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Abstract— High Frequency Radio Frequency Identification
(HF RFID) system based on Magnetically Coupled Reader
Resonator Coils (MCRRC) is reported. The proposed system
consists of reader antenna including small resonant coil
operating by magnetic coupling with the tag coil. In the
proposed system, the reader and tag impedances are modified.
The equivalent electrical model is used to express the
equivalent impedance matrix and used to express the
equivalent input and output impedances of the system. The
formulas are confirmed by comparison between High
Frequency Structure Simulator (HFSS) results and measures.

Index Terms—antenna, impedance matrix, RFID, magnetic
coupling.

1. INTRODUCTION

RFID (Radio Frequency Identification) HF (High
Frequency, 13.56 MHz) is based on inductive coupling effect
between the reader and the tag coils. According to the
distance and the positioning (planar and angular) between the
two coils, the impedance of the tag chip is modified, the shift
of the impedance is interpreted by the reader antenna, this is
the principle of the load modulation [1].

In several applications like as tracking, the tag is
misaligned and has small size coil compared to the reader
coil. In this case, the reader antenna has to be changed in
multi-loop reader antenna to ensure detection [2][3][4]. In
this study the proposed concept is to changed reader antenna
on magnetically coupled reader resonator coils (MCRRC),
the link between the reader including resonator and the tag
depends on the equivalent mutual impedance [5][6][7][8].
Preliminary results of the proposed design confirm its
interest in improving both surface (in the case of lateral
misalignment of the tag above the reader antenna surface)
and distance of detection [4][5]. The difficulty is the need of
adjusting the impedance of the matching circuit of the reader
antenna according to the electrical properties of the resonator
in order to maintain the resonance frequency at 13.56MHz
[5].

The proposed structure seen in Fig.l represents the
interaction between the two reader coils (coil 1 and
resonator) and the coil of the tag (2). Resonator coil has a
radius Rres of 15 mm. Coils 1 and 2 present respectively a
radius of 50 mm and 15 mm. In [5] the calculation of the
equivalent impedance parameters is given, the work concerns
the improvement of the equivalent mutual impedance (as link
between the reader multi-coil and the tag coil) at 13.56MHz.

In this paper, all the equivalent impedance parameters of the
system are studied according to the lateral misalignment of
the tag above the reader antenna in the case of conventional
and MCRRC RFID system with MCRRC. The calculated
equivalent parameters are confirmed by comparison between
HFSS simulations, calculations and measurements in section
2. In section 3, the influence of the added resonator on the
equivalent input and output impedances of the system is
investigated. New formulas defining the equivalent input and
output impedances are given and confirmed by simulation.

Fig.1. Fabricated tag coil 2 (left) and MCRRC (right)

II.  EQUIVALENT CIRCUIT FOR RFID SYSTEM

Fig.2 shows the equivalent circuit of conventional and
complex (MCRRC) RFID system where: L= 0.3 uH, L=
0.058 uH and L= 0.058 uH are respectively the self-
inductances of coils 1, 2 and the resonator. r;i= 0.2Q, r,= 0.1
Q and rs—= 0.1 Q are their internal resistances. C;=0.45 nF,
C,=2.32 nF and C,s=2.32 nF are the series tuning capacitors
at 13.56 MHz.

A. Equivalent impedance matrix calculation

The voltages Vi, Vies and V3 in the circuit (b) satisfy the
following relations (1), with M;=M; being the mutual
inductances between coils 1, 2, 3, (1<i,j<3))
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Fig.2. Electrical model for conventional (a) and MCCRC (b) RFID system

The equivalent impedance matrix (Zio matrix) of the
MCRRC system (b) is given by (the complete calculation of

the equivalent matrix is developed in [5]):
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In MCRRC system, the resonator influence is depicted in
both reader and tag impedances by the Mis and Moy
parameters but also by impedance coupling (in this case, the
mutual impedance has a real and an imaginary part).
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B. Validation of the calculated equivalent impedance
matrix

The equivalent impedance matrix parameters are
analyzed in this part according to the tag misalignment in
both cases with and without resonator. These parameters are
studied in this part by calculation, HFSS simulations (using
the analytical model in equation) and confirmed by
measurements. The distance between the reader and the tag
coils is chosen to 10mm: at this distance, the impact of the
resonator is seen clearly on the mutual impedance in [5].

The simulated results concern structure where the coils
are designed with perfect conductor to reduce the
computation time under HFSS, while in measure, the results
are presented for realized coils with cooper. The different
materials used respectively in simulation (without substrate)
and measure (with FR4 substrate) generate different
electrical properties (consequently different resonance
frequencies). The aim of this part is to confirm the developed
electrical model by comparison of the evolution of the
equivalent impedance parameters around the resonance
frequency.

B.1. Impedance of the reader (Z1; and Zjjeq)

For three positions of the misaligned tag: y=-50 mm, y=-
30 mm and y=0Omm in Fig.1 corresponding respectively to
the positions where the tag is above the edges of the reader
antenna, the center of the resonator and the center of the
reader antenna, we reported in fig.3 the evolution of the
imaginary and the real parts self-impedance of the reader in
the two cases without (Z;;) and with resonator (Z1¢g).
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Fig.3. Imaginary and real part of simulated Z,, (a, b), simulated Z, 4 (c,
d) and measured Z, ¢ (e, f) parameters



In the case without resonator (Fig.3 a, b), the resonance
frequency is shifted according to the position of the tag, but
the frequency shift, in this case, can be negligible, the
resonance frequency is around 13.55MHz. The added
resonator shifted the frequency; the resonance frequency of
the Zi1eq impedance is around 13.27 MHz for the different
lateral positions of the tag. The amplitude of the real part is
modified according to the tag misalignment. Its maximum in
the case without resonator is around 0.29 Q. This maximum
is improved with the added resonator: at y=0 mm the
variation of the real part is negligible compared to the case of
y=-50 mm and y=-30mm where the real part of the Zii
impedance is strongly influenced by the added resonator.
Also, the results are confirmed by measurements. In
measured results the frequency shift according to the tag
misalignment for the structure with resonator is confirmed.

B.2. Impedance of the reader (Z:; and Zz¢)
In the same way, fig.4 reports, the variation of the real and
the imaginary part of the self- impedance of the tag in
conventional (Z»2) and MCRR system (Z2cq).
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Fig.4. Imaginary and real part of simulated Z» (a, b), simulated Zxq (c, d)
and measured Z,,q (e, f) parameters

In conventional system (without resonator), the
resonance frequency of the tag is seen around 13.6MHz,
according to the tag positioning, both resonance frequency
(null of the imaginary part) and the amplitude of the real part
are changed. This variation, is negligible compared to the

variation in the case of MCRR system, the maximum
variation of the real and the imaginary parts of the tag
impedance is seen for y=-30 mm (when the tag is above the
resonator). The results of the calculated equations are
conformed by measurements, where the resonance frequency
of the measured tag is around 15SMHz.

B.3. Impedance of the reader (Z12 and Z2eq)

In this part, we are also interesting on the mutual
impedance parameter. In conventional system, the imaginary
part is used to calculate the mutual inductance between the
reader and the tag coils, while the real part is very low and
close to zero. A few variations of these parameters are seen
according to the tag misalignments. While in MRCC system,
both real and imaginary parts of the Zjimpedance are
changed, in simulation, the maximum of this variation is
seen around 13 MHz for y=-30 mm. in measurements, the
variation has maximum values at 25 MHz. These correspond
to the resonance frequencies of the reader and the tag coils in
MCRR system.
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In this part, we confirm that:
-The added resonator modifies all the parameters of the
impedance matrix.
-The developed calculation in equation (3) is validated by
comparison between simulations and measures.



-The interest of the added resonator is depicted on the
improvement of the mutual impedance of the system.

-Both the equivalent self-impedances of the reader and the
tag coils are modified; consequently a frequency shift is
generated

-According to the lateral positioning of the tag, the variation
of the impedance parameters is more important when the tag
is above the resonator (y=-30 mm).

III. EFFECT ON INPUT AND OUTPUT IMPEDANCES

The MCRRC system is benefic for improving generated
magnetic field by the reader coil, but the main constraint of
such system is the influence on the impedance parameters. In
this part, the input and output impedances are studied by
calculation and simulation. The input and the output
impedances are defined using the equivalent impedance
matrix parameters in equation (3).

A. Calculation of equivalent input and output impedances

In conventional structure (a), the input and output
impedances of the system, respectively the impedance of the
reader and of the tag, are depending on the self-impedances
of the reader and the tag and the mutual inductance between
them:
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Using the equation (4), we define the equivalent input and
output impedances by replacing the impedance parameters
by the equivalent impedance parameters.

The equivalent input impedance can be express by:
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Also, the equivalent output impedance is expressed by
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From the calculation, both input and output impedances
are modified by the added resonator.

B. Simulation results

The equivalent input and output impedances are studied
in this part by HFSS simulations versus the lateral
misalignment at resonance frequency of 13.56MHz (using
the analytical model in equations 4, 5 and 6) (Fig.6). In this
part, the distance between the reader and the tag coils is 10
mm. The study is done for lateral misalignment of the tag
coil above the reader coil (-50 mm<Y<50 mm).
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Fig.6. modules of input and equivalent input impedances (a), modules of
input and equivalent input impedances (a), phases of input and equivalent
input impedances (b), modules of output and equivalent output impedances
(b), phases of output and equivalent output impedances (b)

The magnitudes of the input and output impedances are
changed with the added resonators. This is due to the
transformed impedances in equation (5 and 6). In both reader
and tag coils, the variation of the impedances due to the
mutual inductance is negligible compared to the variation
due to the added resonator: the improvement of the reader
and the tag impedances corresponds respectively to 5Q and
3Q.

In conventional reader antenna, the phase shift is
depending on the tag positioning: the mutual inductance
between the reader and the tag coils is the only cause of the
phase shift. While, in MCRR structure, the evolution of the
phase is depending on the mutual coupling between the
reader and the tag coil (M in equation 4) but also on the
electrical properties of the resonator (y) and the added
equivalent mutual inductances (Mirs and Mars). The phase
shifts in this case are higher than conventional structure. This
means, a frequency shift due to the transformed impedances.

IV. CONCLUSION

In this paper, the improvement of mutual impedance, in
HF RFID system, is achieved thanks to the addition of a co-
planar resonator, made of coil with a size in the range of
those of the tag coil (with geometrical similarity).

Analytical formulas for equivalent impedance parameters
of the system are developed using electrical model of the
structure, constituted of dual-coils reader and tag. The
calculation is confirmed by comparison between HFSS
simulations and VNA measurements. These parameters are
used to express the equivalent input and output impedances
of the system.

The added resonator is benefic to improving mutual
coupling between the reader and the tag coils, but it creates a
phase shift on both equivalent input and output impedance.
The use of such system demands the modification of the
matching circuit of the reader and the tag according to the
electrical properties of the resonator and its positioning
inside the reader antenna surface.

The work in progress relates to automatic matching
circuit based on equations (5 and 6). The shift frequency in
complex HF RFID will be studied and rectified using
automatic switched capacitances.
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