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Abstract In this paper, we propose a RFID (Radio-frequency Identification)-SIM card
mobile payment scheme and study the magnetic field coupling technologies in activating the
payments for the second generation readers. Simulation results show that the mobile pay-
ment scheme based on a low-frequency magnetic-coupling activation strategy is reasonable,
secured, robust, low-cost, and easy to promote. The performance of various mobile phones
integrated with the RFID-SIM cards is very similar under the proposed activation strategy.
The activation distances between various mobiles and the readers are very consistent. When
high-frequency magnetic coupling is used, however, the performance of different mobile
phones shows great difference because of the small attenuation factor.

Keywords Magnetic field coupling · RFID · Mobile payment · NFC

1 Introduction

Mobile payment is an important part of building a “smart earth”. It is also a kind of service
that allows users to pay for the goods or service through mobile phones. At home and abroad,
there are three types of mobile payment solutions: a 13.56 MHz contactless NFC (near field
communication) proximity communications solution (used in Japan, Korea, France, etc.) [1],
a 13.56 MHz affixed card solution (a 13.56 MHz card is attached to the rear cover of a mobile
phone), and a 2.4 GHz RFID-SIM card solution (developed by the Nationz Technologies
Inc., China). The 13.56 MHz contactless NFC proximity communications solution is usually
realized by a 13.56 MHz RFID identification system. Specifically, the RFID smart label is
affixed to the cover of the battery of a mobile phone in order to save space optimally [2].
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The use of such kind of RFID mobile phones is pervasively adopted Japan and South Korea.
However, its application is very limited since the 13.56 MHz affixed card solution cannot be
integrated with the mobile SIM. Compared with Korea and Japan, China starts relatively late
in terms of research and applications of high-frequency RFID. However, with the build up
of relevant infrastructure equipment and a better understanding of the advantages of RFID
systems, China has made rapid progress in developing and applying RFID technologies in
recent years.

The conventional mobile-payment activation strategy (sometimes called “distance con-
trol scheme”) operates in the 2.4 GHz frequency band and with an increasingly widespread
applications of RFID. In this setting, the interference problem is critical: the identification
distance is much shorter than the designed operating distance; and the readers and the tags
do not communicate resulting in failures of the reading procedures. In this paper, we propose
a RFID-SIM card mobile payment scheme in which the activating strategy for the second
generation readers is based on magnetic field coupling with a low frequency signal [3]. The
rest of this paper is organized as follows. In Sect. 2, we describe our proposed RFID-SIM
card mobile payment scheme. In Sect. 3, we give a detailed theoretical study of the activation
strategy with magnetic field coupling. Simulation results and discussions are presented in
Sect. 4 and a conclusion is given in Sect. 5.

2 Proposed RFID-SIM Card Mobile Payment Scheme

2.1 Block Diagram

The proposed RFID-SIM card mobile payment scheme is shown in Fig. 1. Here, RSSI
denotes received signal strength indicator, which is a measurement of the power of a received
radio signal. Tx and Rx stand for transmit and receive, respectively and LF means low
frequency.

Fig. 1 Block diagram of 2.4G RFID-SIM card system with a low-frequency magnetic-coupling activation
strategy
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2.2 Working Principles

The conventional RFID-SIM card mobile payment schemes adopt an activation strategy (or
“distance control scheme”) operating in the 2.4 GHz frequency band. The RSSI is the main
parameter for consideration. Due to some drawbacks, we propose a new generation activation
strategy. Moreover, the new generation RFID-SIM card system provides good compatibility
with previous communication protocols.

In the proposed 2.4G RFID-SIM card system, the 2.4 GHz transceiver only perform two-
way data communications while the LF transmitter generates a low frequency signal. The
basic operating principle is as follows. The reader continuously sends random data and
respective information group frame via the LF transmitter. The contactless card is activated
and return the received data to the reader through the 2.4 GHz radio frequency. The reader
then decides if the communication object of the contactless card is the same reader through
checking the data. In the meantime, the contactless card also compares the received magnetic
field data with the received 2.4 GHz RF data to confirm that the same reader generates the
two data. This scheme avoids wrong operations when the operating distance is out of the
designed range. The new generation contactless card is also easily activated by magnetic field
(similar to the old contactless card with frequently wakeup in energy saving). The new gener-
ation contactless card places received low-frequency magnetic field data to the default word
segment of original ATI (answer to inquiry) message to guarantee the compatibility with old
reader. To support an old card, the new generation reader decides if the value of the default
word segment is saved according to the card type information included in ATI message.

2.3 Reader

The reader includes two CPUs as shown in Fig. 2: one is the master CPU and the other
is the slave CPU. The reader also contains a triangular wave generator, an amplifier and a
driver. The two CPUs possess the following functions. The master CPU is responsible for the
2.4 GHz protocol process, low frequency IDr (identity of random) data generation,and the
serial port protocol process in POS. The slave CPU performs data coding and transmission,
i.e., receives the IDr data from the master CPU, compose the IDr data frame with scrambling
and Manchester code coding. Figure 2 shows that the master CPU uses soft serial port while
the slave CPU uses hard serial port.

Slave
CPU

Amplifier Driver

2.4G

IDrSerial 
Port

Master
CPU

Function
generator

LF

Fig. 2 Block diagram of reader
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3 The Activation Strategy with Magnetic Field Coupling

3.1 Activation Strategy

The block diagram of the new generation of activation strategy with magnetic coupling is
shown in Fig. 3. The activation decision is based on the coupling voltage in the SIM-card coil.
Magnetic field coupling occurs between the reader coil and the transponder (SIM-card coil).
The reader produces time-changing magnetic field and the inductance coil in the transponder
will produce an induced voltage. When the transponder is close enough such that the induced
voltage in the transponder reaches a threshold value, information verification begins and the
“swipe card” procedure is initiated.

The inductive voltage in the transponder is directly proportional to the rate of change of
the total magnetic flux ψ through the surface surrounded by the SIM card coil. The induced
voltage V2 is given by

V2 = −dψ

dt
= −N2

dφ

dt
(1)

where N2 denotes the number of turns in the coil of the transponder and φ stands for the
magnetic flux through each turn. The SIM card in the transponder can determine the distance
to the reader based on the voltage amplitude of V2◦

3.2 The Magnetic Flux Density Near the Reader Coil with Rectangular

If the reader coil is rectangular in shape, the components of the magnetic flux density in space
are given by

Bx = μ0 I z

4π
[
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]

(
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√
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Fig. 3 New generation of activation strategy with magnetic coupling
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Substituting (2) to (4) into B =
√

B2
x + B2

y + B2
z leads to the magnetic flux density of

any point in space. When x = 0 and y = 0, the magnetic flux density in the vertical direction
z (perpendicular to the rectangular coil plane) is given by

B = N1μ0 I l1l2
π
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where l1 and l2 are, respectively, equal to half the length and width of the rectangular coil;
N1 denotes the number of turns of the reader coil; I denotes the reader coil current; and μ0

denotes the permeability of air or vacuum.

3.3 The Magnetic Flux Density Near the Reader Coil with Circular

If the reader coil is circular in shape, the components of the magnetic flux density in space
are given by

Bx = μ0 I r
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where I denotes the reader coil current; r is the radium of the circular coil; μ0 denotes the
permeability of air or vacuum; Nmax denotes the number of segment in the numerical integral

(Nmax = 1, 000). Substituting (6) to (8) into B =
√

B2
x + B2

y + B2
z leads to the magnetic
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flux density of any point in space. When x = 0 and y = 0, the magnetic flux density in the
vertical direction z (perpendicular to the circular coil plane) is given by

B = μ0 H = μ0 I N1a2

2(a2 + z2)3/2
(9)

3.4 Coupling Voltage Based on Magnetic Flux Density

According to the changing magnetic-flux principle, if the signal in the reader coil is a sine
wave, the amplitude of the induced voltage for the SIM-card coil (the coupling coil) will be
given by [4]

V0 = 2π f N2 QSB cosα (10)

where N2 denotes the number of turns of the coupling coil; Q is the quality factor of the res-
onant circuit; S is the area of the coupling coil; B is the magnetic flux density through the
coupling coil in square meters; α is the angle of arrival of the signal or angle between the
reader coil and the coupling coil. In Fig. 3, the reader coil plane is parallel to the coupling
coil plane and thus α = 0. On the other hand, if the signal in the reader coil is a triangular
wave, the amplitude of the induced voltage for the SIM-card coil (the coupling coil) will be
given by [4]

V ′
0 = 4 f N2 QSB cosα (11)

If the shielding material is considered, i.e, the magnetic field attenuation factor takes the form
A = e(−t

√
π f μγ ) (t, μ and γ denote the thickness, the permeability and conductivity of the

shielding material, respectively), then Eqs. (10) and (11) need to be multiplied by A.

4 Simulation Results

Due to the limited space, we only consider the case of a triangular wave and a circular reader
coil. The simulation parameters are as follows: diameter of the reader coil is 180 mm, num-
ber of turns is 110, diameter of the copper conductor is 0.6 mm. The coupling coil uses a
rectangular coil with a length of 24 mm, a width of 14 mm and 4 turns. The frequencies used
are 2 kHz, 10 kHz and 2 MHz.

According to the model shown in Fig. 3, we simulate the coupling voltage of the coupling
coil corresponding to different input signal (excitation source) of the reader coil, including
time-changing current and time-changing voltage.

4.1 Excitation Source with Time-Changing Current

We take an excitation source with a triangular time-changing current. The amplitude of the
triangular wave in the reader coil is 1.83A. Using Matlab simulation, we obtain the space
distributions of the induced voltage (coupling voltage) at 2 kHz and 3 MHz and plot them in
Figs. 4 and 5, respectively. Figure 4a, b show the induced voltage when the reader coil is at
a height of 10 and 500 mm, respectively. Similar results can be found in Fig. 5. Comparing
Fig. 4 with Fig. 5, we can see that the higher the frequency is, the bigger the coupling voltage is.

Figure 6 shows that the induced voltage along the z-axis is directly proportional to the
operating frequency. The smaller the z value is, i.e. the coupling coil is closer to the reader
coil, the bigger the induced voltage is. The reason is Vo = −M(di/dt).
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Fig. 4 The space distribution of the induced voltage at different heights (Operating frequency = 2 kHz)
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Fig. 5 The space distribution of the induced voltage at different heights (Operating frequency = 2 MHz)

Fig. 6 The coupling voltage vs.
frequency for current excitation

0 2 4 6 8 10 12 14 16 18 20
0

20

40

60

80

100

120

f (kHz)

T
he

 in
du

ce
d 

vo
lta

ge
 (

m
V

)

z1=10mm

z2=30mm

z3=50mm

z4=100mm

However, it is very difficult to produce time-varying current sources in practical applica-
tions, we suggest and discuss using an excitation source with a time-changing voltage in the
next section.
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4.2 Excitation Source with Time-Changing Voltage

The voltage amplitude of the triangular wave in the reader coil is 15V. When the frequencies
are set at 2 kHz,5 kHz, and 2 MHz, respectively, the space distribution of the induced voltage
(coupling voltage) are shown in Figs. 7, 8, and 9, respectively. Results show that the induced
voltage is the largest at a frequency of 5kHz compared with those induced at 2 kHz and
2 MHz.
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Fig. 7 The space distribution of the induced voltage at different heights (Operating frequency = 2 kHz)
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Fig. 8 The space distribution of the induced voltage at different heights (Operating frequency = 5 kHz)
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Fig. 9 The space distribution of the induced voltage at different heights (Operating frequency = 2 MHz)

123



Study of Magnetic Field Coupling Technologies 251

V0
R

L2

V2
The induced 

voltage

CR2

Fig. 10 The equivalent circuit

0 5 10 15 20 25 30
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

frequency (KHz)

T
he

 n
or

m
al

iz
ed

 o
ut

pu
t v

ol
ta

ge

theoretical vaule

measured value

Fig. 11 The normalized output voltage vs. frequency

In a practical system, we need to consider the equivalent circuit shown in Fig. 10. Here,
L2 denotes the inductance of the coupling coil, we will take an inductance equation found
in [5]; R2 is the resistance of the coupling coil R2 = 0.04�); R and C are followed by the
amplifier (R = 1�,C = 650uF). In the theoretical simulation, we set Q as 5. If R is much
larger than R2(R = 1�, R2 = 0.04�), then

Q = ω0 L

R2 + R
≈ ω0 L

R
= 1

Rω0C
(12)

ω0 = 1√
L2C

(13)

The resonant frequency is calculated as 5 kHz.
Refer to Fig. 11 (z = 500 mm), the peak value of the coupling voltage along the z-axis is

given by

V0 = 4 f N2 QS
μ0l1l2 N1

π
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× V1√
R2

1 + (ωL1)2
(14)

where V1 denotes the amplitude of the voltage of reader coil, R1 and L1 denote the resistance
and the inductance of the reader coil, respectively. L1 can be calculated in terms of equation
found in [5]. Figure 11 shows the comparison between the theoretical value and the measured
value for the output voltage V2(V2 is normalized). V2 is given by
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Fig. 12 2 kHz(attenuation factor is 0.6)
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Fig. 13 2 MHz(attenuation factor is 8 × 10−7)

V2 = R
√
(R + R2)2 + (

ωL2 − 1
ωC

)2
V0 (15)

The measured values in Fig. 11 is similar to the theoretical values.

4.3 The Induced Voltage with and Without Shielding Material

We consider the attenuation of the magnetic induction when a shielding material exists.
Here, the shielding material mainly comes from the cell. The height z is 50 mm, the relative
permeability of battery is 1. The conductivity is 106 S/m.

Figures 12 and 13 show that the low-frequency activation strategy does not result in
obvious difference of the coupling voltage with and without the shielding material. On the
contrary, the coupling voltage of the high-frequency activation scheme changes significantly
with and without a shielding material. Therefore, we suggest adopting a low-frequency acti-
vation strategy in future RFID-SIM card systems.

5 Conclusion

In this paper, we have proposed a RFID-SIM card mobile payment scheme with a low-
frequency magnetic coupling activation strategy. The excitation source uses a triangular
wave. For a current excitation source, the induced voltage of the coupling coil is directly
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proportional to frequency. For a voltage excitation source, the difference of the coupling
voltage between the theoretical value and the measured value is resulted from the related
parameters after the amplifier is connected to the coupling coil. When using an AC voltage
feed, theoretical calculations and field tests have shown the following consistent results. At
first, the coupling voltage increases with the increase of feed frequency. When resonance
occurs, the coupling voltage is the maximum. Afterwards, the coupling voltage decreases
with the increase of feed frequency. From the simulation of the coupling voltage of any point
in space, we know that when the coupling coil is near the transmitting coil, the coupling
voltage is relatively larger; when the height between the two coils increases, the coupling
voltage is larger when the coupling coil is directly over the transmitting coil.
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