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Abstract. -. In this work, theoretical and experimental results of solid-state resonant circuits for the 

transmission and reception of wireless electrical energy, for applications in mobile devices are presented. 

Analytical expressions are found to calculate the voltage range as a function of the distance between the 

emitter and the load, as well as the current at the front end of an electromagnetic wave receiver. These 

expressions show the parameters to be varied to achieve a greater range in the transmission of wireless 

electrical energy. The transmitted voltage and current are measured by an electromagnetic wave receiver 

and compared with theoretical values, finding an excellent correspondence between the two. 

Keywords:  Wireless energy; Resonant circuits; Power propagation.

 

Resumen. - En el presente trabajo se presentan resultados teóricos y experimentales de circuitos 

resonantes de estado sólido para la transmisión y recepción de energía eléctrica inalámbrica, para 

aplicaciones en dispositivos móviles. Se encuentran expresiones analíticas para calcular el alcance de 

voltaje en función de la distancia entre el emisor y la carga, así como la corriente en el extremo frontal de 

un receptor de ondas electromagnéticas. Estas expresiones muestran los parámetros a variar para lograr 

un mayor alcance en la transmisión de energía eléctrica inalámbrica. La tensión y la corriente transmitidas 

se miden mediante un receptor de ondas electromagnéticas y se comparan con valores teóricos, 

encontrando una excelente correspondencia entre ambos. 
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1. Introducción 

 

As is well known, the transmission of electrical 

energy is carried out through the use of electrical 

wiring, however, recent technological advances 

in the area of communications have motivated 

people to look for different ways of transmitting 

energy  [1]. An example of this, are the cellular 

charging systems by magnetic induction [2, 3].  

 

The transfer of electrical energy by magnetic 

induction through radio waves, was a problem 

initially raised by Nikola Tesla [4]. He worked 

on this problem, with the purpose of achieving a 

distribution of electricity wirelessly, over long 

distances. 

 

We can classify wireless energy transfer systems 

into two types, inductive power transfer and 

magnetic resonance coupling and Near Field [5]. 

The inductive power transfer system uses a pair 

of coupled coils, at the transmitting side, an 

alternating current flow through the coil, 

generating a magnetic field, a second coil is used 

to receive the magnetic field and generate a 

current for energy storage. A magnetic resonant 

coupling system uses a pair of coupled coils with 

additional capacitance, which makes that the 

transmitter and the receiver have the same 

resonant frequency, which increases the 

efficiency and the transmission distance [6, 7].  

 

Near Field Communication (NFC) is a 

technology that uses an inductive coupling 

technique oriented for mobile smart phone and 

operates at 13.56 MHz; it works via magnetic 

field induction and can transmit information in 

short distances up to a maximum rate of 424 Kbit 

per second. NFC systems are oriented to data 

exchange applications and usually used in mobile 

phones [8]. 

 

Some research from the Massachusetts Institute 

of Technology have worked in wireless power 

transfer because power cables reduce and limit 

the mobility of electronic devices. These 

investigations are based on magnetic induction 

techniques using new ring-shaped solenoid 

geometries. In these studies, it is possible to 

transfer electricity wirelessly, turning on a 60 

Watts bulb, located 2 meters away, with an 

efficiency of 40% [9].  

  

Some works have focused on the wireless 

transmission of electrical energy, using 

magnetically coupled aluminum and copper 

rings, achieving an efficiency of between 7% and 

10% [10]. In these studies, the energy is used in 

the form of electromagnetic waves, using an 

emitter and receiver ring with resistive loads. 

 

A related work demonstrated that the energy 

range of a wireless transmitter can be increased, 

by using a system of rings located at a distance of 

0.4 meters between them, achieving a power of 

18 watts when a lamp is connected at 2.1 m of the 

transmitter ring system [11]. The system has an 

efficiency of 14.43% at 10 mm of distance. 

 

A method of wireless power transfer technique is 

called Strongly Coupled Magnetic Resonance 

(SCMR) which take the advantage of 

electromagnetic resonance to efficiently transfer 

power over mid-range distances. A novel 

approach is the use of a wideband SCMR to 

mitigate the drop of efficiency caused by the shift 

of the resonance frequency [12]. However, most 

of the research in SCMR is at the simulation 

stage with a limited number of experimental 

results [13]. Although with these devices great 

range in the transmission of electric energy is 

achieved, they are macroscopic devices and are 

not viable, for example, to be used to charge 

mobile devices. 
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In this work, a magnetic resonant coupling 

system using high frequency energy is presented. 

The system was designed to increase the signal 

range by reducing the receiver energy losses and 

use commercial electronic components to reduce 

the size of the circuit and allow its 

implementation in a mobile device. Resonant 

circuits applied to the transmission and reception 

of wireless electrical energy are analyzed 

theoretically and experimentally. The 

implemented circuit has the advantage of use 

commercial components that can be 

implemented in a printed circuit board in SMT 

package. Figure 1 shows the scheme of wireless 

power transfer system with magnetic coupling. 

 
Figure 1. Scheme of wireless power transfer with magnetic coupling. 

 

This article is structured as follows. In section 2, 

the resonant solid-state device is presented. In 

section 3, the design of an electromagnetic wave 

receiver is shown. In section 4, a relationship of 

the voltage received by the receiver and the 

transmitting range of the emitter is presented. In 

section 5, an analysis of the current is presented 

and, finally, the conclusions are shown in section 

6. 

 

2. Resonant solid state device 

 

2.1. Primary winding analysis 

 

In this section, a resonant solid-state device is 

analyzed. Some results and simulations 

corresponding to its operation are presented. 

Figure 2 shows a schematic diagram of the 

device. Its operation is based on the transistor, in 

switch configuration, working as a high 

frequency function generator, which transforms 

the primary winding (PW) and secondary 

winding (SW) in an RLC circuit, with a 

resonance frequency tuned to the corresponding 

transistor resonance. 

 

The circuit of Figure 2 is a resonant circuit. When 

the circuit is powered up, current flow to the base 

terminal of the transistor through R1. In this 

condition the transistor is activated and the 

current start to flow to the PW, producing a 

magnetic flux which causes a high voltage in the 

SW since it has more turns than the PW. As the 

current in the PW increases, the transistor gets 

into saturated region and due to both the PW and 

R1 are connected to the +12V, all the current 

flow through PW causing a current drop through 

R1 and this condition turn off the transistor. The 

current start to flow again to the base terminal of 

the transistor and this cycle is repeated. 

 

The SW, as well as the PW, when a high-

frequency signal is applied, shows a parasitic 

capacitance. Due to the geometry of the winding, 

the PW and SW have a parasitic capacitance C1 

and C2 respectively. 
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Figure 2. Resonant solid-state device. 

 

The coil on the left side of the device corresponds 

to the PW, with a winding length l = 0.556 m. 

The height h of the primary winding is 6.6× 10−3 

m and the number of turns is 5. 

 

The wire diameter of the winding is 6.438× 10−4 

m. It should be noted that this diameter does not 

include insulation. With insulation, its diameter 

is 1.32× 10−3 m. 

The radius r1 of the PW core is 1.27× 10−2 m. 

 

On the other hand, the Wheeler formula, 

provides a way to calculate the inductance in 

windings with air core and circular geometry 

[14]. This formula is given by,

 

 
Figure 3. Physical model of a coil 
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𝐿 =
0.394 𝑟2𝑁2

9 𝑟+10𝑙
 ,                  (1) 

 

 

 

 

where L represents the inductance of the coil, r 

corresponds to the radius of the coil, l represents 

the length and N is the number of turns of the 

winding. These parameters are represented in 

figure 3. 

 

Using the Wheeler formula, Eq. (1), the 

inductance 𝐿1 corresponding to the PW is 0.88 

𝜇𝐻. 

The PW shows a resonance by itself, and 

implicitly presents a capacitance when a high 

frequency is applied. This parasitic capacitance 

C1 corresponds to a value of 2.71 nF. 

 

On the other hand, the impedance Z for our 

RLC circuit, is defined by, 

 

𝑍 = √𝑅2 + (𝑋𝐿 − 𝑋𝐶)2.          (2) 

 

With 𝑋𝐿 = 𝜔𝐿 and 𝑋𝐶 = 1/𝜔𝐶. 

 

The value minimum of Z, is obtained when 𝑋𝐿 = 

𝑋𝐶. 

 

By matching the reactances as a function of the 

frequencies, the following expression results, 

 

         𝜔0 =
1

√𝐿𝐶
 ,                       (3) 

 

 

 

where 𝜔0 corresponds to the resonant frequency 

in rad/s, and 𝜔0 = 2𝜋𝐹0, resulting the following 

relation 

 𝐹0 =
1

2𝜋√𝐿𝐶
                              (4) 

From the previous results, and through Eq. (4), 

the resonance frequency 𝐹0 of PW is 3.247 𝑀𝐻𝑧. 

This frequency was confirmed by measuring it 

with an oscilloscope as shown in figure 4. 
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Figure 4. Measurement of the resonance frequency using an oscilloscope. 

 

2.2 Secondary winding analysis 

 

The winding shown on the right side of the 

device of Figure 2, corresponds to the SW. This 

winding has a radius of 1.275 × 10−4 m, a cross 

section of 5.10 × 10−8 𝑚2 and a winding length 

of 18.04 m. Its resistance is 6.0506 Ω, and the 

height ℎ2 is, 5.8× 10−2 m. 

 

On the other hand, the number of turns of the SW 

is 212. With the previous data and using the Eq. 

(1), we calculate the inductance 𝐿2 of SW, 

yielding a value of 411.36 𝜇𝐻. 

 

Through Eq. (4) and using the resonance 

frequency 𝐹0, as well as the inductance 𝐿2,  the 

calculated parasitic capacitance is 5.8405 𝑝𝐹. 

 

2.3 Potential energy and maximum voltage 

of secondary winding 

 

The SW has a capacitance at high frequency 

(parasitic capacitance) and also a capacitance 

between each turn (intrinsic capacitance). Using 

the model of a cylindrical solenoid, and the 

equation of Medhurst [12], which gives a 

capacitance per unit of length. We can calculate 

the capacitance 𝐶𝐿2 for the SW. 

 

      𝐶 𝐿2 = (0.29 ℎ2 + 0.41 𝑟2 + 1.94 √
𝑟2

3

ℎ2
) 𝑝𝐹/𝑖𝑛 .         (5) 

 

Substituting the corresponding values in the 

previous equation, gives a value of 𝐶𝐿2 =
1.32 𝑝𝐹.  
 

The total capacitance of the SW can be obtained 

as the difference of the capacitance 𝐶2 and 𝐶𝐿2, 

which is called 𝐶𝑅 or real capacitance. 𝐶𝐿2 is 

present even when no current is flowing in SW. 

The capacitance per unit length without load, is 

as follow, 
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𝐶𝑅 = 𝐶2 − 𝐶𝐿2 = 4.52 𝑝𝐹.                   (6) 

 

When a load is placed on the SW, the resulting 

capacitance per unit of length 𝐶𝐷, can be 

calculate with the following equation.     

 

    𝐶𝐷 = 1.4 (1.2781 −
𝐷2

𝐷1
) √𝜋 𝐷2(𝐷1 − 𝐷2) 𝑝𝐹/𝑖𝑛.          (7) 

 

The winding diameters of the core of PW and SW 

are  𝐷1 = 1.0 𝑖𝑛 and 𝐷2= 0.01 𝑖𝑛 respectively. 

Using the Eq (7), 𝐶𝐷 is 0.31 pF. When the load is 

placed on the SW, a discharge occurs on 

capacitor CD, and the capacitance decreases, 

while the voltage increases. 
 

In order to know the maximum voltage on the 

extreme of the SW, it is necessary to know the 

stored energy in the winding, so the input voltage 

in the PW is also required. 

 

The equation that defines the energy with respect 

to voltage and capacitance, for the PW, is written 

as follows, 

 

 𝐸𝑃𝑊 =
1

2
𝐶1𝑉𝑃𝑊

2.              (8) 

 

Substituting the corresponding values in Eq. (8), 

the resulting energy in the PW corresponds to 

1.91 × 10−7 𝐽. Assuming there is no loss of 

energy transfer between the PW and the SW, we 

can say that 𝐸𝑃𝑊 = 𝐸𝑆𝑊, where 𝐸𝑆𝑊 is the energy 

of the SW. 

 

As the load resistance of cooper makes contact 

with the tip of the SW, the open circuit voltage 

𝑉𝑂𝐶 increases. To calculate this voltage, we can 

use the Eq (8) for the SW, resulting, 

 

                           𝑉0𝐶 = √
2𝐸𝑆𝑊

𝐶𝐷
= 1110.7 𝑉 .            (9) 

 

The real voltage 𝑉𝑂𝑅 of the SW without load, can 

be calculated, using the real capacitance 𝐶𝑅, 

which is equal to 290.7 V. 

 

3. Electromagnetic wave receiver 

 
A good receiver design is crucial to improve the 

system energy transfer. Figure 4 shows an 

electromagnetic wave receiver (EMWR), 

designed to measure the resonance frequency and 

the voltage 𝑉𝑟, at a distance r from the extreme of 

the SW, as well as the power in that distance. 

Also, the EMWR receive the electromagnetic 

waves emitted by the SW, which go through a 

process of amplification and decoding, to convert 

the resulting electric field 𝐸𝑟, into a potential 𝑉𝑟. 

The EMWR includes a PSoC microcontroller, 

which is a device with a CPU core and mixed-

signal arrays of configurable integrated analog 

and digital peripherals. 

 

This PSoC microcontroller was configured to 

acquire the transmitted signal. An analog to 

digital converter was used to measure the 

receiver voltage. Also, a comparator was 

configured to measure the frequency of the 

signal. An ultrasonic sensor was used to measure 

automatically the distance between the 

transmitter and receiver. A display was 

configured to show the received voltage in SW, 

the range r and the frequency. The PSoC 

microcontroller was also configured to send the 

received information to a PC with Matlab 

software to save the data in a log file and plot the 

corresponding curves. Figure 6 shows the 

diagram of the PSoC microcontroller and the 

receiver circuit. 
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Figure 5. Electromagnetic wave receiver (EMWR). 

 
Figure 6. Circuit diagram of the receiver. 
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4. Secondary winding 

 

In order to perform a quantitative study to know 

the variation of the voltage corresponding to the 

SW, as a function of the distance 𝑟 regard to the 

detector. 

 

Using the Gauss theorem, expressed as, 

 

∮ 𝑬 ∙ 𝒅𝒔 =
𝑄

ℇ0
 .                       (10) 

 

The cylindrical Gaussian surface is represented 

in figure 7, where 𝑅 corresponds to the radius of 

the SW, and 𝑟 corresponds to the radius of the 

Gaussian surface. We can calculate the electric 

field 𝐸, at a distance 𝑟 from SW. 

 

Let ds be a differential element of surface, where 

the electric field E and this ds are parallel in the 

lateral surface, whereas in the upper and lower 

surfaces, they are perpendicular. 

 

 
Figure 7. Gaussian surface around the SW. 

 

The angles  and 𝛽 in the cylinder caps that form 

E and ds are perpendicular, while , 

corresponding to the angle between E and ds of 

the lateral surface of the cylinder, is zero degrees.  

 

According to Gauss's theorem, for the lower and 

upper surface, we find that, 

 

∮ 𝐸 𝑑𝑠 cos 𝛽 = ∮ 𝐸 𝑑𝑠 cos 𝛾 = 0.               (11) 

Therefore, it is shown that the electric field on the 

upper and lower surface is zero. 

 

On the other hand, for the lateral Gaussian 

surface 

 

∮ 𝑬 ∙ 𝒅𝒔 = ∮ 𝐸 𝑑𝑠 cos 𝛼.   (12) 

 

Since the electric field is uniform throughout the 

lateral periphery of the Gaussian surface, 
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𝐸 ∮ 𝑑𝑠 = 𝐸𝑠,          (13) 

 

Where 𝑠 = 2𝜋𝑟𝐿, L corresponds to the height of 

the cylindrical surface, s, represents the lateral 

surface of the cylinder. Thus 

 

𝐸𝑠 = 2𝜋𝑟𝐸𝐿 .       (14) 

 

From eq. (10) results, 

 

2𝜋𝑟𝐸𝐿 =
𝑄

ℇ0
 ,           (15) 

 

where Q is the total charge of the cylinder. 

 

The SW is formed by a winding that contains 

multiple turns. These capacitors are in parallel, 

forming a cylindrical capacitor with a total 

capacitance C, which stores a charge that will be 

proportional to the voltage in the secondary 

winding 𝑉𝑆𝑊. Using the model to calculate the 

electric field in a cylindrical capacitor [15]. 

 

𝐶 =
2𝜋ℇ𝐿

𝑙𝑛(
𝑟

𝑅
)
 ,                   (16) 

 

where ℇ and 𝐿, are the permittivity of the 

insulator and the height the cylinder respectively. 

 

Using the capacitance 𝐶 in the equation that 

defines the charge (𝑄 = 𝐶𝑉 ), and the result in 

eq. (15), the equation that defines the electric 

field as a function of distance 𝑟 is, 

 

𝐸 =
ℇ𝑉𝑆𝑊

ℇ0𝑟𝑙𝑛(
𝑟

𝑅
)

  ,              (17) 

 

where ℇ0 is the electric permittivity in vacuum, 

 

On the other hand, to obtain an expression for V2, 

which is the voltage measured by the 

electromagnetic wave receiver (EMWR), as a 

function of the distance r, we use the knowledge 

the electric field E, is expressed as the voltage V 

divided by the distance r. In our case, r expresses 

the electric field reaching E in terms of voltage 

V2, processed by the receiver placed at the 

distance r of the SW. From the above, and the Eq. 

(17), the voltage 𝑉2 can be expressed as, 

 

𝑉2 =
ℇ𝑉𝑆𝑊

ℇ0𝑙𝑛(
𝑟

𝑅
)
 .          (18) 

From Eq. (18) we can obtain an expression to 

calculate the reaching 𝑟 as a function of the 

transmitting voltage 𝑉𝑆𝑊 and the receiving 

voltage 𝑉2. 

 

𝑟 = 𝑅𝑒
𝜎𝑉𝑆𝑊

𝑉2   ,                (19) 

where 𝜎 = 𝜀/𝜀0. 

 

The figure 8, is a block diagram that represents 

the SW voltage and EMWR. 

 

 
Figure 8. Block diagram of SW and EMWR 

 

To increase the reaching range 𝑟, it is necessary 

to increase the radius R of the ES, as well the as 

the electrical permittivity in the insulator and the 

number of windings. The Eq. (19) provides us 

with a nice relation of the relevant parameters of 

the system to obtain a greater range r of voltage 
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V2. And corresponds to a one of the principal 

results of this paper. 

 

From Eq. (19) we note that if the voltage 𝑉2 tends 

to 0, then 𝑟 tends to infinity as is shown in Fig. 8. 

On the other hand, if 𝑉2 tends to infinity, 𝑟 tends 

to 𝑅, which is an expected result, since the 

maximum voltage 𝑉2 occurs at the minimum 

distance, when 𝑟 = 𝑅. 

 

It is important to highlight that all the parameters 

of Eq. (18) can be measured, and gives the 

effective voltage drop V2, as a function of 

distance r. 

 
Figure 9. Voltage V2 as function of the range r. The red dotted line corresponds to experimental data. The blue continuous line is obtained 

theoretically from Eq. (14). 

 

In figure 9, the experimental voltage was obtained in a real-time interface that communicates a PSoC 

microcontroller and a Matlab script. We can see both experimental and theorical (Eq. (18)) curves show 

the same behavior. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
Figure 10. From left to right, is shown multimeter, SW and EMWR 
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In figure 10, is observed that the maximum 

voltage measured in the EMWR is 1.217 V. 

This is close to theoretical value given by Eq. 

(18). 

 

5. Electrical current analysis 
 

Knowing that the resonance frequency F0 of the 

ES, corresponds to 3.25 MHz, the coil and 

capacitor of the EMWR are 411.3 H and 5.8 pF 

respectively, and that these form a resonant LC 

circuit, we can obtain the current in the LC 

circuit. 

 

In resonance, it can be calculated the parameters 

of a free LC oscillator, without using a power 

supply, using the simple equation, 

 

𝐿
𝑑𝑖

𝑑𝑡
+

𝑄

𝐶
= 0.                         (20) 

 

It is found that the charge on the capacitor is, 

 

𝑄 = 𝑄𝑚𝑎𝑥 cos
𝑡

√𝐿𝐶
  .               (21) 

 

While the current in the LC oscillator 

corresponds to, 

 

𝑖 = −
1

√𝐿𝐶
𝑄𝑚𝑎𝑥 sin

𝑡

√𝐿𝐶
  .        (22) 

 

In this way, the amplitude of the maximum 

current of the LC circuit it is obtained, 

 

𝑖𝐿𝐶 =
1

√𝐿𝐶
𝑄𝑚𝑎𝑥 .                      (23) 

 

We know that the capacitance is given by the 

reason of the charge and the voltage, the current 

of the LC circuit as function of the ES voltage is 

obtained, replacing L and C by 𝐿𝐸𝑀𝑊𝑅 and 

𝐶𝐸𝑀𝑊𝑅, 𝑖𝐿𝐶  leads to, 

 

𝑖𝐿𝐶 =
𝐶𝐸𝑀𝑊𝑅𝑉2

√𝐿𝐸𝑀𝑊𝑅𝐶𝐸𝑀𝑊𝑅
 .              (24) 

 

Substituting the values of CEMWR, V2 and 𝐿𝐸𝑀𝑊𝑅, 

in the previous equation, we obtain the value of  

𝑖𝐿𝐶 = 158 A, which is the maximum rms 

current that goes through LEMWR or CEMWR. To 

enhance the current in the EMWR, is necessary 

to increase V2 and 𝐶𝐸𝑀𝑊𝑅, nevertheless, by 

varying 𝐶𝐸𝑀𝑊𝑅, the ES will no longer be in 

resonance with the EMWR, unless in both 

systems increase the capacitance proportionally. 

 

In figure 11, the measured current 𝑖𝐿𝐶 is plotted 

as function of the range r. We can see a 

maximum initial value of 149 A, which is near 

than the calculated value. 

 
Figure 11. Total current passing through the coil and the capacitor of the electromagnetic wave receiver 
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Unlike the measurement presented in figure 10, 

the current measurement is carried out using a 

high resolution miltimeter, this because the 

current received by the EMWR is in the order of 

micro-Ampere. If you want to measurement the 

current with a low-resolution multimeter you will 

not be able measure it. The measuring instrument 

used was the Fluke 87. The measurement is 

shown in figure 11. 

 

 
Figure 11. Measurement of current in the EMWR. 

 

The value of 150.06 A is close to the theoretical 

result obtained in the Eq. (24). 
 

6. Conclusions 

 

In this work, a theoretical framework was 

implemented to analyze a solid-state resonant 

circuit, based on a designed device for 

transmitting and receiving wireless electrical 

energy. Both, theoretical and experimental 

results were obtained for the energy transmission 

and reception of energy. Also, analytical 

expression was obtained to calculate the effective 

voltage as a function of the distance from the 

secondary coil to the receiver. This expression 

allows us to explore the parameter necessary to 

achieve a greater range V2. 

 

Using the PSoC microcontroller coupled to the 

electromagnetic waves receiver to acquire the 

received voltage and distance. A visual interface 

was designed in real time to plot the behavior of 

the effective voltage that the SW emits, with 

respect to the distance of the receiver, observing 

a concordance between the theoretical and 

experimental value. It was demonstrated, that the 

voltage at the receiver, decreases exponentially 

as function of the range. 

 

The current in the front end of the 

electromagnetic wave receiver was calculated, it 

also shows an exponential decay as a function of 

the range. 

 

We obtained that for increase the range, it is 

necessary to increase the radius R, as well as the 

electrical permittivity in the insulator and the 

number of windings, by varying both parameters, 

it is observed experimentally that the range 

increases exponentially. 

 

It was shown that the resonance frequency of the 

secondary winding is constant, regardless of a 

load. 
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The advantage of our results compared to others 

reported in the, is that although exist devices 

great range in the transmission of electric energy 

is achieved, they are macroscopic devices and are 

not viable, for example, to be used to charge 

mobile devices. 

 

While the system presented here was designed to 

increase the signal range by reducing the receiver 

energy losses and use commercial electronic 

components to reduce the size of the circuit and 

allow its implementation in a mobile device, as is 

the case of the device shown here, which is small 

in size and can be used in recharging this 

purpose. 
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