s the dynamic
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range is very tight. Thus, flexibility at high bit rates for this type of ICs is limited as its
dynamic range is only between 3.2 and 4.6 V.

10. Summary and Conclusion

We have demonstrated that designing HF RFID cards based on a maximum power transfer
criterion alone is not suitable, as it does not render a standard-compliant card. We have
shown that the main design parameter is the IC’s delivered voltage, which is limited by the
IC’s non-linear behavior (voltage dependent RC values) in addition to the IC’s dynamic
range. The state-of-the-art design parameters are the card’s resonance frequency and
quality factor, and we have shown that these values are only a result of the IC’s limitations.

We propose and describe a de-embedding method to accurately determine the IC’s
equivalent circuit model for loaded and unloaded states and to identify the IC’s dynamic
range. The IC is capable of initiating load modulation when the voltage on its terminals
is between 2− 4.6 V. We also discovered that the IC has a smaller dynamic range (3.2−
4.6 V) for bit rates higher than 106 kbit/s. The calculated circuit model of the IC was
simulated and compared to measurements. The obtained results were in good agreement,
which verifies the accuracy of our proposed de-embedding method.

We utilize this information to create an algorithm that calculates systematically the re-
quired inductance value for a certain IC to render a standard-compliant card, where we
formulated a constrained optimization problem that can be easily solved through MAT-
LAB. The algorithm’s results were verified through manufacturing a corresponding pro-
totype and carrying out the standardized tests on this card. The optimized card has suc-
cessfully passed the standardized test for all the basic bit rates (106 up to 848 kbit/s).

Appendix

We consider the circuit in Fig. 17 to derive the key equation for our optimization algo-
rithm. The mutual inductance M between the two coils (LPCD and L) corresponds to
having a voltage source series to the card’s coil with the value jωMIr, where Ir is the
current passing through the reader coil. Therefore, we need to determine Ir in order to
calculate the IC’s voltage.

First step is to determine the total impedance of the reader circuit where we begin from
the reader coil’s side. There is an additional term ω2M2

Zcard
placed in series to the reader’s

inductance LPCD due to coupling, where Zcard is the total impedance of the card from the
inductive source’s point of view. This accounts for the loading effect between the card
and the reader. The card’s impedance is given by

Zcard = RL + jωL +
RIC − jωR2

ICCIC

1 + ω2R2
ICC

2
IC

(14)
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The impedance Z1 is calculated as follows

Z1 =
RPCD + jωLPCD + ω2M2

Zcard

(jωCPCD)(RPCD + jωLPCD + ω2M2

Zcard
+ 1

jωCPCD
)

+ RQ (15)

Adding the parallel capacitor C2, the impedance becomes

Z2 =
Z1

(jωC2)(Z1 + 1
jωC2

)
(16)

The total impedance ZT at the input of the reader antenna is

ZT = Z2 +
1

jωC1

(17)

The voltage at Z2 is

VZ2 = Vin
Z2

ZT

(18)

where Vin is the voltage from the AC source at the reader side.
Therefore, the reader’s current Ir passing through the coil is calculated by

Ir(L,M,RIC, CIC) =
VZ2(Z1 −RQ)

Z1(RPCD + jωLPCD + ω2M2

Zcard
)
. (19)

The IC’s voltage is calculated by [23]

VIC =
jωMIr

1− ω2LCIC + RL

RIC
+ j( ωL

RIC
+ ωRLCIC)

(20)

where we added the effect of RL into this equation. Since the magnitude of the voltage is
the important value, we calculate the squared magnitude of (20) as expressed in (8).
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Abstract
Non-galvanic HF RFID cards do not have a galvanic connection between the
card’s body and the Integrated Circuit (IC), in order to reduce production costs
and increase card’s robustness. These non-galvanic cards are more complex than
conventional ones since they have more parameters. Currently, there exists no
systematic design method to ensure their standard-compliance. In this work,
we formulate a constrained optimization problem to calculate the parameters
of such non-galvanic card that lead to a standard-compliant card, in addition to
verifying the results through standardized measurements on one type of these
non-galvanic cards denoted as booster-based card.

1. Introduction

High Frequency (HF) Radio Frequency IDentification (RFID) system operates at
13.56 MHz and is composed of a reader antenna and a card. They communicate through
inductive coupling. The card is conventionally composed of a coil connected physically
to an Integrated Circuit (IC). We denote this connection as galvanic connection. Since
usually the HF RFID cards are used for banking cards or other general purpose cards,
they should withstand some mechanical stress, however, this galvanic connection is the
weak spot in the card which can be broken, rendering a non-working RFID card. Another
problem is in the manufacturing process, where this type of connections requires specific
machines which increases the costs of production.

Non-galvanic cards, such as booster-based cards [1] and coupling frame-based cards [2],
modify the card’s design to remove such connection between card’s body and IC. The
card becomes more complex with several parameters which makes reaching an optimum
design not an easy task. These cards should pass the same standardized tests as the con-
ventional galvanic cards. However, there has not been a systematic method so far to reach
a standard-compliant design for these non-galvanic cards. Therefore, we introduce a new
optimization method for the non-galvanic cards that renders a standard-compliant card
and we test it on booster-based cards to verify the card’s performance.

The paper is organized as follows: In Section 2, we briefly describe the booster-based
cards and create a circuit model generalized for non-galvanic cards. The optimization
algorithm is derived in Section 3. Finally, results of measurements on a prototype are
presented in Section 4.
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2. Booster-based Cards

Booster-based cards [1] are composed of two main components: A booster and a module
which are shown in Fig. 1. The module is a small coil connected to the IC and both are
placed on a substrate on the back of the contact pads. The booster is composed of two
coils and a capacitor where the two coils’ task is to efficiently harvest the power from the
reader antenna and transfer them to the module’s coil. The capacitor is placed to increase
the matching order of the circuit and benefit from the increase in bandwidth [1].

Figure 1: Booster-based card.

In [1], we presented a method to choose all the parameters of the booster-based cards
such that we maximize the power transfer which was a logical optimization criterion.
However, recent measurements of the IC showed that the IC has a dynamic range where
it can communicate through load modulation within a certain voltage range [3].

An accurate circuit model for the booster-based cards was introduced in [1]. While this
model is accurate, it is complex to use for the analysis in the next section because there are
5 coupling coefficients in the system which makes it extremely difficult to derive feasible
expressions out of it. On the other hand, if we neglect some of these coupling coefficients,
our results would not be applicable for actual prototypes. Therefore, we update the circuit
through modeling the primary and secondary coils of the booster as only one coil denoted
as “booster coil”. This simplifies the analysis because it reduces the coupling factors to
only three, where two coupling factors are dominant; coupling between reader and booster
coils, in addition to that between the booster and module coils. The third coupling factor
between the reader and module coils has very low effect and thus can be ignored. The
simplified circuit model, given in Fig. 2, models non-galvanic cards in general where this
model and following analysis can be applied to coupling frame-based cards [2] with some
slight adaptation.

The reader antenna is shown on the left side of Fig. 2 where it contains a matching
network to optimize power transfer at 13.56 MHz. All the parameters of the reader an-
tenna are given in the standard ISO/IEC 10373-6, where the reader antenna is denoted as
Proximity Coupling Device (PCD). The booster coil is modeled as one coil using induc-
tance LB, resistance RB and capacitance Ccoil. The lumped capacitance on the booster is
denoted by CB. The module coil is modeled by Rm and Lm and the IC is represented by
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the shunt RC circuit RIC and CIC. The model of the IC during unloaded and loaded states
is given in [3], [4]. The parasitic capacitance of the module coil is combined in CIC.

LB
C1

C2

CPCD
LPCD

RPCD

RQ

90.264 pF

177.82 pF

30 pF

Lm

Rm CIC RIC

AC

50Ω 475 nH

0.5 Ω

4.7 Ω

M1

Z1Z2

Reader antenna Module

VICVin
Ir

RB CBCcoil

M2

Booster

jωM1Ir jωM2IB

IB

Figure 2: Circuit model for reader antenna and simplified model of the non-galvanic cards.

The test standard ISO/IEC 10373-6 [5] defines several tests and criteria to validate the
operation of RFID cards. It defines a test setup where a reader antenna is placed at the
center and the card under test is placed at 37.5 mm on top while a calibration coil is placed
at 37.5 mm below the reader antenna. The calibration coil is also defined by the standard
to be a one turn coil with size 72 mm×42 mm. Through measuring the Root Mean Square
(RMS) voltage Vcal on this calibration coil, we calculate the field intensity H at the card’s
level [5] using

H =
Vcal

0.32
. (1)

The standard defines that a Class 1 card in this test setup should successfully communicate
with the reader for all basic bit rates between 1.5 A/m and 7.5 A/m, where the basic bit
rates are 106, 212, 424 and 848 kbit/s. The standard does not define a test for a moving
card, instead it relates the test to the card’s field intensity.

3. Optimization of Non-galvanic Cards

Since IC’s analysis showed that it can only operate within a certain dynamic range [3], a
maximum power transfer card’s design criterion is not suitable [1]. Therefore, we aim to
modify some of the booster-based card’s parameters such that the voltage delivered to the
IC is within its dynamic range at field intensities from 1.5 to 7.5 A/m. Hence, the reader
antenna is also included into the analysis. We consider the circuit in Fig. 2. First step is
to calculate the impedance of the module Zmod from coil Lm inductive source’s point of
view

Zmod = Rm + jωLm +
RIC − jωR2

ICCIC

1 + ω2R2
ICC

2
IC

. (2)
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Since there is a mutual coupling M2 between LB and Lm, the impedance of the module
is translated into the Booster coil as an additional term ω2M2

2

Zmod
. Thus, the impedance of the

booster-based card Zcard (booster + module) from the inductive source at coil LB is

Zcard = RB + jωLB +
ω2M2

2

Zmod

− j

ωCBooster

, (3)

where CBooster = Ccoil + CB.
The second step is to calculate the reader’s current Ir, so we need to calculate the total

impedance of the reader antenna while it is coupled to the card. This is done by calculating

Z1 = RQ +
RPCD + jωLPCD +

ω2M2
1

Zcard

(jωCPCD)(RPCD + jωLPCD +
ω2M2

1

Zcard
+ 1

jωCPCD
)

(4)

Adding the parallel capacitor C2, the impedance becomes

Z2 =
Z1

(jωC2)(Z1 + 1
jωC2

)
(5)

The total impedance ZT at the input of the reader antenna is

ZT = Z2 +
1

jωC1

(6)

The voltage at Z2 is

VZ2 = Vin
Z2

ZT

(7)

where Vin is the voltage from the AC source at the reader side. Therefore, the reader
current Ir passing through the coil is calculated by

Ir(CB, RIC, CIC) =
VZ2(Z1 −RQ)

Z1(RPCD + jωLPCD +
ω2M2

1

Zcard
)

(8)

After calculating the reader’s current, we can calculate the booster’s current IB with

IB =
jωM1Ir
Zcard

. (9)

The IC’s voltage is calculated by

VIC =
jωM2IB

A
, (10)

where
A = 1− ω2LmodCIC +

Rm

RIC

+ j(
ωLmod

RIC

+ ωRmCIC). (11)
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We substitute (9) in (10)

VIC =
−ω2M1M2Ir

AZcard

, (12)

substituting with (3) and taking the squared magnitude of previous equation gives

|VIC|2 =
|ω2M1M2Ir|2

|A|2
∣∣∣RB + jωLB +

ω2M2
2

Zmod
− j

ωCBooster

∣∣∣
2 , (13)

To simplify the following analysis, let

Yr = Re

(
1

Zmod

)
and Yj = Im

(
1

Zmod

)
(14)

After a couple of steps, we reach the following equation

∣∣∣∣
ω2M1M2Ir

AVIC

∣∣∣∣
2

=ω2L2
B + 2ω3M2

2YjLB − 2
LB

CBooster

+ ω4M4
2Y

2
r + ω4M4

2Y
2
j

+
1

ω2C2
Booster

− 2ωM2
2Yj

CBooster

+ R2
B + 2ω2M2

2RBYr

(15)

Equation (15) connects the IC’s voltage with the booster-based card’s parameters which
is the key equation to be used for the optimization algorithm. We utilize the card’s values
from the design criterion in [1] as a starting point, then we seek to modify one of the
parameters such that the IC’s voltage is within its dynamic range for the specified field
intensities.

We observed through circuit simulations, that modifying the module’s inductance does
not have a significant effect on the IC’s delivered voltage, while the booster coil’s in-
ductance LBooster has a significant effect, as well as the booster’s capacitor. However,
optimizing the inductance would mean that two additional constraints are needed to re-
strict the mutual inductances according to certain coupling factors. Therefore, a simpler
approach is to find the capacitance value CBooster that leads to an IC voltage between
VIC−1 and VIC−2 (dynamic range of the IC) for field intensities between H1 and H2. The
IC’s RC values depend on its voltage, so let (RIC1, CIC1) and (RIC2, CIC2) be the IC’s RC
values at voltages VIC−1 and VIC−2, respectively. The model of the IC versus the voltage
is already available in [4]. The reader currents at H1 and H2 are denoted as Ir1 and Ir2,
respectively. We define the vector

x =

(
1

CBooster

, |Ir1|, |Ir2|
)

(16)

of unknowns, where xn is the nth (between 0 and 2) element in x. Using (15), the function
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f(x) is defined as

f(x) =ω2L2
B + 2ω3M2

2Yj1LB − 2LBx0 + ω4M4
2Y

2
r1 + ω4M4

2Y
2
j1 +

x2
0

ω2

− 2ωM2
2Yj1x0 + R2

B + 2ω2M2
2RBYr1 −

ω4M2
1M

2
2x

2
1

|A1VIC−1|2
(17)

where A1, Yr1 and Yj1 are as defined in (11) and (14) with substituting the IC’s load with
RIC1 and CIC1.

The constraint vector g(x) is given by

g(x) =




g0(x)
|Ir(1/x0, RIC1, CIC1)| − x1

|Ir(1/x0, RIC2, CIC2)| − x2


 , (18)

where

g0(x) =ω2L2
B + 2ω3M2

2Yj2LB − 2LBx0 + ω4M4
2Y

2
r2 + ω4M4

2Y
2
j2 +

x2
0

ω2

− 2ωM2
2Yj2x0 + R2

B + 2ω2M2
2RBYr2 −

ω4M2
1M

2
2x

2
2

|A2VIC−2|2
.

(19)

The variables A2, Yr2 and Yj2 are as defined in (11) and (14) with substituting the IC’s
load with RIC2 and CIC2. Using these functions, we define the following constrained
optimization problem

min
x

f(x) (20a)

subject to f(x) ≤ 0, (20b)
g(x) = 0, (20c)
x � 0. (20d)

The objective function (20a) and the first constraint (20b) ensure having at least voltage
VIC−1 at field intensity H1. On the other hand, the constraint function g0(x) forces a
voltage of VIC−2 at field intensity H2. This means that a card designed based on this
algorithm operates between H1 and H2 where it can also communicate below H1 if the
dynamic range of the IC is large enough.

The two constraints g1(x) and g2(x) accounts for the loading effect between the reader
and card, through updating the values of the reader currents at field intensities of H1 and
H2. It is more accurate to use the complex currents values, however, restricting these
equations to magnitudes only makes it feasible to be solved using MATLAB.

All variables of vector x are element-wise positive through constraint (20d). The opti-
mization steps are summarized in Algorithm 1.
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Algorithm 1: Optimization of booster-based card
1 Choose arbitrary lumped booster capacitor value CB0

2 Initialize all card’s parameters according to [1]
3 Set the power at the reader corresponding to H1 A/m, calculate the reader

current I1
4 Set the power at the reader corresponding to H2 A/m, calculate the reader

current I2
5 Set xinitial = [1/(CB0 + Ccoil),|I1|, |I2|]
6 Solve the optimization problem (20) with the initial point xinitial

Output: CB = 1/x0 − Ccoil

4. Measurement Results

We begin from a maximum power transfer criterion, where we utilize the design method
and equations for “Card 2” given in [1]. For simplicity, we use a module without contact
pads where all coils’ dimensions are given in Table 1. The variable ‘N’ is the number of
turns, ‘a’ and ‘b’ are the coil’s width and length, ‘w’ and ‘h’ are the track’s width and
height and ‘g’ is the gap between tracks.

The booster is modeled by the following elements LB = 5.1 µH, RB = 4.7 Ω and
Ccoil = 6.7 pF. The corresponding module coil’s values are Lm = 1.74 µH and resistance
Rm = 6 Ω. The coupling coefficients are k1 = 7.5% and k2 = 12.5%, as calculated by
FastHenry [6]. There is a third coupling coefficient k3 = 0.6% between the reader antenna
and module’s coil. As can be observed from the previous values, k3 has a much lower
effect on performance in comparison to other couplings. The lumped booster capacitor CB

that was originally used in [1] had a value of 22 pF. In the next steps, we seek the optimum
value for such capacitance that leads to a standard-compliant booster-based card.

Primary Secondary Module
N 5 w 0.3 N 5 w 0.3 N 8 w 0.1
a 80.5 g 0.3 a 17.5 g 0.3 a 11.4 g 0.025
b 50 h 0.035 b 17 h 0.035 b 12.6 h 0.018

Table 1: Dimensions of coils on booster-based card (all values are in mm units).

The NXP IC model “P5CD081UA” has a dynamic range between 3.2 − 4.6 V for
848 kbit/s bit rate. The effect of k3 is to increase the delivered IC’s voltage which was
verified through circuit simulations. Thus, we need to slightly reduce the voltages VIC−1

and VIC−2 as this coupling is not considered in our analysis. We set VIC−1 = 3.1 V where
the corresponding IC’s load is RIC1 = 593.2 Ω and CIC1 = 77.8 pF. For the upper bound,
we set VIC−2 = 4.4 V where the IC’s load is RIC2 = 106.43 Ω and CIC2 = 73 pF. The
standard defines the card’s operation for field intensities from 1.5 up to 7.5 A/m. To
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allow for some margin, we set H1 = 1.3 A/m which is equivalent to 27 dBm reader’s
input power and H2 = 7.6 A/m, equivalent to 42.1 dBm.

Using the previous values, we run the algorithm to calculate the vector x and it results
in CBooster = 22.421 pF, |Ir1| = 0.329 A and |Ir2| = 1.9149 A. By accounting for the
booster coil’s capacitance, this means a lumped capacitor CB = 15.721 pF is needed.

We measured and simulated the IC’s voltage of the booster-based card with a 15.7 pF,
as shown in Fig. 3. For the circuit simulations, we used the reference reader’s model [5]
and for the IC a voltage controlled RC circuit is used, as per the values in [3]. We prepared
two simulations to highlight the effect of k3, where the simulation with k3 has slightly
higher IC voltage. The marked voltage values in Fig. 3 are aligned with the target values
from the optimization algorithm. We also notice that there is a slight difference between
the simulation and measurements, this is because the system is complex with multiple
variables and also because we use a simplified booster-based circuit model. However, the
accuracy of the model is very close to that of measurements where there is a difference of
only 0.1 V at 7.6 A/m.

The IC alternates its load during load modulation between unloaded (high) and loaded
(low) states. We measured the IC’s loaded voltage as depicted by the dashed curve. This
is achieved by transmitting the initialization sequence (Req A) and measuring the IC’s
response (ATQ A). As can be seen, the IC is capable of achieving the communication
between 0.5 up to 8.3 A/m. It is noted that after 7.6 A/m, the difference between loaded
and unloaded states is small which may cause the reader’s receiver not to recognize load
modulation.
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Figure 3: Measurement and simulation of the IC’s voltage.

Furthermore, we have measured the IC’s communication using a KEOLABS Proxi
reader with a longer sequence (ReqA, Anticollision, Select, RATS, PPS) at 106 kbit/s
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followed by an I-Block which can be transmitted at 106 or 848 kbit/s, as specified by the
standard [7]. The booster-based card with 15.7 pF was capable to pass the standardized
tests successfully, where the communication was successful between 0.5 and 7.6 A/m for
106 kbit/s bit rate, while for 848 kbit/s, it communicated between 1.1 and 7.6 A/m.

5. Summary and Conclusion

The optimization of non-galvanic HF RFID cards to render a standard-compliant card
is dependent on the IC’s characteristics. We presented the first constrained optimization
algorithm for this type of cards that accounts for the card’s parasitic elements, loading
effect with respect to the reader, the IC’s non-linear model and dynamic range. A booster-
based card is manufactured based on the algorithm’s results and it achieves successful
communication for all basic bit rates (106 to 848 kbit/s) between 1.5 and 7.5 A/m, as
specified by the standard.
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Abstract
A Reference Proximity Integrated Circuit Card (PICC) is a standardized model
of a card that serves as a reference device for compliance testing of commer-
cial readers and acts as a model for commercial card’s Integrated Circuits (ICs)
during antenna coil optimization. A full understanding of its operation leads
to designing better standard-compliant card antenna coils. We present the first
analysis of all the blocks of the Reference PICC, which is composed of a recti-
fier, load emulation and load modulation circuits. Due to a discontinuation of a
transistor used in the Reference PICC, analysis of Reference PICC becomes also
necessary to choose an alternative transistor. As a result of the analysis and the
any-how needed changes in the Reference PICC, we propose a simplification by
presenting an alternative method for achieving load modulation.

1. Introduction

High Frequency (HF) Radio Frequency IDentification (RFID) system operates at the ISM
band 13.56 MHz and the system is composed of a reader antenna and a card. The spec-
ifications for such system are defined through the base standard ISO/IEC 14443 and the
test standard ISO/IEC 10373-6 [1], [2]. The test standard defines a reference reader de-
noted as Reference Proximity Coupling Device (PCD) composed of a signal generator and
an antenna coil. It also defines a reference card as a Proximity Integrated Circuit Card
(PICC). In the near field communication, the card induces a feedback to the reader and
vice versa. These reference devices enable a separation between card and reader, while
not forcing one design on the industrial products for either the reader antenna or card.
They rather provide a benchmark for the behavior of commercial products. The commer-
cial readers are tested only against the Reference PICC while commercial cards are tested
only against the Test PCD to break this design feedback loop. Thus, a full understanding
of the Test PCD and Reference PICC will help in designing a fully compatible readers
or cards according to the standardized specifications. So far the Reference PICC has not
been fully analyzed, although many tests in the standard use it. Therefore, in this paper
we investigate the role of all the elements in the Reference PICC to provide a better un-
derstanding of its performance. Additionally, this work serves as a guide for finding a
replacement of a transistor used in this circuit which has been discontinued.
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The paper is organized as follows: in Section 2, we present the Reference PICC as de-
fined by the standard and identify its operating blocks. The voltage rectifier and limiter are
presented in section 3. The load emulation circuit is analyzed in section 4 and we intro-
duce the recommended range of operation for such circuit. Load modulation is discussed
in Section 5 and we present a more efficient method to achieve load modulation.

2. Reference PICC

Voltage rectifier 
and limiter Load modulation

Load emulation

Figure 1: Circuit design of Reference PICC [1].

The circuit design of the Reference PICC is given in the ISO/IEC 10373-6 [1], as in
Fig. 1. All the values of these elements are specified by this test standard. On the left
side, there is the main coil of the card L1, while all the other circuit elements correspond
to the Integrated Circuit (IC) on the card. Starting from the left, we observe two tuning
capacitors C1 and C2 which are used to tune the resonance frequency of the card. This
resembles the choice of the card’s IC, where manufacturers provide ICs with different
equivalent parallel input capacitors from 17 pF to 100 pF. The following four diodes D1 -
D4 are a full bridge rectifier that transform the AC voltage from the reader into DC.

The full bridge rectifier is followed by a smoothing capacitor and a load modeled by a
resistor, which is here implemented in a slightly more complicated manner. The capaci-

132



3. Voltage Rectifier and Limiter Circuit

tor C3 is either included or not based on the choice of the jumper J2. There are 4 choices
for the value of the resistor which is determined by jumper J1 and the behavior of such
load emulation circuit is investigated in more details in Section 4. The rectified voltage
after the bridge is connected to a high resistor R4 (51 kΩ) and capacitor C4 (1 nF) such
that it can be measured with a voltmeter at connector CON3, where this value is required
to be measured in the standard. The zener diode Dz is a fail-safe voltage limiter acti-
vated at 15 V as specified by the standard, however, it has nearly no effect for typical test
voltages of 3 to 6 V at connector CON3.

The HF RFID card communicates its data through load modulation. This means that
the card changes its resistive load from a high to low value such that the reader antenna
senses that change in load and converts it into the corresponding zeros and ones. This is
achieved in the Reference PICC through connecting a square wave generator at connector
CON1. To guarantee a stable performance regardless the value of the resistive load based
on the choice of Jumper J1, CON1 is connected to a current mirror circuit composed of
the two transistors Q1a and Q1b. This circuit ensures a constant current at the output,
even when the resistive load is varying.

3. Voltage Rectifier and Limiter Circuit
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Cc Rc
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L2 ‐ MRB

C1

L1

ZT
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VRect

VCON2
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110 kΩ 
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R6

500 kΩ 

R8

51 Ω 

R9

1.5 kΩ 

AC

50Ω 

Vin

C3

27 pF
R1

1800Ω Dz

+

‐

VRect

Figure 2: Voltage rectifier and limiter circuit.

The AC voltage acquired through magnetic induction is converted into DC voltage
using a full bridge rectifier, followed by a zener diode and the RC load. We present the
rectifier circuit with an AC source in Fig. 2. Only the constant resistance R1 is included
(Jumper J1 at position ‘a’ in Fig. 1), while the current mirror circuit is not considered in
the current analysis as it does not influence the rectifying process.

The AC source in Fig. 2 is providing a 13.56 MHz signal with 5 V amplitude results
in a rectified voltage with 3.35 V mean value and ripple voltage of nearly 1V, as depicted
in the ADS simulations in Fig. 3. Since the load resistance R1 can take different val-
ues by connecting jumper J1 to positions ‘b’ or ‘c’, so we investigate also the effect of
changing the resistance. Automatic test setups uses Jumper J1 at position ‘c’. As per our
investigations on the voltage controlled resistor, the lower value of its resistance is nearly
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200 Ω. We observe that at such low value the ripple voltage is even higher. Using a higher
capacitive value enhances the ripple voltage significantly, at the expense of larger time
constant, as shown in Fig. 3.
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R
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t
(V

)

R1 = 1800 Ω
R1 = 200 Ω
R1 = 1800 Ω
R1 = 200 Ω

Figure 3: Rectified voltage with C1 = 27 pF (solid) and C1 = 330 pF (dotted).

4. Load Emulation Circuit

We focus on the circuit connected to the jumper J1 in Fig. 1. There are four options:

(a) A constant resistor R1 = 1800 Ω

(b) A manual variable resistor R2 = 0 − 2 kΩ

(c) A voltage controlled resistor

(d) No resistor

The voltage controlled resistor is the realistic model to be used in standardization, while
the other options are simple and only used for testing purposes. We present the voltage
controlled resistor as a standalone circuit in Fig. 4 [3]. The circuit is composed of multiple
resistors, an n-channel MOSFET (BSS83) and a DC supply VCON2. The voltage from the
rectifier is modeled by the DC supply VRect. In practice, the rectified voltage contains
some ripples and not pure DC, however, this is an acceptable assumption for analyzing
this circuit.

To understand this circuit’s behavior, we recall some of the basics of the MOSFET’s
operation. The MOSFET operates in three regions: Cutoff, Linear (Triode) and saturation.
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Figure 4: The standalone voltage controlled resistor.

The relationship between the drain current and drain-source voltage of the standalone
BSS83 is simulated by Advanced Design System (ADS). The cut-off state occurs when
the voltage between the gate and source is below a certain threshold voltage, where in this
region the MOSFET is not operating. The linear region is characterized by having a near
constant equivalent resistive value, while saturation region has a variable resistive value
against the drain-source voltage which is desired.

The circuit proposed in the standard contains different structure than the standalone
MOSFET which changes the behavior of the circuit. There is a connection between the
rectified voltage from the Reference PICC and the external voltage at CON2. This means
that at a fixed VCON2 voltage, the gate-source voltage will be changing with the change
in the rectified voltage. Therefore, the MOSFET transistor will be changing its region
of operation, so we need to identify the operational range for each region. The rectified
voltage is affected by the field intensity by the reader and it is limited by the zener diode
to 15 V. In this section, we investigate the effect of the choice of the voltage at CON2 on
the circuit behavior.

4.1. Cut-off Region
The transistor operates in cut-off region, only when the gate-source voltage VGS < Vth,
where Vth is a threshold voltage defined for each transistor. For BSS83, Vth = 2 V. At this
region, the drain current ID = 0. We calculate VGS through the following equation

VGS = 0.82 VCON2 + 0.174 VRect. (1)

The total resistance of this circuit at the cut-off region is nearly constant around 1500Ω.

4.2. Linear Region
For the linear region, these two conditions are satisfied: VGS > Vth and VDS < VGS −
Vth, where VDS is the drain-source voltage. To check these conditions, we derived the
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following equations for calculating the drain-source and gate-source voltages. Below is a
quadratic equation with only VDS unknown

− 39

61
κV 2

DS +

(
100

61
κVCON2 − 4κ+

1

51

)
VDS −

VRect

51
= 0 (2)

where κ is the k-parameter of the MOSFET. The corresponding gate-source voltage is
calculated by

VGS =
50

61
VCON2 +

11

61
VDS. (3)

Using these equations, the conditions for linear region can be checked. The linear region
is characterized by a relatively low resistance between 100 − 400 Ω.

4.3. Saturation Region

The conditions for saturation region is similar to that of the linear region where the second
condition is VDS ≥ VGS − Vth instead. The gate-source voltage is given by

κV 2
GS + (0.11 − 4κ)VGS + 4κ− 0.091VCON2 − 0.02VRect = 0 (4)

We use (3) to calculate the corresponding drain-source voltage and check the saturation
region conditions. The saturation region is characterized by a varying resistance in the
range between 200−1000 Ω. This is the required region of operation to provide a realistic
model of the PICC-IC, as demonstrated in [4], [5].

4.4. Recommended Range of Operation

Based on the previous analysis, we present in Fig. 5 the operational regions of the tran-
sistor with respect to the applied DC voltage at connector CON2 and the rectified voltage
VRect which is created using MATLAB based on the equations presented previously. We
observe that applying a low voltage at CON2 would lead to two operation regions: Cut-off
and saturation depending on the rectified voltage, while a high VCON2 would be in the re-
gions of linear and saturation. Since the linear region has a very low resistance, we avoid
operating in this region. Thus, we recommend a maximum voltage of 2.6 V at VCON2.

We derived the previous equations and results based on a nearly idealistic model where
several parameters were considered as constants such as threshold voltage, saturation ve-
locity, transconductance ... etc. We simulate the same circuit using ADS where these
non-ideal effects are included into the transistor model and results are in good agreement
with our analysis. The total resistance of the circuit is given in Fig. 6. At VCON2 = 1
and 2 V, we observe the two regions; A nearly constant resistance for cut-off region and
a decreasing resistance for the saturation region (similar to actual IC’s behavior [4]). The
transistor is always in saturation region for VCON2 = 2.5 V. Finally, for VCON2 = 3 and
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Figure 5: Voltage controlled resistor’s operational regions.

4 V, the transistor is in active region for low VCON2 which is characterized by low resis-
tance and after that it turns to saturation region. The behavior of the transistor at the active
region does not correspond to the IC’s actual behavior.

The transistor BSS83 used in this circuit is specified by the standard. This transis-
tor has been discontinued and is no longer produced. Therefore, this work serves as a
guide to choosing the replacement transistor, such that it satisfies the same behavior as
the discontinued transistor.
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Figure 6: Total resistance of the voltage controlled resistor.
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5. Load Modulation

The origin of this circuit goes back to the EMV standard [6] where a current mirror was
utilized as a load modulator. As a part of the harmonization approach between the older
EMV Test PICC and the Reference PICC according to ISO/IEC 10373-6, the same load
modulator has been used in both the EMV Test PICC and the Reference PICC. However,
this harmonization has failed.

A square wave source is connected to connector CON1 which modulates the current
(consequently the voltage) at the output of the rectifier. This corresponds to the load
modulation behavior. The connector CON1 is connected to the circuit through a current
mirror circuit to ensure the delivery of a constant current regardless of the loading.

We propose a more realistic implementation of the load modulation in the Reference
PICC. Through utilizing the different behaviors of the voltage controlled resistor circuit
as depicted in Fig. 6. We observe that the difference in resistance at VCON2 = 2 and 4 V
is exactly how load modulation is achieved in the RFID system. Thus, we utilize that by
connected a square wave source at CON2, instead of a constant DC voltage. Therefore,
the Reference PICC will alternate between the high resistance (VCON2 = 2 V) and low
resistance (VCON2 = 4 V).

The advantages of this approach is lower complexity of the Reference PICC design, as
load modulation is carried out without the need for the current mirror circuit. Furthermore,
this is a more realistic model, as the voltage difference between the high and low states
is reduced as the reader’s power increases which would be expected from a realistic chip
model to have a certain operation range [5].

To compare the performance of the standard Reference PICC and our proposed modi-
fication, we consider the load modulation reception test in Section 7.1.3 of the ISO/IEC
10373-6. For this test, jumper J1 is set to position ‘c’ and the voltage at CON2 is adjusted
to get a DC voltage of 6 V at CON3. A 30 dBm power at the PCD input is used to reach
a 2.2 A/m and the DC voltage at CON2 is set to 2 V to reach a 6 V at CON3. Applying
a square wave of amplitudes 0 and 4 V at CON1 to start load modulation, leads to the
signal shown in Fig. 7a, which is simulated by ADS at the coil L1 terminals. We compare
the behavior of the circuit at 30 and 36 dBm and observe that the behavior of the circuit
in the loaded state (mirror circuit is active) is not realistic with respect to the actual op-
eration of a PICC-IC, as the voltage in the loaded level is not affected with the delivered
voltage from the reader antenna. On the other hand, we observe in Fig. 7b a difference in
the loaded voltage using our proposed modified circuit, where a square wave generator is
placed at CON2 between 2 and 4 V and current mirror circuit is not used.

6. Summary and Conclusion

The Reference PICC has been analyzed and we highlighted the functionality of each block
of the card. A full wave bridge is used to rectify the AC voltage acquired through inductive
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Figure 7: Voltage on the main coil of (a) standard (b) modified Reference PICC.

coupling. The voltage is adjusted by a voltage controlled resistor and is limited by the
zener diode as a fail-safe circuit. The load modulation is achieved through a current mirror
circuit. Through investigating the operation ranges of the voltage controlled resistor, we
propose achieving load modulation through varying the input voltage at CON2. This has
the advantage of simplifying the Reference PICC by removing the current mirror circuit
and the additional DC supply. It also provides a realistic model as shown by recent IC
measurements [4], [5]. Finally this work serves as a guide for choosing a replacement for
the transistor BSS83 which is recommended by the standard, but has been discontinued.
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