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ABSTRACT 

Contactless automatic identification procedures which are called RFID systems (Radio-

frequency Identification) have become very popular in recent years for transferring power 

and data. With the development of RFID technology, the demand of easy transmitting of 

short data packages has made NFC (Near-field Communication) technology wildly used 

especially in mobile applications. The communication between a mobile and a tag is 

achieved through a magnetic field generated by the mobile’s NFC interface. In order to 

get a maximal power transmission, the tag circuit is designed to operate at the resonance 

frequency of 13.56 MHz, which is equal to the operation frequency of the mobile’s NFC 

interface. As mutual inductances provided by different kinds of mobiles exist divergence, 

optimal power transfer cannot be reached every time. This thesis focuses on the 

optimization of power transfer during the communications between tags and mobiles with 

uncertain NFC coils. By incorporating a self-tuning parallel variable capacitance 

compensation circuitry the resonance frequency of an NFC tag circuit can be self-tuned 

to 13.56 MHz to ensure an optimal power transmission. This thesis presents both 

theoretical and experimental analysis of this improved self-tuning NFC circuitry in detail 

and demonstrates that by digitally tuning a parallel capacitor circuit, the energy 

transferred to an NFC tag can be optimized when facing different kinds of NFC-enabled 

mobile phones.  

Keywords: Parallel capacitance compensation, RFID system, NFC, Self-tuning NFC, 

Digitally tunable capacitor 
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1 INTRODUCTION 

With the development of easy communication technology between nearby devices, one 

kind of technology based on electromagnetic or magnetic field known as near-field 

communication (NFC) was introduced into the market by Nokia in 2007. NFC is a 

wireless data interface used for the transfer of data and power between devices. The NFC 

antenna is intentionally adjusted so that the necessary energy can be transferred in the 

form of mutual coupling through the magnetic field provided by an NFC device. The NFC 

technology aim to create a secure, intuitive and simple communication channel between 

different electronic devices, primarily aimed at mobile phones [1]. For example, built-in 

NFC function on a mobile allows your access to contactless payments. Also, we can use 

an NFC mobile to provide power for sensors wirelessly and receive the results. The 

sensing system could be used for detecting pressure, sound, and temperature. Wireless, 

passive, low-cost and portable detection systems are in high demand for environmental 

monitoring, building safety and security, and health care diagnosis [2]. This thesis focuses 

on the power transfer from a mobile with built-in NFC to a passive tag with sensors and 

proposes a new approach to optimize the transferred power.  

1.1 Social aspects 

The improvement in energy transfer in the NFC communications based on mobile phones 

will make NFC tags strongly utilize the energy provided by mobile phones and provide 

power supply for a series of applied sensors attached to the tag. It is a big step in 

effectively transferring energy from NFC coupling systems and saving unnecessary 

external power supply for tag applications which can be used in environmental 

monitoring, building security, and information accessing systems. 

1.2 Ethical aspects 

This project proposed a new method to optimize the energy transfer between NFC-
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enabled mobile phones and NFC tags. The improved system may be more effective in 

providing power supply for illegal applications attached to the tag. To protect the tag from 

being illegally used to steal personal or corporate information, it is better to encrypt the 

legitimate NFC communications. 

1.3 Background and problem motivation 

There is an increasing demand for efficient energy transmission between tags and mobiles 

in order to provide enough power for a relatively complex tag sensing system. The 

resonant frequency of 13.56 MHz needs to be guaranteed during the communication in 

order to achieve an efficient energy transmission. However, it exists variance for antenna 

design for NFC-enabled mobiles, the resonant frequency would change due to different 

mutual inductances. A current communication system cannot ensure a maximal power 

transfer when facing mobiles with unknown coil inductances and therefore this thesis will 

attempt to discuss the maximization problem of power transfer. Significant studies have 

been done in this area, which discovered that automatically adjusting the reader antenna 

impedance can effectively reduce the tolerances on antenna impedance and contribute to 

efficient power transmission [3]. In contrast to adjusting reader antenna, this research 

focuses on the dynamical optimization of the tag circuit to make it adaptive for different 

mobile phones. 

1.4 Overall aim 

The overall aim of this research is to create a self-tuning NFC tag circuit that enables 

resonance at frequency 13.56MHz during each communication with NFC-enabled 

mobiles. After incorporating a tunable compensation circuitry, the tagboard which 

includes a microchip M24LR16E from ST, a microcontroller ATtiny48 from Atmel and 

an antenna will reach a resonance at the same frequency with the operation frequency of 

a mobile. The power at that circumstance will be maximally transferred to the tag and be 

used to support that relevant sensors work. For example, when it is used for environment 

monitoring the sensing tag board will be able to receive enough power for a series of 
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detecting work only by contactless communication with an NFC-enabled mobile phone.  

1.5 Scope 

The main focus of this research is the design of a tunable compensation circuitry which 

can automatically tune the tag circuit to reach a resonance at frequency 13.56 MHz. This 

design is based on the physical principle of inductive coupling in the electromagnetic 

field. This thesis, therefore, draws an intensive discussion of the theory of 

electromagnetic field and what are the crucial requirements for a tag circuit to reach a 

resonance during the communication. As the integrated tag is an automatic tuning system, 

the design also contains control theory. In this circuitry, a microcontroller ATtiny48 from 

ATMEL plays the role of control unit and is programmed using C language.  

1.6 Concrete and Verifiable Goals 

The main objective of the project is divided into following six parts: 

1. Studying the theory of the electromagnetic field and the principle of inductive 

coupling. 

2. Designing a self-tuning compensation circuitry with an optimum resonant frequency. 

3. Building a prototype of the compensation circuit and testing it on simulation. 

4. Building a control system on Atmel Studio and debug its logic by using the Atmel 

AVR JTAGICE mkII Debugger. 

5. Evaluating the circuit function on breadboard by communicating with two types of 

mobile phones. 

6. Proposing a method to solve the power supply problem of the digitally tuning 

capacitor. 

1.7 Outline 

Chapter 1 introduces the topic of the research as well as the objective of the study.  

Chapter 2 describes the relevant theories involved in this research.  

Chapter 3 describes the simulation and analysis of the proposed prototype.  
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Chapter 4 provides the implementation of this solution.  

Chapter 5 describes the results and relevant analysis.  

Chapter 6 draws the conclusions and presents possible future work.  

The remaining part are reference cited in this thesis and appendices.  

1.8 Contributions 

The whole project was performed under the supervision of Johan. Siden. 

Schematic design of the NFC evaluation tag board is provided by STC@MIUN. 

Programming part of the microcontroller and the board etching process were completed 

with the help of Xiaotian Li. 
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2 PHYSICAL PRINCIPLES OF NFC SYSTEMS 

An NFC system is an interface used for short distance wireless communication. It consists 

of two important components which are an NFC chip and an NFC antenna. It operates in 

the field of magnetic field according to the principle of inductive coupling. For further 

understanding of the procedures of data and power transmission, this chapter therefore 

presents the fundamental physical principles of NFC systems and provides a theoretical 

direction to solve the power optimization problem.  

2.1 Magnetic field theory 

Every flow of current, i.e. moving electrons, is related to a magnetic field. A magnetic 

field will be generated around a current-carrying conductor of any shape. The field 

strength H, at a distance r towards a straight conductor as shown in Figure 2.1[4] is 

determined by Equation (2.1). 

H =
I

2𝜋𝑟
                             (2.1) 

 

Figure 2. 1 Magnetic flux generated around a straight conductor 

The field strength will be particularly intense if the conductor is in the form of a loop 

(coil) [4]. For a mobile with built-in NFC interface, its antenna coil plays the role of 

generating the electromagnetic field necessary for the communication with tags. The field 

strength H is inversely proportional to the distance between the measuring position and 

the centre of the coil. As the distance increases along the horizontal line, the field strength 

will decrease accordingly. The following equation from [4] can be used to calculate the 

path of field strength along the x axis of a round coil: 

H =
𝐼∙𝑁∙𝑅2

2√(𝑅2+𝑥2)3
                          (2.2) 
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where N is the number of windings, R is the coil radius and x is the distance between the 

centre of the coil and the measuring point along x axis. 

 

The total flux generated around a conductor with N loops of the same area A is contributed 

by the same proportion 𝜙 from each loop. The definition of inductance L is shown in 

Figure 2.2[4]. 

ψ = ∑ 𝜙𝑁𝑁 = 𝑁 ∙ 𝜙 = 𝑁 ∙ 𝜇 ∙ 𝐻 ∙ 𝐴                  (2.3) 

 

Figure 2. 2 Definition of inductance L   

The constant 𝜇 describes the permeability of a material witch is determined by μ = 𝜇0𝜇𝑟, 

in which 𝜇0  is the magnetic field constant and 𝜇𝑟  is the relative permeability of a 

material. 

2.2 Inductance 

The property of an electrical conductor by which the current changes and then induces 

an electromotive force is called Inductance [5]. According to [6], a changing electric 

current through a circuit that contains an inductance produces a proportional voltage that 

is opposite to the current change. The induced magnetic field around the circuit could also 

induce an electromotive force around its neighbouring electric circuits [5]. The 

inductance of a conductor is denoted by the ratio of the total flux ψ arises around the 

conductor to the current through the conductor: 

L =
ψ

𝐼
=

𝑁∙𝜙

𝐼
=

𝑁∙𝜇∙𝐻∙𝐴

𝐼
                        (2.4) 

The inductance of a conductor loop depends entirely on the permeability of the material 

that the flux flows through and the geometry of the conductor’s layout [4]. An NFC 

antenna is a coil-shaped conductor which is made of copper or aluminium and printed 

https://en.wikipedia.org/wiki/Electrical_conductor
https://en.wikipedia.org/wiki/Electromotive_force
https://en.wikipedia.org/wiki/Lenz%27s_law
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around the chip on a tagboard. By fine-tuning the properties of a designed NFC system, 

the received electromagnetic waves in an antenna can be largely optimized for certain 

degree ranges which is around 13.56 MHz in NFC operations. An NFC antenna exists 

two kinds of common shapes which are circular spiral antenna and polygonal antenna 

(Figure 2.3[7]). The inductance of the two types of coils can be calculated separately by 

following equations. 

The inductance of a spiral antenna: L = 31.33 × 𝜇0 × 𝑁2 ×
𝑑

8𝑑+11𝑐
           (2.5)[7] 

where  

d represents the mean value of a coil diameter  

c represents the thickness of the winding  

N represents the number of windings  

µ0 = 4π · 10–7 H/m  

 

The inductance of a polygonal antenna: L = 𝐾1 × 𝜇0 × 𝑁2 ×
𝑑

1+𝐾2∙𝑝
           (2.6)[7] 

where 

d represents the mean value of a coil diameter  

d represents the mean value of the antenna’s outer diameter (𝑑𝑜𝑢𝑡) and inner diameter 

𝑑𝑖𝑛 

p represents the quotient of (𝑑𝑜𝑢𝑡 − 𝑑𝑖𝑛) divided by (𝑑𝑜𝑢𝑡+ 𝑑𝑖𝑛) 

𝐾1, 𝐾2 are the coupling coefficient which depend on the layout of the antenna. 

  

Figure 2. 3 Different coil shape 

Based on the provided tag schematic used in this project from STC@miun, a circular 

spiral coil is chosen as the NFC tag antenna.  
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2.3 Mutual inductance 

In order to clearly illustrate the principle of mutual inductance, a simplified equivalent 

circuit schematic is presented in Figure 2.4. If the tag antenna L2 is located in the 

magnetic field range of reader antenna L1, a magnetic flux 𝜑21will be induced flowing 

through L2. The communication between the two antennas is conducted when two 

antennas are connected together by a common coupling flux. The ratio of 𝜑21 induced 

in L2 to the current flowing through L1 is defined as the mutual inductance of L2 with 

respect to L1 (area A) [8].  

  𝑀21 =
𝜑21(𝐼1)

𝐼1
= ∮

𝐵2(𝐼1)

𝐼1
∙ 𝑑𝐴                (2.7)[4] 

 

Figure 2. 4 Equivalent circuit of NFC tag and mobile NFC interface 

Likewise, the current flowing through L2 also determines the induced coupling flux in 

L1. Therefore, the relationship between the two mutual inductances is 𝑀12 = 𝑀21 = 𝑀. 

The mutual inductance 𝑀12 in relation to L2 is given as  

         𝑀12 =
𝐵2(𝐼1)∙𝑁2∙𝐴

𝐼1
=

𝜇0∙𝐻(𝐼1)∙𝑁2∙𝐴

𝐼1
                 (2.8)[4] 

If two antennas are wound tightly over an iron core, assuming that there is little leakage 

of flux, the mutual inductance between the two antennas without any losses can be 

expressed as 

         M =
𝜇0𝜇𝑟𝑁1𝑁2𝐴

𝑙
                            (2.8)[4]  

The self-inductances of L1 and L2 are given as 

L1 =
𝜇0𝜇𝑟𝑁1

2𝐴

𝑙
      L2 =

𝜇0𝜇𝑟𝑁2
2𝐴

𝑙
                  (2.9)[4] 

 

Where: 𝜇0 is the permeability constant; 𝜇𝑟 is the relative permeability of the iron 
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core; 𝑁1 and 𝑁2 are the number of coil turns of each antenna; 𝑙 is the coil length. 

 

According to equations above, the mutual inductance under unity coupling can be 

expressed in relation to the self-inductance of each antenna. 

         M = √𝐿1 ∙ 𝐿2                         (2.10) 

 

By mutual induction, a voltage is generated at the tag antenna. The internal capacitor C1 

(figure2.4) comprises the chip input capacitance. Antenna L2 is chosen together with it 

to form a parallel resonant circuit, which should guarantee a maximal power transmission 

[9]. Due to the variation of the mutual inductance provided by different mobiles, the 

resonant frequency however changes and causes the voltage induced at the tag antenna to 

drop. For that reason, there is a need to dynamically adjust the capacitance in this parallel 

resonant circuit to make the resonant frequency go back to 13.56MHz. 

2.4 Coupling coefficient 

As two antennas are not fully magnetically coupled by each other due to distance and 

leakage, coupling coefficient k is introduced to indicate the amount of flux linkage 

between two antennas. Therefore, considering coupling coefficient k, the expression of 

mutual inductance above can be revised as  

M = k ∙ √𝐿1 ∙ 𝐿2                      (2.13) 

0.5<k≤1: Great coupling, k=1 means unity coupling. 

k<0.5: Loose coupling 

 

When the operating distance between the two conductor loops reaches zero, the coupling 

coefficient k = 1 can be achieved. However, because of the practical distance and position 

between the mobiles and tags in operation, the coupling coefficient may be as low as 0.01. 

In the simulation phase, an operating circumstance with the coupling coefficient from 

0.01 to 0.25 are taken into consideration. 
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The relationship between 𝑘 value and the operation distance is shown in Figure 2.5 [10] 

in which rTransp = 2 cm, r1 = 10 cm, r2 = 7.5 cm, r3 = 1 cm. 

 

Figure 2. 5 The coupling coefficient for different sized conductor loops.  

The equivalent tee network of magnetically coupled antennas is shown in figure 2.6. 

The coupled inductance of L2 is calculated as 

𝐿2′ =
(𝐿1∓𝑀)∙±𝑀

𝐿1
+ 𝐿2 ∓ 𝑀                   (2.14) 

       𝐿2′ =
(𝐿1∓𝑘√𝐿1∙𝐿2)∙(±𝑘√𝐿1∙𝐿2)

𝐿1
+ 𝐿2 ∓ 𝑘√𝐿1 ∙ 𝐿2             (2.15) 

   𝐿2′ = 𝐿2 − 𝑘2𝐿2 < 𝐿2                       (2.16) 

From equations above, we can see that  

1. The total inductance of L2 will change with respect to the variation of k value.  

2. The coupled inductance of L2 is lower than its original value thereby the resonant 

frequency is higher than 13.56 MHz. 

3. In the case where capacitor C1 remains constant, the resonant frequency of the tag 

circuit will rise as the coupling coefficient k rises. 

 

Figure 2. 6 Equivalent tee network 
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2.5 Resonance 

When the magnetic field of an inductor in a circuit which involves capacitors and 

inductors generates a current in its windings and to charge the capacitor and then the 

discharging capacitor in return provides an electric current which induces the same 

amount of magnetic field in the inductor, the imaginary part of the circuit counteracts 

each other. The electric circuit reaches a resonance at a specific resonant frequency [11].  

 

In the communication of NFC systems, the voltage induced in the tag coil is used to 

provide the power supply for the microchip. In order to improve the efficiency of the 

power transfer, a capacitor is connected in parallel with the tag coil to form a parallel 

resonant circuit in which the resonant frequency corresponds with the operating 

frequency of NFC systems. Using a parallel connection ensures that the inductor and the 

capacitor are able to feed each other, so that the circuit can maintain the same resonant 

current and convert all the current in the circuit into useful work [11]. 

 

The resonant frequency for an optimum energy transmission in NFC systems is 

13.56MHz. Here we use C1 to represent the parallel connected capacitor and L2 to 

represent the antenna coil. The resonant frequency can be calculated using the Thomson 

Equation [4]: 

       f =
1

2𝜋√𝐿2∙𝐶1
                          (2.17) 

The equation shows that the resonant frequency will be affected if any of the two 

parameters L2 or C1 changes. So the key to keep the frequency stable is to keep the 

product of L2 and C1 constant. 

 

The induced voltage u in the tag coil measured at the load resistor 𝑅𝐿 can be expressed 

in form of mutual induction as follows. 𝑅2 is the coil resistance. 

u =
𝑗𝑤𝑀∙𝑖1

1+(𝑗𝑤𝐿2+𝑅2)∙(
1

𝑅𝐿
+𝑗𝑤𝐶1)

                      (2.18)[4] 

If we replace 𝑀 by the expression of mutual inductance, the relationship between the 
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induced voltage u, the magnetic coupling of tag coil, and mobile’s coil can be revised 

as: 

u =
𝑗𝑤∙𝑘∙√𝐿1∙𝐿2∙𝑖1

1+(𝑗𝑤𝐿2+𝑅2)∙(
1

𝑅𝐿
+𝑗𝑤𝐶1)

                      (2.19) 

Figure 2.7 shows the simulation graph of voltage u with and without resonance in the 

frequency range from 10.56 MHz to 15.46 MHz. The voltage increases from both sides 

of the resonant frequency to the centre and reaches a clear step-up at the resonant 

frequency. In order to analyze the voltage change at resonance from mathematical way, 

we introduce Quality Factor, i.e. Q factor. It is a normally used parameter that describes 

the characteristics of a resonator’s bandwidth and indicates the power loss of a resonant 

circuit. Assuming ω is the angular frequency, ω = 2πf, the expression of Q factor will 

be: 

Q =
1

𝑅2
𝜔𝐿2

+
𝜔𝐿2
𝑅𝐿

                        (2.20) 

Equation (2.20) shows that when the tag coil resistance 𝑅2 near zero while the load 

resistance 𝑅𝐿  is close to infinity, an ideal Q factor can be reached which means the 

resonant circuit has a one hundred percent energy utilization. The induced voltage u is 

now proportional to the Q factor of the resonant circuit, which indicates that the voltage 

u is clearly dependent on the value of R2 and RL [4]. If a low coil resistance R2 and a 

high load resistance RL exist in a same resonant circuit, the induced voltage at the coil 

would be very high. This also indicates that for every fixed pair of (R2, RL), there is a 

proper designed inductance value L2 will lead the Q factor, and also the induced voltage 

u to be maximal. This should always be taken into consideration to optimize the energy 

transfer of an inductively coupled NFC system [4]. 

 

Figure 2. 7 Frequency response plot of induced voltage u
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3 SIMULATION MODEL 

In order to solve the resonant frequency change problem, a self-tuning circuit is 

considered to be incorporated into the tag circuit to adjust the parameters in the tag circuit 

in real time. After tuning, the tag circuit is expected to be able to resonate at frequency 

13.56 MHz and optimize the energy transfer during communications with NFC-enabled 

mobile phones. This chapter describes a prototype of the tunable compensation circuit 

and presents corresponding analysis of the simulation. A control module is also proposed 

in this chapter. All the simulations are realized on LTspice platform. 

3.1 Tag Antenna Coil Design 

The tag antenna designed in this project is made of copper coils. Through the effect of 

electromagnetic field generated by mobile’s NFC antenna, electrical charges flow and 

form a current in the tag antenna, and thereby produce a voltage across the ends of the tag 

antenna. One of the crucial elements for determining the amount of induced voltage is the 

inductance of the antenna coil[12]. Therefore, the first step to form a resonant circuit is 

to choose a proper inductance for the tag circuit.   

 

The NFC tag integrated circuit (IC) used in this project is M24LR16E-R from ST. It is a 

dynamic NFC/RFID tag IC and belongs to ST25 family [13]. This microchip has an 

energy harvesting function which can deliver a part of the exceeded RF power received 

by the microchip on its RF input in order to supply the needed external devices [13]. 

According to the datasheet, the internal tuning capacitance of M24LR16E-R is 27.5 pF. 

The inductance for a resonance at frequency 13.56 Mhz should be: 

𝐿 = (
1

2𝜋𝑓
)2 ∙

1

𝐶
= (

1

2𝜋×13.56𝑀𝐻𝑧
)

2

∙
1

27.5𝑝𝐹
= 5𝜇𝐻            (3.1) 

When the tag antenna inductance is 5 𝜇𝐻, the internal capacitor of the tag chip and the 

connected outer antenna are able to reach a resonance at the NFC operating frequency 

13.56 MHz. Therefore, in this simplified NFC system function simulation, the antenna 
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inductance is designed as 5𝜇𝐻 which is regardless of all parasitic capacitance and other 

objective influence of the actual circuit components. We only discuss the theoretical 

solution of the resonant frequency compensation in this chapter. 

3.2 Capacitance compensation circuit 

As analyzed in previous chapter, the decrease of the coupled inductance in tag circuit will 

result in the increase of resonant frequency. In order to draw the rising resonant frequency 

back, the compensation method is in consideration of incorporating an extra capacitor 𝐶2 

in parallel with the tag antenna. Now, the resonant frequency of the tag circuit becomes: 

𝑓 =
1

2𝜋√𝐿𝑐𝑝𝑙∙(𝐶1+𝐶2)
                          (3.2) 

𝐿𝑐𝑝𝑙 is the coupled inductance of the tag coil. The total capacitance of the tag circuitry 

becomes a compensation of the decrease of the inductive element. A simulation schematic 

of the compensation circuit is shown in Figure. The inductance of tag antenna(𝐿2) is 

5 𝜇𝐻. The inductance of mobile’s NFC antenna(𝐿1) is unknown, but based on the limited 

area of mobile’s NFC antenna, the simulated inductance value is set to be from 1.53 μH 

to 5 μH. The coupling coefficient is used to simulate the coupling conditions and its value 

is set to be from 0.01 to 0.25 with a step of 0.05. A simulated circuit with parameter setting 

(K=0.2, L1=3.65 μH) is shown in Figure 3.1. R3 is the internal load resistance of the tag 

chip. 

 

Figure 3. 1 Equivalent circuit of the parallel capacitance compensation method 

AC analysis with linear sweep mode is used to analyze the NFC operation. There are 1000 

points per sweep and the operation range is from 10.56 MHz to 20.56 MHz. The induced 

voltage at the tag coil L2 is measured and the frequency response plots are presented in 

Figure 3.2 and Figure 3.3. The voltage shown in Figure 3.2 is measured in the circuit 
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without C2 but other parameters are the same. It is presented here as a comparison with 

the voltage induced in the compensation circuit. 

 

Figure 3. 2 Simulation plot of induced voltage 

 

Figure 3. 3 Simulation plot of induced voltage (compensation) 

From Figure 3.2, without compensation, the resonant frequency is 15.489MHz, which is 

much higher than the operating frequency 13.56 MHz. However, with a parallel 

capacitance to decrease the resonant frequency, from Figure 3.3, the voltage induced at 

L2 reaches a clear step–up at the target resonant frequency 13.567 MHz with the gain 

32.064dB.  
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The quality factor of this improved circuit is calculated in Equation (3.3), which is a value 

under the ideal circumstance. In practical operations, the quality factor will be much lower 

than the value calculated here. 

   Q =
𝑓𝑐

∆𝑓
=

13.567𝑀𝐻𝑧

13.612𝑀𝐻𝑧−13.536𝑀𝐻𝑧
= 178               (3.3)  

With the coupling coefficient increases from 0.01 to 0.25, six sets of resonant frequencies 

are recorded. All the statistics including the compensated capacitance are included in 

Table 3.1. From the table we can see that, with the increase of the coupling coefficient, 

by incorporating proper compensated capacitance C2, the resonant frequency of the tag 

circuit can almost be tuned back to 13.56 MHz. Without tuning, the resonant frequency 

will increase proportionally to the coupling coefficient. 

K 
Resonant frequency 

(uncompensated)MHz 

Resonant frequency 

(compensated)MHz 

Capacitance 

(C2)pF 

0.01 13.575 13.559 0.07 

0.05 13.592 13.561 0.2 

0.1 13.643 13.558 0.4 

0.15 13.731 13.559 0.7 

0.2 13.852 13.562 1.2 

0.25 14.014 13.559 1.9 

Table 3. 1 Simulation results comparison 

This simulation proves the theoretical feasibility of the capacitance compensation method. 

By choosing a proper connected capacitance, the tag circuit is able to resonate at the 

resonant frequency of 13.56 MHz when influenced by uncertain mutual induction 

provided by NFC-enabled mobile’s antenna. If the capacitance can be automatically tuned 

during a communication, the tag circuit will be able to control itself to optimize the power 

transfer. 

3.3 Control Method 

How to control the tuning capacitor is a critical question in this thesis. The purpose of the 

automatically tuning control is try to make the resonant frequency of the tag circuit close 
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to the NFC operating frequency 13.56 MHz as accurate as possible. This section proposes 

a tuning method of determining proper incorporated capacitance and describes its theory 

and the control module. Based on the accuracy requirement of the control process, a 

microcontroller is used to realize this function. 

3.3.1 Theory 

As shown in frequency response plot of induced voltage in Figure 3.3, the voltage 

increases proportionally with the operating frequency when the frequency is below 13.56 

MHz but shows a downward trend with the frequency rising after the resonant frequency. 

As analyzed in Chapter 2, the resonant frequency of a tag circuit will be higher than 13.56 

MHz when coupling inducted with an unknown NFC-enabled mobile phone, which will 

undoubtedly affect the power transferred from the mobile. The voltage induced at 

frequency 13.56 MHz will locate on the left side of the resonant frequency on the 

frequency response curve (Figure 3.4). If the resonant frequency is tuned back to 13.56 

MHz, accordingly, the induced voltage will increase. Therefore, the incorporated 

capacitance value can be determined by comparing the corresponding induced voltages 

at the tag coil. The maximal voltage corresponding to the capacitance should be connected 

in this circuit.  

 

An initial capacitance will be given after the first measurement. It is the largest 

capacitance in the determined compensation range. The question of how to determine the 

compensation range will be discussed in Chapter 4. If the corresponding voltage of the 

initial tuning is much lower than the original measured value, which means the 

incorporated capacitance is too much for this situation, the tuning process should focus 

on the smallest capacitance and then compare the feedback induced voltage with the 

previous one. If the corresponding voltage increases, the capacitance will be set to the 

second smallest value and the corresponding voltage will be returned back to be compared 

again with the previous value. After several times of adjustments and comparisons, an 

optimal capacitance will be determined to be incorporated into the tag circuit. In contrast, 

if the corresponding voltage of the initial tuning is higher than the original measured 
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voltage, the second largest capacitance will be considered to be incorporated. If the 

corresponding voltage increases, the capacitance will be focused on a smaller value. The 

subsequent tuning process is similar to the first case. The highest feedback voltage will 

lead to the final capacitance incorporated in the tag circuit. According to the simulation 

results from Table 3.1, the tuning step size of 0.5 pF is suitable for the compensation. 

 

Figure 3. 4 Induced voltage without compensation 

3.3.2 Method 

The control method in this project is a closed loop control but combined with open control 

procedures. The microcontroller measures the induced voltage before tuning, and inputs 

an initial capacitance to the compensated capacitor as the initial adjustment value and 

returns the output induced voltage. In this closed loop control system, the control action 

from the microcontroller is dependent on the process output. The controller increases the 

input and compares a measured output voltage value of the process with the previous 

returned voltage, and based on the resulting difference, the microcontroller performs 

further adjustments according to the control principle to change the incorporated 

capacitance to the tag circuit [14].  
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Set capacitance value SPI transfer Output voltage

ADC value of previous 
output voltage
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Figure 3. 5 Control module 

As there is no upper limit for the maximal power transfer in this project, the reference is 

the last modulated feedback voltage. The microcontroller monitors the output voltage and 

compares it with the reference value. The difference between the feedback and the 

reference determines the next adjustment until the microcontroller receives the maximal 

feedback. 

 

The feedback induced voltage in this project is represented by the harvested voltage of 

the tag chip. When the energy harvesting mode is enabled and the transmitted energy 

exceeds the minimum required operation power, tag chip M24LR16E is able to deliver a 

limited and unregulated voltage on the Vout pin. The control method is realized by 

comparing the feedback harvested voltage to choose proper capacitance into the tag 

circuit.  
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4 IMPLEMENTATION 

4.1 Experiment components 

In order to evaluate the practical feasibility of the incorporated self-tuning circuit, this 

integrated system is implemented and discussed in experimental research. The relative 

components built in the experimental circuit will be introduced in this part. 

4.1.1 Microcontroller 

The microcontroller used in this project is ATtiny 48 from Atmel. It is an 8-bit 

microcontroller with 4KB of ISP Flash, 64-byte EEPROM and 256-byte SRAM. It 

operates from 1.8-5.5 V and can achieve up to 12 MIPS throughput at 12 MHz [15]. In 

this project, we will use its 10-bit A/D converter, TWI and SPI communicating interfaces. 

Several functions used in this project are separately introduced below. 

 

ADC – Analog to Digital Converter: 

ATtiny48 provides a 10-bit, successive approximation Analog-to-Digital Converter 

(ADC). The ADC contains a nine-channel analog multiplexer, which allows the ADC to 

measure the voltage at eight single-ended input pins in which one internal, single-ended 

voltage channel comes from the internal temperature sensor[15]. Single-ended voltage 

inputs are referred to 0V (GND). In the capacitance controlling process, the ADC is used 

to detect and return the feedback voltage with the internal reference voltage 1.1 volt. 

 

TWI – Two Wire Interface: 

The Two Wire Interface (TWI) is a bi-directional bus communication interface, which 

uses only two wires, one for data (SDA) and one for clock (SCL). A device connected to 

the bus must act as a master or slave. In this project, the microcontroller operates as a 

master and the tag chip does as a slave. The microcontroller initiates the data transmission 

by addressing the tag chip on the bus, and telling it wants to transmit the harvest mode 
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configuration setting.  

 

SPI – Serial Peripheral Interface:  

The Serial Peripheral Interface bus is a communication interface used for synchronous 

serial communication between microcontrollers and peripheral devices. The SPI bus 

provides a serial clock line from the Master, two data interchanging lines (MOSI, MISO), 

along with a slave select line. It is used in the control part of the project for the 

communication between the DTC (Slave) and the microcontroller (Master). The 

microcontroller initiates the communication cycle when pulling low the Slave Select SS 

pin of the DTC. It prepares the data to be sent in the Master shift Register, and generates 

the required clock pulses on the serial clock (SCK) line for data transmissions[15]. After 

successfully transferring the determined capacitance through the Master Out Slave In 

(MOSI) line, the microcontroller will pull high the slave select line. 

4.1.2 NFC chip 

A dynamic NFC/RFID integrated tag chip M24LR04E-R from ST is used in the tag 

circuitry design. It features a TWI communication interface and a contactless memory 

powered by the received carrier electromagnetic wave. The tag chip provides an Energy 

harvesting function to transfer the non-necessary generated RF power from AC0 and AC1 

RF inputs to its analog output Vout for the purpose of supplying external devices. When 

the Energy harvesting mode is enabled from the microcontroller through I2c 

communication and the transmitted energy exceeds the minimum required operation 

power, the tag chip is able to deliver a limited and unregulated direct voltage on the Vout 

pin[13]. In this project, the transferred energy will be presented and compared as a 

harvested voltage from the tag chip. The extent of the power transfer is reflected on the 

value of the harvested voltage. The logic diagram of the tag chip is shown in Figure 

4.1[13]. 
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Figure 4. 1 The logic diagram of the tag chip 

4.1.3 Digitally Tunable Capacitor 

One of the most important components in this project is the tuning capacitor. A digitally 

tuning capacitor (DTC) PE64102 from Peregrine Semiconductor is chosen as the 

compensation component in the tag circuit. This capacitor provides a linear capacitance 

tuning solution with the tuning range from 1.88 pF – 14.0 pF (7.4:1 tuning ratio) in 

discrete 391 fF steps [16]. The DTC is controlled by a 3-wire 8-bit SPI interface. When 

the microcontroller selects the DTC as a slave, the rising edge of SEN (configured by SS 

pin) line enables the start of a telegram and its falling edge activates the data transmission 

of the DTC[16]. During the transmission, each bit of the data on the Serial Data line (SDA) 

from Figure 4.4[16] is clocked in and transferred with the rising and falling edge of the 

Serial Clock Line (SCL). Only the last 8 bits the DTC received is effective during the 

data transmission. The package and functional block of the DTC are separately shown in 

Figure 4.2[16] and Figure 4.3[16]. 

            

Figure 4. 2 Package of the DTC      Figure 4. 3 Functional bock diagram  
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Figure 4. 4 Serial Interface Timing Diagram (oscilloscope view) 

4.2 Circuit Design 

In order to experimental test the simulated improved circuit on breadboard, the integrated 

tag circuit is designed out on the Eagle interface. The theoretical circuit schematic and 

PCB layout are modified based on the original tag circuit provide by STC@miun (Figure 

4.5). The design work of the circuit consists of three major parts: the determination of 

proper inductance of the antenna coil, the ADC feedback circuit design of the harvested 

voltage, and the DTC connection design.  

 

Figure 4. 5 Original tag layout 

4.2.1 Antenna Coil Design 

Considering the influence of parasitic capacitance of the NFC chip’s internal circuit, the 

real inductance of the tag coil should be lower than the 5 μH in simulation. Three tag 

circuits with coil inductances of 3.45  μH , 3.28  μH  and 3.82  μH  are etched out to 

determine a proper coil inductance to be used in this circuit. The layout of the tag coil is 

shown in Figure 4.6. As all the boards are chemical etched by hand in laboratory, 

producing error cannot be avoid. The real inductance of the etched boards are measured 
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by a RCL meter. The experimental measured inductance value are concluded in Table 4.1. 

The etched out tag boards are shown from Figure 4.7 to Figure 4.9.  

               

Figure 4. 6 Tag coil figure                Figure 4. 7 Tag 1 

                       

              

Figure 4. 8 Tag 2                      Figure 4. 9 Tag 3 

 

Tag Number 
Theoretical coil 

inductance (μH) 

Measured coil 

inductance (μH) 

Error 

(%) 

1 3.45 3.48 0.870 

2 3.28 3.20 2.439 

3 3.82 3.90 2.094 

Table 4. 1 Comparison of experimental and theoretical coil inductance value 

The resonance of the etched boards are examined using Smith Chart (Figure 4.10) on a 

Network Analyser. By observing the reflection coefficient of the tag, the resonant 

frequency can be intuitively shown on the Network Analyzer’s screen. When the 

reflection wave crosses the real gamma axis (x-axis) in Figure 4.10[17], the imaginary 

axis value (y-axis) location is 0. That means the tag circuit reaches a resonance at the 

cross point[17]. When the frequency at that point becomes 13.56MHz, the tag circuit is 

well tuned. We cable up to the NFC tags and measure S11 on the Network Analyser. 
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Figure 4. 10 Smith Chart 

  

Figure 4. 11 Smith Chart Figure of Tag 1(13.86 MHz) 

 

Figure 4. 12 Smith Chart Figure of Tag 2(14.06 MHz) 
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Figure 4. 13 Smith Chart Figure of Tag 3(13.56 MHz) 

From the Smith Chart of the three tags, we can see that the tag with coil inductance of 

3.82 μH(Tag 3) reaches a resonance at frequency 13.56 MHz. The tag with coil inductance 

of 3.28 μH(Tag 2) has the highest resonant frequency 14.06 MHz. Therefore, 3.82 μH is 

determined as the coil inductance of the self-tuning NFC tag circuit. 

4.2.2 ADC Circuit Design 

The harvested voltage of the NFC chip is measured by the microcontroller on port PC1. 

As the induced voltage can be higher than 3 volts, the internal voltage reference 1.1 volts 

cannot be directly used in the ADC conversion. A voltage scale-down circuit is 

incorporated to make the output voltage lower than 1.1 volts. Figure 4.14 shows the scale-

down circuit. The output voltage from the tag chip is represented as V_OUT from PC0, 

and V_IN on PC1 is the scaled voltage after the circuit. Assuming that Vout is lower than 

1.1 volt: 

𝑉𝑜 =
𝑉𝑖𝑅2

𝑅1+𝑅2
< 1.1𝑉                          (4.1) 

Based on the experimental test of the NFC operations between the mobiles and the tags, 

the harvested voltage hardly reaches 3.7 volts. Therefore the relationship between 𝑅1 

and 𝑅2 becomes: 

𝑅1

𝑅2
=

𝑉𝑖−𝑉𝑜

𝑉𝑜
=

𝑉𝑖

𝑉𝑜
− 1 =

3.7

1.1
− 1 > 2.18              (4.2) 
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Based on Equation (4.2), we choose 𝑅1 = 51 𝐾Ω  and 𝑅2 = 20 𝐾Ω  as the scaling 

resistors in the circuit. The feedback ADC input voltage should be: 

𝑉𝑜 =
20𝐾Ω∙𝑉𝑖

51𝐾Ω+20𝐾Ω
= 0.28𝑉𝑖 ≤ 0.28 × 3.7 = 1.036 < 1.1𝑉      (4.3) 

 

Figure 4. 14 Feedback voltage scale-down circuit  

 
Figure 4. 15 Schematic of the integrated tag circuit 

4.2.3 Schematic circuit of the integrated tag  

The incorporated theoretical schematic is shown in Figure 4.15. The sensors in the 

original tag circuit are all removed because here the energy transfer is the focus of the 

discussion. The connection of the DTC and the feedback voltage scale-down circuit are 

shown in Figure 4.15. As without power, the DTC acts as a short circuit which results in 

fail induction, the DTC uses an external power supply in the experimental test [18]. In 
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order to better observe, explore and modify the solutions for the power supply problem, 

the DTC is not soldered on the tag but instead, connected into the tag on breadboard. 

About the solutions for proper incorporation of the DTC will be discussed in detail in 

Chapter 6. 

4.3 Experiment on Breadboard 

This section describes the process of determining the tuning range of the capacitor, the 

realization of the control method in microcontroller and the experimental test of the 

improved tag on breadboard. The theoretically designed circuit is chemically etched out 

and tested in laboratory. The harvested voltage of the integrated tag circuit is measured 

by a multimeter and compared with the harvested voltage generated from the original 

board. Two different types of mobile phones operate as Reader and provide 

communication power for the control experiment. 

4.3.1 Determination of tuning capacitance range 

The determination of tuning capacitance is constructed on the Network Analyzer. By 

observing the corresponding resonant frequency of the tuning capacitance, the proper 

compensation can be identified. Based on simulation, a capacitor with range of 1.6pF-

15pF is picked for the specification. The integrated tag board is shown in Figure 4.16. 

 

Figure 4. 16 Integrated tag board 

Two different kinds of mobiles are used as the NFC reader. One is a SAMSUNG Galaxy 

S5 (considered as Reader 1) and the other is a SAMSUNG J5 (considered as reader2). 
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The optimal capacitance is determined when the resonant frequency reaches 13.56MHz. 

The operating range for the two mobiles are set to be same. 

                                

Figure 4. 17 SAMSUNG Galaxy S5      Figure 4. 18 SAMSUNG J5 

We use Smith chart on the Network Analyzer to identify the compensation result. The 

unmodified tag board is also tested on the Network Analyzer to show the resonant 

frequency change caused by mutual induction. Both readers’ analyzing plots are shown 

below together to illustrate the compensation effect. The manually tunable capacitor’s 

range is from 1.6 pF to 14 pF.  

 

With the operating range changing from 0 cm to 4 cm, based on the NFC communication 

range, the resonant frequency is clearly shown on the Network Analyzer. All the marks 

represent the frequency at the resonant point. The measurements ignore the resonant 

frequency which is much higher than 13.56 MHz.  

 

Figure 4. 19 Without compensation (reader1): 0cm 
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Figure 4. 20 Without compensation (reader2): 0cm 

 

Figure 4. 21 Without compensation (reader1):1cm 

 

Figure 4. 22 Without compensation (reader2): 1cm 
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Figure 4. 23 Without compensation (reader1): 2cm 

 

Figure 4. 24 Without compensation (reader2): 2cm 

 

Figure 4. 25 Without compensation (reader1): 3cm 
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Figure 4. 26 Without compensation (reader2): 3cm 

As there is little reaction from the reflection wave when the operating distance reaches 3 

cm, the measurement at the distance of 4 cm is not recorded. The reflection wave from 

the original tag reveals that the resonant frequency will rise up to 15 MHz without 

compensation.  

 

The tag with a manually tuning capacitor is tested by the Network Analyzer and the 

reflection wave figures are shown from Figure 4.27 to Figure 4.34. As almost no 

interaction takes place with the operating range larger than 3cm, the measurement is not 

recorded. 

 

Figure 4. 27 With compensation (reader1): 0cm 
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Figure 4. 28 With compensation (reader2): 0cm 

 

Figure 4. 29 With compensation (reader1): 1cm 

 

Figure 4. 30 With compensation (reader2): 1cm 
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Figure 4. 31 With compensation (reader1): 2cm 

 

Figure 4. 32 With compensation (reader2): 2cm 

 

Figure 4. 33 With compensation (reader1): 3cm 
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Figure 4. 34 With compensation (reader2): 3cm 

After compensation, the resonance frequency of the tag circuit is almost tuned back to 

13.56 MHz for both two mobiles. The capacitance range tuned in the experiment is from 

1.6 pF to 2.5 pF. However, as the manually tunable capacitor cannot provide the 

capacitance lower than 1.6 pF, the circuit presents an inductive attribute in Figure 4.25 

but a capacitive attribute after the compensation (Figure 4.33). That is the consequence 

of incorporating a higher capacitance than the value it requires [19]. To solve this problem, 

a wider tuning range from 1.4 pF to 2.58 pF is taken into account for the digitally tuning 

control. The corresponding capacitance states value are listed in table 4.2[16]. From 

decimal number 0 to 3 is the main tuning range in this project. 

4.3.2 Programming Design 

The programming part of this project is divided into three major function blocks, which 

are the initiation of the energy harvesting mode, the control of the tuning capacitor and 

the ADC conversion of the feedback harvested voltage. As the harvested voltage will be 

used to support other sensor circuits built on the original tag, the microcontroller will 

enter a power-down sleep mode after the NFC communication. All the programming code 

are presented in appendices. The I/O ports connection of the microcontroller is shown in 

Table 4.3. The microcontroller is supplied by the harvested voltage from the tag chip. 

 

The I/O ports used in this project are presented in Table 4.3. 
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State DTC Core Parasitio Elements 

Binary Decimal Cs 

[pF] 

Rs 

[Ω] 

Cp1 

[pF] 

Cp1 

[pF] 

Rp2 

[kΩ] 

Ls 

[nH] 

Rp1 

[Ω] 

00000 0 1.40 0.80 0.42 0.49 22.0  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

0.40 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.0 

00001 1 1.79 1.68 0.41 0.49 22.0 

00010 2 2.19 2.22 0.41 0.50 22.0 

00011 3 2.58 2.42 0.41 0.50 22.2 

00100 4 2.98 2.42 0.41 0.50 22.4 

00101 5 3.37 2.33 0.40 0.51 22.8 

00110 6 3.76 2.20 0.40 0.51 23.3 

00111 7 4.16 2.06 0.40 0.51 24.1 

01000 8 4.55 1.93 0.39 0.51 25.1 

01001 9 4.95 1.82 0.39 0.52 26.4 

01010 10 5.34 1.71 0.39 0.52 28.0 

01011 11 5.73 1.62 0.39 0.52 30.0 

01100 12 6.13 1.54 0.38 0.53 32.4 

01101 13 6.52 1.46 0.38 0.53 35.2 

01110 14 6.92 1.40 0.38 0.53 38.5 

01111 15 7.31 1.34 0.38 0.53 42.3 

10000 16 7.70 1.29 0.37 0.54 46.6 

10001 17 8.10 1.24 0.37 0.54 51.5 

10010 18 8.49 1.20 0.37 0.54 55.0 

10011 19 8.89 1.16 0.37 0.55 63.2 

10100 20 9.28 1.12 0.36 0.55 70.0 

10101 21 9.67 1.09 0.36 0.55 77.6 

10110 22 10.07 1.06 0.36 0.56 85.9 

10111 23 10.46 1.03 0.36 0.56 95.0 

11000 24 10.86 1.01 0.35 0.56 104.9 

11001 25 11.25 0.99 0.35 0.56 115.8 

11010 26 11.64 0.96 0.35 0.57 127.5 

11011 27 12.04 0.94 0.35 0.57 140.1 

11100 28 12.43 0.93 0.34 0.57 153.7 

11101 29 12.83 0.91 0.34 0.58 168.3 

11110 30 13.22 0.89 0.34 0.58 184.0 

11111 31 13.61 0.88 0.33 0.58 200.7 

Table 4. 2 Equivalent Circuit Data 

According to the datasheet of the tag chip M24LR04E, the harvested voltage cannot be 

lower than 1.7 volts. Therefore, the feedback voltage is divided by the microcontroller 

into two different groups, the voltage below 2.76 volts (represented by ADC value as 790), 

and the voltage higher than 2.76 volts. The two conditions will be discussed separately 

below.  
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The voltage lower than 2.76 volts means the default compensation is too high for the tag 

circuit to make the resonant frequency back to 13.56MHz. The default value of the DTC 

is set as 2.98pF (decimal 4) in order to ensure sufficient capacitance contribute. So the 

compensation value chosen for this condition should be focused around the minimum 

capacitance from 1.40 pF (decimal 0) to 2.19 pF (decimal 2). The optimal capacitance 

will be the one with the highest harvested voltage. As for the voltage higher than 2.76 

volts, the default capacitance has already had a certain degree of compensation for it. That 

is, the incorporated capacitance needed in this condition is higher than previous situation, 

which thereby is from 1.79 pF (decimal1) to 2.58 pF (decimal3). The compensation is 

determined by four times of voltage comparisons.  

 

Number Function Classification Port Description 

1 SPI control 

PB2 Slave select output 

PB3 MOSI data output  

PB5 Serial clock output 

2 Alternate port PB7 Connect to a DNI resistor 

3 Harvested voltage output PC0 Output harvested voltage 

4 ADC control PC1 ADC intput 

5 I2C control 
PC4 Serial data output 

PC5 Serial clock output 

6 Supply voltage for ADC  AVCC Connect to VCC 

7 Digital supply voltage VCC Connect to harvested voltage 

8 Ground GND   

Table 4. 3 I/O port Table 

 

The overall flow chart of the microcontroller operation is shown in Figure 4.35. It 

describes the overall operation of the control process including the energy harvest mode 

initiation, the capacitance adjustment, and the SPI transmission. 
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SDA pull-up resistor 
activation
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SPI master mode 
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Start

End

SCL pull-up resistor 
activation

 

Figure 4. 35 Computer flow chart 
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4.3.3 Control experiment of the improved tag 

The built system on breadboard is presented in Figure 4.37. The power supply of the DTC 

uses an external 2.8 volts power supply and the debug is processed on a JTagICE-mkII 

debugger (Figure 4.36). The control group of this experiment is the unmodified tag while 

the experimental group is the improved tag. The control experiment is completed by 

comparing the harvested voltages generated by the control group and the experimental 

group. The two types of mobiles operate separately with the improved tag and the 

unmodified tag, and the harvested voltage will be measured by a multimeter. The 

operating range of this experiment is from 0 cm to 3 cm with a step of 1 cm, as the distance 

longer than 3 cm cannot result in any effective harvested voltage. By comparing the 

harvested voltage at each test position, the effect of the improved tagboard can be 

intuitively shown. 

           

Figure 4. 36 JTagICE-mkII debugger       Figure 4. 37 Built system on breadboard 
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5 RESULTS AND ANALYSIS 

This chapter presents the results and corresponding analysis of the control experiment. 

Both measured harvested voltage information and the result of the comparison will be 

intuitively shown in a concluded table.  

5.1 Experiment Results 

The harvested mode of the tag chip is configured by the microcontroller through TWI and 

the configuration setting (Figure 5.1) is checked by a RF transceiver board from M24LR-

discovery evaluation kit. The power transferred to the internal load of the tag chip can be 

directly calculated by Equation (5.1).  

𝑃𝑅𝐿
=

𝑉2

𝑅𝐿
                           (5.1) 

The complete statistics of the experiment results are shown in Table 5.1.  

 

Figure 5. 1 Configuration bits setting of the Harvest mode 

For Reader 1, from the result comparison we can see that, the harvested voltage can be 

improved up to 3.308 volts after capacitance compensation. The operating range of 1 cm 

is considered with the maximal energy transfer. 
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When the operation range reaches 3 cm, there is nearly no energy transfer from Reader 2. 

The harvested voltage reaches maximal 3.304 volts at the working distance of 0 cm and 

decreases as the mobile moves away from the tag. It reveals that the working distance 

closing to zero contributes to maximal energy transfer from an NFC-enabled mobile 

phone to a tag.  

Distance 

(cm) 
Times 

Reader 1 Reader 2 

 𝑽𝒏𝒆𝒘  

(V) 

𝑽𝒐𝒍𝒅  

(V) 

Power 

Improvement  

 𝑽𝒏𝒆𝒘  

(V) 

𝑽𝒐𝒍𝒅  

(V) 

Power 

Improvement  

0 

1 3.163 3.066 6.428% 3.311 3.288 1.404% 

2 3.159 3.084 4.923% 3.298 3.291 0.426% 

3 3.175 3.102 4.762% 3.303 3.279 1.469% 

Vmean 3.166 3.084 5.388% 3.304 3.286 1.099% 

1 

1 3.300 3.230 4.381% 3.247 3.159 5.649% 

2 3.304 3.242 3.861% 3.240 3.169 4.531% 

3 3.308 3.236 4.499% 3.233 3.163 4.475% 

Vmean 3.304 3.236 4.247% 3.240 3.164 4.862% 

2 

1 2.961 2.833 9.240% 2.955 2.954 0.068% 

2 2.950 2.823 9.200% 2.957 2.950 0.475% 

3 2.954 2.841 8.113% 2.960 2.945 0.102% 

Vmean 2.955 2.832 8.875% 2.957 2.950 0.475% 

3 

1 0.235 0.186 59.628% 0.141 0.132 14.101% 

2 0.247 0.166 121.400% 0.144 0.127 28.563% 

3 0.259 0.175 119.040% 0.138 0.122 27.949% 

Vmean 0.247 0.176 96.956% 0.141 0.127 23.262% 

Note: 

     Power Improvement (%) is calculate by Equation (5.2). 

            𝑉𝑛𝑒𝑤 represents the measured voltage from the integrated tag. 

            𝑉𝑜𝑙𝑑 represents the measured voltage without the tuning capacitance. 

Table 5. 1 Analysis of the control experiment 



Self-Tuning NFC Circuits- RESULT AND ANALYSIS    

Yimeng Li  2017-09-27 

41 

5.2 Results Analysis 

The percentage of power improvement regarding to the two readers are calculated using 

Equation (5.2): 

η =
𝑃𝑛𝑒𝑤−𝑃𝑜𝑙𝑑

𝑃𝑜𝑙𝑑
× 100%                     (5.2) 

The analysis table shows that with the operating range increasing from 0 cm to 3 cm, the 

harvested voltage presents a downward trend. As the internal load of the tag chip in this 

experiment is the same, the maximal transferred power presented here is the harvested 

voltage 3.308 volts which is reached by the integrated tag when facing Reader 1 at 1 cm. 

For the operating range from 0 cm to 3 cm, all harvested voltages are improved after the 

self-tuning control. The power improvement percentage of the self-tuning circuit shows 

that the power transfer is significantly improved to 96.956% when the operating range 

reaches 3 cm, although the max value of the harvested voltage is only 0.259 volt. 

Comparing the results between the two mobiles, the tuning method is more effective for 

Reader 1 than Reader 2 as the improvement of Reader 2 is almost zero at the operating 

distance of 0 cm and 2 cm. 

 

The measurement error introduced into the experiment may be caused by several reasons. 

From the analysis table, we can see that the transferred power for Reader 2 is improved 

only by 0.475% at 2 cm. This phenomenon may be caused by the relatively narrow tuning 

range and the accuracy limit of the DTC. In the following research, a more accurate DTC 

will be considered as the tuning capacitor in the tag circuit. Furthermore, as observed 

from the Network Analyzer, the resonant frequency change for Reader 2 within the 

operating range of 2 cm does not deviate more than 0.386 MHz from 13.56 MHz. 

Therefore, the available tuning space is relatively narrow accordingly, results in the low 

improvement.  
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6 CONCLUSIONS  

This thesis focuses on optimizing the energy transfer between NFC-enabled mobiles and 

tags. As there are no uniform standards for the mobile’s NFC antenna design, a tag 

designed for one type of mobile may not receive maximal power transfer from another 

one. The resonant frequency of a tag is generally varying from the operating frequency 

13.56 MHz when communicating with different kinds of mobiles. In order to keep the 

resonant frequency stable at 13.56 MHz, an extra self-tuning circuitry is incorporated into 

a normal NFC tag. The tuning circuitry consists of a digitally tunable capacitor which is 

connected in parallel with the tag antenna coil. Based on the theory of coupling induction 

and energy transfer, the fluctuation of the resonant frequency can be compensated by the 

parallel capacitance compensation. The tuning range of the compensated capacitance is 

determined by observing on the Smith Chart with a Network Analyzer the reflection 

coefficients of the optimized tag operating with two mobiles. The integrated circuit is 

controlled by a microcontroller ATtiny48 from Atmel. By applying the feedback control 

theory and categorized tuning method, the integrated tag circuit can be automatically 

tuned to improve the power transfer. A control experiment is carried out to test the self-

tuning NFC circuits. It demonstrates that the improved tag circuits has the ability to 

provide sufficient control and help improve the power transfer when the resonant 

frequency is affected by operating with mobiles with uncertain coils, in which the effect 

is significant when the operating distance reaches 3 cm.  
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7 FUTURE WORK  

Without power supply, the DTC acts as a short circuit which leads to a failure of power 

transfer. Therefore, the DTC cannot be directly connected to the output port of the 

harvested voltage. Because of the time limit, this problem has not been solved completely. 

But in this thesis, an assumption is proposed in this chapter. 

 

Figure 7. 1 Connection of switch circuit 

If the DTC cannot be connected before the power induction, why not connect a switch 

between the tag coil and the DTC? Considering the possible capacitance interference 

contributed by the switch component, an electromagnetic power relay may be considered 

to serve the switch function. Power relay is an electrically operated switch which has five 

connecting pins: Two pins A and B are two ends of a coil that are kept inside the relay; 

NC and NO are two switch positions; COM is the moving part of the switch. When a 

current flows through A and B, the coil inside creates a magnetic field which makes the 

switch lever to change its state. The coil current can be on or off so the power relay has 
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two switch positions. A power relay with 03VDC is suitable in this tag circuit. A 

theoretical circuit of the switch connection is drawn on EAGLE in Figure 5.2. The two 

ends of the coil inside are connected separately to the harvested voltage output from the 

microcontroller. NO is connected to the RF+ of the DTC and COM is connected to one 

end of the antenna coil. When the harvested voltage reaches the minimum power 

requirement of the DTC (2.3 volts) the DTC will be activated. Before the harvested 

voltage rises up to the required power supply of the power relay, the DTC and the antenna 

coil are disconnected, which spares adequate time for the ADC activation. When the 

power relay gets sufficient power supply from the microcontroller, the magnetic field will 

be generated inside the relay, accordingly, the switch lever will be attracted to NO and the 

DTC will be incorporated into the compensation circuit without disturbing the energy 

transfer. 

 

Future work could be including the integration of the switch circuit to solve the power 

supply problem of the digitally tuning capacitor. Although the experimental results show 

a significant improvement of the power transfer, the harvested voltage is still below 1 volt 

when the operating distance reaches 3 cm. Relative research could be taken into 

consideration to further improve the circuit by widening the harvesting range of the NFC 

communication.  
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APPENDIX 

1 Control algorithm 

The following code describes how the improved NFC tag system realizes self-tuning 

control. 

 

 PORTC |= _BV(4);  // Pull-up (TWI) SDA 

 PORTC |= _BV(5);  // Pull-up (TWI) SCL 

 // 

 

    i2c_init(); 

 Energy_Harvest_Mode(1);//enable energy harvest mode.    

     

// sei();//enable global interrupt 

 init_master (); 

 DDRC = (0<<DDC1)|(1<<DDC0); //DDR: data direction register 1 stands for 

output and 0 stands for input. 

 PRR = (1 << PRTWI); 

 PORTC = 0 << PORTC1;  

 PORTC = 1 << PORTC0; 

     DDRA =  1<<DDA0; 

     PORTA = 1 << PORTA0; 

   

 adc_init(); //ADC initialization 

while(1){ 

 //Adjustment  

      cap = 5; 

 master_send (); // set original value 
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    _delay_ms(1000); 

   

    sensorValue = adc_read();//PC2(ADC2) read voltage 

 // Comparison  

 if (sensorValue < 790) { 

  cap = 0; //Set capacitance to be 1.4 pF, according to Table 4.2 

  master_send ();  //  send value via SPI 

  _delay_ms(100);                

  newvalue = adc_read(); 

  if (sensorValue < newvalue ) { 

   cap = 1; 

   master_send (); 

   _delay_ms(100); 

   newvalue1 = adc_read(); 

   if (newvalue1 > newvalue ) { 

    cap = 2; 

    master_send (); 

    _delay_ms(100); 

    newvalue2 = adc_read(); 

    if (newvalue2 < newvalue1) 

    { 

     cap = 1; 

        master_send ();} 

    else {cap = 3;master_send ();} 

   } 

   else {cap = 0;master_send ();} 

  } 

  _delay_ms(100); 

 } 

 if (790 < sensorValue){ 
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  cap = 3; 

  master_send (); 

  _delay_ms(100); 

  newvalue = adc_read(); 

  if (sensorValue < newvalue ) { 

   cap = 2; 

   master_send (); 

   _delay_ms(100); 

   newvalue1 = adc_read(); 

   if (newvalue1 > newvalue){ 

    cap = 1; 

    master_send (); 

    _delay_ms(100); 

    newvalue2 = adc_read(); 

    if (newvalue2 < newvalue1) 

    { 

     cap = 2; 

        master_send ();} 

    else {cap = 1;master_send ();} 

   } 

   else {cap = 4;master_send ();} 

  } 

  _delay_ms(100); 

 } 

 

 _delay_ms(1500);        // delay in between reads for stability   

} 

 set_sleep_mode(2); 

 sleep_mode(); 

 cli(); 


