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Abstract—Novel designs for high frequency radio frequency
identification cards comprise an intermediate circuit between the
main coil and chip, such that the chip is not physically con-
nected to the coil on card which reduces costs of production,
enhances the card’s robustness against mechanical stress and
improves communication capabilities. Based on the Bode–Fano
limit, we carry out a theoretical analysis on the bandwidth capa-
bilities 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 proto-
types are carried out showing the various bandwidth and power
capabilities of the cards. Additionally, a comparison between the
performance of such type of cards with respect to the conven-
tional ones is presented. Card measurements included a chip,
highlighting various states of the chip and its non-linearity.

Index Terms—HF, RFID, coil, inductive coupling, booster,
booster-based cards, chip, module, Bode-Fano, bandwidth,
non-galvanic.

I. INTRODUCTION

THE HF (High Frequency) RFID (Radio frequency iden-
tification) 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 U.S. dollars where a significant challenge between dif-
ferent 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 com-
posed of a reader (interrogator) 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 dif-
ferent variants for possible data rates. ISO/IEC 10373-6 [1]
provides a reference reader antenna design that is used for
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testing all contactless cards. A card, tested with this reference
reader design, is assumed to operate properly with all ISO/IEC
14443 compliant readers.

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 jeop-
ardizes the robustness of the card against mechanical stress
and more importantly it increases the costs of manufactur-
ing. 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 con-
tact pads. Therefore, 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 cov-
ering 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 V. 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 II, 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 III 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 IV.
In Section V, 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.

II. 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
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Fig. 1. General circuit model of non-galvanic cards.

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 speci-
fied 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 avail-
able area of the card/tag to enhance the coupling between
the reader and the card. Since adding other elements within
the additional circuitry would enhance the performance, we
denote the remaining of the additional circuitry 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 inductance 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 con-
sider in this analysis the parasitic capacitance and resistance
of the additional coil. The voltage source and the source resis-
tance (50 !) in the figure are for theoretical purposes only,
however, the card is passive and operates solely based on the
magnetic field from the reader.

To adequately design the additional circuitry, one must
define its requirements. The additional circuitry should effi-
ciently transfer the power from the reader to the chip terminals.
Since we have assumed that the additional circuitry is com-
posed of at least one coil L1, this coil must achieve that goal.
Thus, it should cover a large area to maximize power har-
vested 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 band-
width 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.

Fig. 2. Representation of matching circuit on a general model for non-
galvanic cards.

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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the theoretical relationship for the relative bandwidth B∞ using
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Hence, this equation is interpretable as
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where Q = 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 band-
width 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 sim-
plified expression for the quality factor - bandwidth product
(QBn) using
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Fig. 3. Quality factor - bandwidth product versus the return loss of the
matching circuit for various matching orders.

Fig. 4. Percentage of increase in bandwidth with respect to different matching
circuit orders.

where an and bn are constants calculated by Fano and
enhanced in [9]. Fig. 3 shows the results of the quality fac-
tor - bandwidth product versus the reflection coefficient for
different matching circuit orders.

Lopez [9] has also calculated the percentage of bandwidth
increase for " > 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.

III. BOOSTER-BASED CARDS

Reviewing the previous results and the amount of bandwidth
gain resulting from incrementing the order of the matching
network, we reach the conclusion that a matching circuit with
order 2 provides the best compromise between utilized band-
width and circuit 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

Fig. 5. Booster composed of primary, secondary coils and a lumped capacitor.

to reach the optimum solution that maximizes power transfer
from reader to card while taking into account the bandwidth
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 pro-
vides accurate results at the expense of high complexity and
high simulation time. Determining the circuit model for such
a card leads to achieving a more robust method for designing
such cards. In Fig. 6, we introduce our circuit 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.

In order to optimize such a circuit, we first list some simpli-
fications; 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
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Fig. 6. Full circuit model for booster-based cards.

Fig. 7. Simplified model for booster-based cards.

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 domi-
nant coupling between L2 and Lm is considered and denoted
by M. We utilize the 3 T-shaped inductances 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 rising due to the coils’
parasitic capacitance, however, they are far from the frequency
of operation, so they are not relevant). An optimization
criterion is defined ensuring that both dominant resonance
frequencies are close around the frequency of operation.
This optimizes the power transfer characteristics and result-
ing bandwidth. Through some lengthy derivations, we are
able to calculate the real and imaginary parts of the total
impedance ZT for the circuit 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 trans-
fer at frequency of operation, where derivations are available
in the Appendix. First, we choose the module inductance
such that

Lm = R2
cCc

1 + ω2◦R2
cC2

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

Fig. 8. Representation of under-, critical- and over-coupling of a double
tuned circuit.

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 indus-
trial 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 the application and
the design requirements 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 mod-
ule’s coil is placed on top of the secondary coil. The higher the
mutual inductance is, the more bandwidth the card realizes.

The strength of the coupling is categorized in literature into
3 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 character-
ized 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 func-
tion 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 qual-
ity 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)
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TABLE I
DIMENSIONS OF THE PRIMARY, SECONDARY AND MODULE’S

COILS FOR “CARD 1” (ALL VALUES ARE IN mm UNITS)

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 the bandwidth, the designer targets a
coupling as close as feasible to the critical coupling factor
KBM−c.

IV. PROTOTYPES

In this section, we utilize the previous analysis to cre-
ate booster-based prototypes. We consider an NXP chip with
nominal capacitance 69 pF and resistance 1850 ! as speci-
fied by the manufacturer. In reality, the chip is much more
complex and its behavior varies according to the applied volt-
age [14]. However, for the current analysis we consider this
simplified model. First, we choose the inductance of mod-
ule’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 deter-
mine 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 sec-
ondary 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.

Through the use of FastHenry, we choose the proper geome-
tries for the first card, denoted by “Card 1” that correspond to
the previously calculated values, as indicated in Table I. 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 dif-
ferent dimensions in order to increase the mutual inductance
M to the module’s coil. Table II, 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 card itself. The two dominant
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 effect.

TABLE II
DIMENSIONS OF THE SECONDARY COILS FOR CARDS 2

AND 3 (ALL VALUES ARE IN mm UNITS)

TABLE III
THE MUTUAL INDUCTANCES BETWEEN THE READER

ANTENNA AND CARD 1

Fig. 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).

We present in Table III all the mutual inductances for Card
1 which is separated by a distance of 37.5 mm from the
reader.

For the purpose of testing, we carry out several measure-
ments with a known load instead of the chip. Thus, we have
soldered a lumped RC load on a module, with Rc = 1800 !

and Cc = 68 pF which are the closest standard values for
the assumed load of the chip. Fig. 9 shows the three man-
ufactured 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 equiva-
lent 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
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
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Fig. 10. Manufactured galvanic card with (a) a 69 pF chip (b) a lumped RC
load.

TABLE IV
CIRCUIT ELEMENTS VALUES FOR BOOSTER-BASED CARD 1

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 res-
onance frequency at 13.56 MHz similar to the booster-based
cards.

Through utilizing FastHenry and HFSS, we calculate the
value of the circuit elements in Fig. 6. Table IV 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 inductance between the secondary coil
and the reader 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.

V. 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 spec-
ified 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 com-
posed 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

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

Fig. 12. Implementation of the test setup using the probe.

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 sig-
nal 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.

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 con-
sider the same distance between reader and card. The reader is
implemented exactly 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 cir-
cuit 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 IV.

We compare the results of our simulations and measure-
ments for Card 1 in Fig. 14, where a 10 dBm power is used
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Fig. 13. HFSS simulation model including a reader coil and booster-based
card separated by 37.5 mm.

Fig. 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.

at the reader coil. For the results in this figure, we used
the module containing the lumped RC load. This helps iden-
tify the behavior of the card without the effect of the chip’s
non-linearity. The results show that our optimization criterion
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 mea-
sure 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 dimen-
sions might not be the optimum one for a card without the
booster capacitance CB, however, proper tuning of the dimen-
sions would still keep the voltage within the same range.
Furthermore, the circuit simulations by ADS and electro-
magnetic simulations by HFSS show an agreement with the
measurements which confirms the accuracy of our proposed
circuit model and the calculated values. HFSS simulation has
a slight shift in frequency in comparison to the circuit simu-
lation and measurements. This is due to including all details

Fig. 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.

of the reader and card which makes the field simulation more
complex.

As mentioned in Section III, changing the mutual induc-
tance 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 differ-
ent 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 trans-
ferred 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 band-
widths 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 decreases. This
is observed here in Fig. 15, where as the bandwidth increases,
the maximum 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 cou-
pling factor between the booster 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.
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Based on Fig. 15, the booster-based cards achieve sev-
eral advantages over the galvanic cards at the expense of
higher complexity. Firstly, the main goal of removing the gal-
vanic 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. Different 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 normal 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 mod-
ule shown in Fig. 9(a). Since the chip’s behavior is dependent
on the delivered voltage, we sweep the reader’s power start-
ing from 0 dBm 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 volt-
age but lower bandwidth with respect to the booster-based
card. The chip’s behavior has been investigated where differ-
ent 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
(∼ 3K!) and as the voltage increases, the value of the resis-
tance 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 resis-
tance 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 voltage are not

Fig. 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.

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 inten-
sity, 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.

VI. 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 intro-
duced 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 pro-
totypes 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 flexibil-
ity 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 con-
firming 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.
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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 cal-
culated through substitution of variables, so these calculations
are not computationally expensive. The real part of the card’s
impedance is expressed by

Re(ZT) = RB +
'
w2RmM2 + w2RcM2 + w4R3

cM2C2
c

+ 2w4R2
cRmM2C2

c + w6R4
cRmM2C4

c

(*

+%
Rm + Rc + w2R2

cRmC2
c

&2

+
%
−wR2

cCc + wLm + w3LmR2
cC2

c

&2
,

(9)

Assuming that Re(ZT) = r, where r is an arbitrary real value,
we rearrange the equation in terms of Lm, such that

L2
m

%
w2r + w6rR4

cC4
c + 2w4rR2

cC2
c

&

+ Lm

%
−2w4rR4

cC3
c − 2w2rR2

cCc

&

+
%

R2
cr + R2

mr + w4rR2
mR4

cC4
c + 2rRmRc

+ 2w2rRmR3
cC2

c + 2w2rR2
mR2

cC2
c + w2rR4

cC2
c

− w2M2Rc − w2M2Rm − 2w4M2RmR2
cC2

c

− w4M2R3
cC2

c − w6M2RmR4
cC4

c

&
= 0 (10)

From this equation, one can deduce that there are two val-
ues of Lm that can satisfy this equation at a certain frequency
and resistance r. Based on the knowledge that this is a res-
onant 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 func-
tion 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

oR4
cC3

c

1 + w4
oR4

cC4
c + 2w2

oR2
cC2

c
, (11)

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

Lm = R2
cCc

1 + w2
oR2

cC2
c
, (12)

This equation can also be interpreted by considering the imagi-
nary part of the impedance (13), where choosing Lm according
to the previous equation makes the imaginary impedance inde-
pendent 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

wCB
+ wL2

+
'
w3M2

%
−Lm − 2w2LmR2

cC2
c + R2

cCc

−w4LmR4
cC4

c + w2R4
cC3

c

&(*

+%
Rc + Rc + w2R2

cRmC2
c

&2

+
%
−wR2

cCc + wLm + w3LmR2
cC2

c

&2
,
. (13)

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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