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Abstract— Nowadays, most biomedical implants need 

simultaneous and continuous power and data transmission. The 

most popular way to achieve it, is using inductive links. These 

links consist of a pair of coupled coils, one outside the body 

(primary coil) and one implanted inside the body (secondary 

coil). A modulated carrier is sent from the exterior to the 

implant to be further processed for power and data extraction. 

The secondary unit can also send information to the primary 

unit, usually implant status or information obtained by the 

implant using sensors.   

For this project, a simulated prototype of an inductive link 

with a power amplifier and communication modems is created. 

A study of this link is performed to conclude about the power 

and the bandwidth of the signal being delivered to the implant 

with the variation of the coupling factor, k, and implant 

impedance, R, two parameters that can suffer changes and 

damage the transmission. Knowing the behaviour of the link 

with the variation of these two parameters, a way of obtaining 

this information without accessing the secondary side of the link 

(implanted part), while simultaneously transmitting power and 

data to the implant, is presented. 

Keywords— Wireless Implants, Inductive Link, Power 

Transmission, Data Transmission, Modulation, Coupling 

Factor, Implant Impedance. 

I. INTRODUCTION 

The advancements achieved in microelectronics lead to 
the design of small, reliable and low-power-consuming 
biomedical devices able to be implanted inside the human 
body and to act as sensors or stimulators. These devices allow 
real-time sensing of temperature, blood pressure, glucose 
concentration and other information that can help in the early 
diagnosis of diseases. They can also be used as stimulators, 
receiving information from the external world and stimulating 
specific nerves [1].  

Most of biomedical implants need continuous power and 
data transmission. Early implants used wires, breaching the 
skin for energy supplying and data transmission. However, 
this could cause infections due to exposed body tissues.  
Implants with batteries were also tested, but batteries have 
limited lifetime, which calls for periodic surgery, increasing 
risk of infections and making it very expensive. Batteries also 
increase the size of the implant, which limits the locations of 
the implant, and leakage may occur which can be dangerous 
to the body. Furthermore, batteries do not eliminate the wires 
that would be needed for data transmission with implants 
requiring communication with the external world [2]. 

A wireless link is an alternative to the mentioned above 
techniques. Inductive links are widely used to simultaneous 
transmit power and data to biomedical implants. These links 
consist of two magnetically-coupled coils, one outside the 
body (primary coil) and one implanted inside the body 
(secondary coil).  The transmitter sends a modulated carrier 
which is received by the secondary coil and further processed 

for power and data extraction (downlink). The secondary unit 
can also send information to the primary unit (uplink), like 
implant status or information sensed by the implant.  

The main goal of this work is the optimization of the 
simultaneous delivery of power and data through an inductive 
link. To achieve this goal a study of the link behaviour when 
some parameters suffer variations needs to be done, 
concluding about the effect of this changes in the power 
delivered to the implant and the bandwidth of the signal 
received. With this study, it is necessary to find a way to 
acquire this data on the primary side, where measures to 
transmit the required power with the available bandwidth can 
take place. The development of a simulated prototype of an 
inductive link is expected, simulating as accurately as possible 
a real inductive link. 

II. STATE OF THE ART 

Inductive links, near-field electromagnetic systems, are 
the most suitable for wireless power and data transmission to 
biomedical implants, once they can efficiently deliver power 
and information without causing harmful effects to the human 
body. They are mainly used in applications which only require 
low data rates, normally in the order of a few Mbps, at short 
ranges, typically up to a few centimetres [3]. 

An inductive link consists in a pair of coupled coils, one 
outside the body and another implanted. This type of links is 
essentially an air-core transformer, meaning the core is in fact 
an air gap [4]. Two coils are referred as inductively coupled 
when are configured in such a way that a change in current in 
one of them induces a voltage in the other through 
electromagnetic induction. 

A. Power Transfer 

In medical applications the design of an inductive link 
must take in consideration factors as bandwidth for high data 
rates support, power efficiency transmission, coupling 
insensitivity to coil misalignments and biocompatibility [4]. 
The equivalent electrical circuit of an inductive link is shown 
in Figure 1. 

 

Figure 1-Equivalent electrical circuit of an inductive link. 

The primary circuit contains the inductor L1, resistance R1, 
which contains the losses of L1 and the output resistance of the 
source Vs, and a capacitor C1 in series to provide a low 
impedance load to the driving transmitter Vs. The secondary 



circuit contains the coil L2, the resistance R2, including L2 

losses and the load resistance of the implant circuit, and the 
capacitor C2 connected in parallel to amplify the induced 
voltage required to drive a nonlinear (rectifier) load. Mutual 
inductance, M, between L 1 and L2  is also represented.  Mutual 
inductance is the name given to the effect that occurs when a 
current flowing in a coil produces a voltage in a coupled coil 
and is calculated by, 

 𝑀 = 𝑘√𝐿1𝐿2 (1) 

where k, is the coupling coefficient, that physically equals the 
fraction of magnetic flux generated by the primary coil which 
flows through the secondary coil and vice versa. This value is 
expressed between 0 and 1, where 0 means no inductive 
coupling and 1 indicates full or maximum inductive coupling. 
Inductive links for biomedical implants typically have a low 
coupling coefficient, k < 0.4. 

Transmitting power through inductive coupling requires 
an AC excitation. Since batteries are DC sources, the power 
driver needs to be essentially a DC to AC converter. 
Furthermore, because high voltage level is usually required by 
the primary coil and batteries produce a much lower voltage, 
the driver should also have the ability of amplifying the 
battery voltage. This last part is done by taking energy from a 
power supply.  

Being able to meet these requirements with high 
efficiency, Class-E power amplifiers are commonly used for 
wireless power transmission in inductive links [5].  A typical 
schematic of a Class-E power amplifier and a more detailed 
working principle explanation is described in Chapter III. 

B. Data Transfer 

Modulation techniques for the data transmission from the 
exterior to the implant (downlink) and from the implant do the 
exterior (uplink) have been discussed in many papers. Most 
common digital modulations for downlink data transmission 
are Binary Amplitude Shift Keying (BASK), Binary 
Frequency Shift Keying (BFSK) and Binary Phase Shift 
Keying (BPSK). Figure 4 presents this modulation techniques. 

 

Figure 2- BASK (upper trace), BFSK (middle trace) and BPSK (lower 

trace) modulation techniques 

Earlier biomedical applications commonly used ASK [8][9]. 

This technique offers simple modulation and demodulation 

circuitry, however, power transfer efficiency is reduced due 

to changing carrier amplitude. Furthermore, ASK, faces big 

limitations for high-bandwidth data-transmission because 

high-bandwidth ASK needs high order filters with sharp cut-

off frequencies, which cannot be easily implemented in this 

application. Data rates achieved are very low, usually less 

than 10 % of the carrier frequency [10]. 

FSK allows a significant increase of the data transmission 

bandwidth, providing higher data rates. This method also has 

the advantage of having a constant amplitude of the carrier, 

achieving better values of power efficiency [10]. However, 

FSK requires a wide passband in the inductive link to allow 

the different frequencies, which limits the power transfer[11].  

BPSK has been found to be the most suitable method of 

communication for this type of applications. This technique 

has the advantage of using a constant amplitude and 

frequency carrier, allowing for efficient and stable power 

transfer and for the use of fixed-size antennas, which can be 

designed for optimal data and power coupling [12].  

However, this method requires a complicated demodulator, 

usually based on a phase-locked loop [7]. 

C. Conclusions 

After a review on this subject, an inductive link with a 
Class-E power amplifier will be implemented in simulation. 
Communication between external world and the implant 
(downlink transmission) will use BFSK modulated data, since 
can achieve higher data rates and better values of power 
efficiency than BASK and has a simpler demodulation 
receiver than BPSK, making it more suitable to be implanted. 
The implant will send information to the external world 
(uplink transmission) through BPSK modulation, since this 
method can be implemented with a very simple transmitter 
and can achieve high data rates. 

III. SYSTEM ARCHITECTURE 

Figure 5 presents the general block diagram of the 
proposed system. This system includes a primary system with 
a Class-E power amplifier, a BFSK transmitter and a BPSK 
receiver and the circuit for the inductive link and a secondary 
system with a BFSK receiver, a BPSK transmitter and a power 
recovering circuit, which will not be simulated in this work 
and for what we will consider that the impedance is included 
in the implant resistance, R. The downlink transmission 
(external world to implant) uses BFSK modulated data and the 
uplink transmission (implant to external world) is 
implemented using BPSK modulation. 

The goal of this work is the optimization of the 
simultaneous delivery of power and information through the 
inductive link at a frequency of 13.56 MHz, a typical value 
used for this type of transmission, belonging to the Industrial, 
Scientific and Medical (ISM) band. To achieve this goal, it is 
necessary to study its behaviour with the coupling factor, k, 
and the implant resistance, R, two parameters that can easily 
suffer variations and damage the transmission of power and 
bidirectional transmission of information with the implant. 
This analysis requires to give information regarding the power 
delivered to the implant, Pout, and the bandwidth of the signal 
received, Bw, for different values of coupling factor and 
implant resistance. However, this data refers to what happens 
on the secondary side (implanted part), so it is required to find 
a way to obtain this information on the primary side, where 
the measures to transmit the required power with the available 
bandwidth can take place. This study is first done transmitting 
a chirp signal (sinusoidal signal that linearly increases its 
frequency with time), to have a frequency analysis of the link 
and check if it’s possible to obtain a relation between the 
power and bandwidth delivered to the implant and a parameter 
possible to measure on the primary side.  

After this test, if a relation is obtained, the same study must 
be done for the BFSK signal (signal chosen for the downlink 
transmission) to check if the results obtained are still valid for 
this signal. 



 
Figure 3- General system architecture

A. Downlink Transmission 

1) BFSK Transmitter 

The structure of the transmitter is presented in Figure 6. 

 

 
Figure 4- BFSK transmitter structure 

The bit sequence to be transmitted is first applied to a 

scrambler to generate a pseudo-random binary sequence. 

After scrambling, the bits need to be mapped in such a way 

that bits 0 and 1 become transmission symbols -1 and 1, 

respectively. The mapped bits are then passed through a 

Voltage Controlled Oscillator (VCO) that generates a signal 

with different frequency values for the symbols.  

 

2) BFSK Receiver 

Two different types of receivers were tested for this 

signal. First a filter-type BFSK demodulator was considered, 

but after simulation, the results presented a very small margin 

for noise, meaning a more efficient type of receiver had to be 

considered. The alternative solution uses a Phase-locked 

Loop (PLL) as a demodulation tool. This structure is 

presented in Figure 8. 

 
Figure 5- BFSK demodulator structure (PLL). 

The phase detector takes inputs from both the BFSK signal 

and the VCO output and produces an output proportional to 

the phase difference between them. This signal then passes 

through the loop filter to reduce the high frequency 

components and then is applied to the VCO to control its 

frequency. This process tries to reduce the frequency 

difference between the BFSK signal and the VCO output 

signal. It drives the VCO frequency towards the BFSK signal 

frequency until there's a steady-state phase difference. When 

this happens the VCO signal frequency and the BFSK signal 

frequency are the same on average and its possible to obtain 

the demodulated signal at the filter output. 

B. Uplink Transmission 

1) BPSK Transmitter 

The structure of the transmitter is presented in Figure 9. 

 

 
Figure 6- BPSK transmitter structure 

The BPSK transmitter transmits data from the implant to 

the external world. The bit sequence to transmit is scrambled, 

differentially coded and mapped. After this, the bits are 

multiplied by the carrier to obtain the BPSK modulated 

signal. The scrambler used in this transmitter is of the same 

type of that explained above for the BFSK transmitter. 

Differential coding is used to avoid phase ambiguity, which 

occurs when absolute phases are used. With the use of the 

differential coder, it is possible to recover the bit stream using 

phase differences. After scrambled and differentially coded, 

the bits need to be mapped for BPSK, meaning bits 1 and 0 

become transmission symbols 1 and -1 respectively. Finally, 

the mapped bits are multiplied by the carrier to obtain the 

BPSK signal.  

 

2) BPSK Receiver 
For the BPSK receiver a traditional method is used for 

demodulation, called Costas Loop demodulator. The structure 
of this receiver is presented in Figure 11. 

 

Figure 7- BPSK costas loop demodulator [13]. 

The signals at the output of the upper and lower low-pass 
filters are given by, 

 
𝑥1 ≈

𝑚(𝑡)

2
cos(2𝜋𝛥𝑓 + 𝛥𝜙) (2) 

 
𝑥2 ≈

𝑚(𝑡)

2
sin(2𝜋𝛥𝑓 + 𝛥𝜙) (3) 



where m is the modulation signal, Δf is the difference between 
the transmitted frequency and the VCO free-running 
frequency and Δϕ is the difference between the phase of the 
transmitted signal and the phase of the VCO signal.  

If, as usual, the received carrier frequency is close to the 
free-running frequency of the VCO, the loop synchronizes 
with Δϕ≈0. In this way, is possible to obtain the bit sequence 
at the filter output of the upper arm, 

 
𝑥1 ≈

𝑚(𝑡)

2
cos(2𝜋𝛥𝑓 + 𝛥𝜙) ≈

𝑚(𝑡)

2
 (2) 

 
𝑥2 ≈

𝑚(𝑡)

2
sin(2𝜋𝛥𝑓 + 𝛥𝜙) ≈ 0 (3) 

3) Symbol Synchronizer 

Sampling time in a data receiver must be synchronized 

with the symbols of the incoming data, meaning some form 

of time adjustment is required. A symbol synchronizer with 

the structure presented in Figure 12 can be used [14]. 

 

 

Figure 8- Symbol synchronizer structure. 

This synchronizer includes four elements that contribute to 
the process of synchronization. The Timing Error Detector 
(TED) measures the timing error, which is then filtered by the 
loop filter, whose output drives the controller. The interpolator 
receives the instructions from the controller. Designating n as 
the symbol number,  y1(n) as the strobe value of the nth symbol 
at the output of the data filter of the upper arm of the costas 
loop demodulator, and y1(n-1/2) as the value of the samples 
midway between the (n-1)th and nth symbol, also in the upper 
arm of the demodulator, the detector algorithm for a BPSK 
signal is given by, 

 
𝑒(𝑛) = 𝑦1(𝑛 − 1/2)[𝑦1(𝑛) − 𝑦1(𝑛 − 1)] (4) 

 
where e(n) is the error sample generated for the nth symbol. 

C. Power Amplification and Transmission 

a)  Class-E Power Amplifier 

As mentioned before Class-E power amplifiers are the 

most commonly used for wireless power transmission trough 

an inductive link. Due to its high efficiency, design simplicity 

and the possibility to process a BFSK signal, this type of 

amplifier suits the requirements for this project. A schematic 

of a Class-E amplifier is presented in Figure 13. 

 
Figure 9- Schematic of a Class-E amplifier [15]. 

Class-E consists of an inductor choke, L1, used to provide 

a constant current from the power supply, VCC, a MOSFET 

transistor switch, Q, with a shunt capacitor, C1, to ensure 

zero-voltage switching of the non-ideal MOSFET switch. A 

series load network RLC tuned to a certain frequency in 

parallel with C1 to achieve a constant current from the supply 

source and to convert the digital input signal into a sinusoidal 

output with zero DC offset [16]. Resistor, R, represents the 

equivalent load of the secondary system, including the 

implant, and the parasitic resistance of the transmitter coil.  

Figure 14 illustrates the desired waveforms of the voltage 

and current across the MOSFET. When the switch is OFF, 

the choke inductor, L1, charges the resonant network, creating 

a voltage across the switch. In the ON state, the MOSFET 

acts as a low resistance closed switch, maintaining a high 

current with a nearly zero voltage. This way, power 

dissipation across the MOSFET is kept at minimum, which 

results in a higher efficiency. For optimum operating 

conditions Zero-Voltage Switching (ZVS) and Zero-Voltage 

Derivative Switching (ZVDS) are necessary [17]. 

In [18] design equations for the dimensioning of the 

several components of this amplifier are presented. 

 
Figure 10- Voltage and current waveforms for ideal class-E power 

amplifier [19]. 

2) Inductive Link 

The most basic equivalent electronic circuit to represent 

an inductive link is depicted in Figure 15, where V1 is the 

voltage source, V2 is the voltage across the impedance ZL, L1 

and L2 are the self-inductances of the primary and secondary 

coil, R1 and R2 are the parasitic resistances of this coils and M 

is the mutual inductance between the two coils. 

 
Figure 11- Inductive link equivalent electronic circuit. 

This circuit can be described by equations (5), (6) and (7), 

 

 𝑉1 = 𝑅1𝐼1 + 𝑗𝜔𝐿1𝐼1 − 𝑗𝜔𝑀𝐼2 (5) 

 𝑉2 = 𝑗𝜔𝑀𝐼1 − 𝑅2𝐼2 − 𝑗𝜔𝐿2𝐼2 (6) 

 𝑉2 = 𝑍𝐿𝐼2 (7) 

The power transfer efficiency of the link, η, which 

represents the ratio of the power dissipated in the load by the 

power given the voltage source is calculated by [17], 

 



𝜂 =
𝜔𝑀2𝑅

𝑅1[(𝑅2 + 𝑅)2 + (𝜔𝐿2 + 𝑋)2] + 𝜔2𝑀2(𝑅2 + 𝑅)
 (8) 

 

where 𝑍𝐿 = 𝑅 + 𝑗𝑋. It is possible to see from equation (8) 

that the power transfer efficiency is maximum if  

𝑋 = −𝜔𝐿2. This can be achieved by using a capacitor in 

parallel at the secondary. The value of this capacitor is 

calculated from,  

 
𝐶2 =

𝑅𝐿 + √𝑅𝐿
2 − 4𝜔2𝐿2

2

2𝜔2𝑅𝐿𝐿2
 (9) 

   

IV. SIMULATIONS 

A. Communication Modems 

The BPSK and BFSK modems are simulated with the use 

of Simulink, a block diagram environment for multi-domain 

simulation and model-based design integrated in MATLAB. 

This environment provides a graphical editor, customizable 

block libraries (including communication and digital signal 

processing libraries), and solvers for modelling and 

simulating dynamic systems.  

An important aspect that must be taken into account is 

that, although the BFSK transmitter and BPSK receiver 

would be implemented digitally, the BFSK receiver and 

BPSK transmitter, that are implanted in the human body, 

need to be implemented in analog. So, as the simulation of 

this modems is made digitally, the implementation of this last 

two through this simulation will not be as direct as in the case 

of the BFSK transmitter and BPSK receiver, that do not suffer 

with such limitations, once they are not implanted. 

 

1) Binary Frequency Shift Keying 

a) Transmitter 

The Simulink model used for the BFSK transmitter is 

presented in Figure 16. 

 
Figure 12- BFSK transmitter in Simulink. 

The bit rate, fb, used was 1.356 MHz. The BFSK signal 

is created at the output of the VCO, that has a central 

frequency, fc, of 13.56 MHz (ISM band), with a difference 

between the higher and the lower frequencies, Δf , of  half the 

bit rate, 678 kHz. This means the higher frequency will be 

fc+Δf/2 which is equal to 14.238 MHz and the lower 

frequency will be fc-Δf/2, 12.882 MHz. This value for Δf is 

chosen based on the Minimum Shift Keying (MSK) 

technique, a spectrally efficient form of FSK that has better 

bit error performance than standard BFSK [20]. The sampling 

frequency, fs, has a value of 54.24 MHz, to have 4 samples 

per period, making it as efficient as possible. The BFSK 

signal is presented in time and frequency domain in Figures 

18 and 19, respectively. 

 
Figure 13- BFSK signal. 

 
Figure 14- BFSK signal spectrum. 

The BFSK signal spectrum is centered at the carrier 

frequency of 13.56 MHz and presents a bandwidth between 

the two first lower peaks of 1.5fb, as expected for the use of 

frequency values based on the MSK method [20]. 

 

b) Receiver 

The BFSK receiver Simulink model is presented in Figure 

20. The VCO presents a central frequency equal to the one of 

the VCO used to create the BFSK signal (13.56 MHz). 

 
Figure 15- BFSK receiver in Simulink. 

The lowpass filter was built with only one pole, satisfying the 

difference equation, 

 

 𝑦(𝑡) = 𝛼𝑦(𝑛 − 1) + 𝛾(1 − 𝛼)𝑥(𝑛) (10) 

 

For a sampling frequency, fs, of 54.24 MHz and a cutoff 

frequency, fp, of 1.356 MHz (equal to fb) and with  

ωp=(1-α)fs/α, where ωp is the angular cut-off frequency, the  

filter transfer function is given by, 

 

 
𝐻(𝑧) =

1 − 0.864

1 − 0.864𝑧−1
 (11) 

 

After simulating, the gain of the filter and of the VCO had 

to be adjusted until obtaining the demodulated bits as desired. 

Also, a zero was introduced in the filter at fz=fs/2 to reduce 

the oscillations ate the filter output. The new transfer function 

is given by, 

  
𝐻(𝑧) =

0.068 + 0.068𝑧−1

1 − 0.864𝑧−1
 (12) 

 

Figure 21 presents the filter output. 



 
Figure 16- BFSK receiver filter output. 

This receiver would also need some type of symbol 

synchronism, like is done in the BPSK receiver, however, due 

to the limitations imposed by the fact of being implanted in 

the human body, the symbol synchronizer would have to be 

much simpler than the one used for BPSK. 

 

2) Binary Phase Shift Keying 

a) Transmitter 

The Simulink model for the BPSK transmitter is 

presented in Figure 17. Once the idea is to obtain a full-

duplex system, the carrier frequency, fc, must be deviated 

from the frequency used for the downlink transmission (13.56 

MHz) and so, for this modem (uplink transmission), fc is 13 

MHz. The bit rate, fb, used in this direction has to be much 

smaller compared to the one used for the BFSK signal. 

Therefore, for this simulation, fb is 13 kHz. The sampling 

frequency, fs, is 52 MHz to obtain 4 samples per period, like 

done before. 

 
Figure 17- BPSK transmitter in Simulink. 

Figure 24 shows the BPSK signal obtained after the 

multiplication of the carrier by the mapped, differentially 

coded and scrambled bits.  

 
Figure 18- BPSK Signal. 

In Figure 25 the spectrum of the BPSK signal is presented. 

As expected, the signal is centered at the carrier frequency 

(13.56 MHz) and presents lower peaks at each multiple of fb. 

 
Figure 19- BPSK Signal Spectrum. 

b) Receiver 

Figure 15 shows the Simulink model for the costas loop 

receiver. 

 
Figure 20- BPSK Receiver in Simulink. 

The VCOs have a central frequency with the same value 

as the carrier used in the BPSK signal, 13.56 MHz. The three 

filters are low-pass type and they were all built using the same 

difference equation used for the BFSK receiver (equation 

(10)). The two data filters have the same transfer function 

used for the BFSK receiver, once the sampling frequency and 

the cut-off frequency is the same. The loop filter has a cut-off 

frequency of 1 kHz. The upper filter output is presented in 

Figure 27. 

 
Figure 21- Upper filter output. 

The Symbol Synchronizer block has the structure 

described in Chapter III, with an interpolator, an interpolation 

controller, a loop filter and a TED based on the method of 

Gardner. This method applies an algorithm with only two 

samples per bit, therefore, a decimation block is used before 

the symbol synchronizer. After having only two samples per 

bit, the signal is applied to the symbol synchronizer. Figure 

28 presents the output of this block. 

 
Figure 22- Symbol synchronizer output. 

B. Power Amplification and Transmission 

The class-E power amplifier and the inductive link were 

simulated with the use of Simscape, a tool box of Simulink 

that enables the creation of physical systems within the 

Simulink environment. It allows the modelling of 

mechanical, electrical, magnetic, hydraulic and other types of 

systems. This tool allows the simulation of the power 

amplifier and inductive link and the posterior integration of 

these with the communication modems, making it very 

suitable for this project. 



1) Class-E Power Amplifier 

The class-E power amplifier was designed and simulated 

to achieve an output power, Pout, of 150 mW with a voltage 

supply, Vdd, of 3.3 V, a quality factor, Q, of 10 and a resonant 

frequency, f, of 13.56 MHz. Using equations described in 

[18], the component values of the class-E are calculated. 

These equations only give approximate values, and so the 

theoretical values didn't achieve the optimum performance. 

Therefore, using the method described in [15], the value of 

the shunt capacitor is adjusted to 59 pF. The component 

values for the amplifier are presented in Table 1. 

 
Table 1- Class-E parameter values 

Output Power (Pout) 150 mW 

Voltage Supply (Vdd) 3.3 V 

Operating Frequency (f) 13.56 MHz 

Quality Factor(Q) 10 

Load Resistance (R) 42 Ω 

Transmitter Coil (L1) 5.48 µH 

Shunt Capacitance (CS) 59 pF 

RF Choke Inductor (LC) 12 µH 

Resonator Capacitance(C1) 28 pF 

 

The Simscape model of this amplifier is presented in 

Figure 29. 

 
Figure 23- Simscape model of the class-E amplifier. 

In Figure 30 it is possible to see the result of the 

simulation, showing the MOSFET voltage and current and 

the voltage at the load. The results are very similar to those 

expected (Figure 14). 

 

 
Figure 24- MOSFET voltage (upper trace), MOSFET current (middle 

trace) and load voltage (lower trace). 

2) Inductive Link 

Meeting the requirements of Table 2, where the value of 

L1 is the one calculated for the class-E and calculating this 

way the value of the parallel capacitor, C2, with equation (9), 

the inductive link is simulated. 

Table 2- Inductive link parameters. 

Operating Frequency (f) 13.56 MHz 

Primary Coil (L1) 5.48 µH 

Secondary Coil (L2) 1 µH 

Parasitic Resistance of L1 (R1) 2 Ω 

Parasitic Resistance of L2 (R2) 1.6 Ω 

Load Resistance (RL) 300 Ω 

 

The Simscape model is presented in Figure 31. 

 
Figure 25- Simscape model of the inductive link. 

A chirp signal was used to make a frequency analysis of 

this link for the voltage gain with different values of coupling 

factor, k, and load, R. The results of this analysis are 

presented in Figure 33 and Figure 34. 

 

 
Figure 26- Voltage gain frequency analysis with variation of k. 

 

Figure 27- Voltage gain frequency analysis with variation of R. 

From Figure 33, is possible to conclude the inductive link 

behaves as a passband filter at the frequency of 13.56 MHz 

and that the voltage gain decreases with the increase of the 

coupling factor, k. The bandwidth, however, increases with 

the coupling factor.  With the increase of the load resistance, 

R, the voltage gain increases, and the bandwidth slightly 

increases to. Also, as its possible to see in Figure 34 the center 

frequency slightly decreases with the increase of the 

resistance. 



C. Complete Inductive Powering System 

The Simscape model of the complete inductive powering 

system is presented in Figure 35. 

 
Figure 28- Simscape model of the complete inductive powering system. 

1) Chirp Signal 

The same frequency analysis done previous, using the 

chirp signal, is repeated for this circuit, to check the changes 

introduced by the addition of the class-E amplifier. The first 

analysis presented results similar to the ones obtained without 

the integration of the amplifier, however, the circuit was no 

longer resonant at the desired frequency of 13.56 MHz, 

instead, the frequency decreased for the 13 MHz. Once one 

of the requirements of this project is working at the frequency 

of 13.56 MHz, changes had to be done to deviate the resonant 

frequency. After some tests, the value of the resonant 

capacitor, C1, was reduced to 26 pF, value for what the 

resonant frequency is closer to 13.56 MHz with a small 

decrease of the efficiency. Figure 36 and Figure 37 presents 

the results of this analysis. 

 

 
 

Figure 29- Load voltage frequency analysis with variation of k, for the 

complete inductive powering system. 

 
Figure 30- Load voltage frequency analysis with variation of R, for the 

complete inductive powering system. 

The link is now resonant at the desired frequency and so, 

as said in Chapter III, it is necessary to check the average 

power delivered to load, Pout, and the bandwidth, Bw. Figures 

38 and 39 present the variations of these two parameters with 

the coupling factor, k, and the load resistor, R. 

 
(a)                                                         (b) 

Figure 38- Pout (a) and Bw (b) for a chirp signal with variation of k. 

 
(a)                                                             (b) 

Figure 39- Pout (a) and Bw (b) for a chirp signal with variation of R. 

As its possible to see, the average power and the 

bandwidth both increase with the increase of k (Figure 38). 

For the variation of the load, R, (Figure 39) the case is a bit 

different, despite the bandwidth increasing with the load, the 

average power doesn't suffer great effect for a load between 

300 Ω and 1 kΩ. 

So, the study about the power and the bandwidth at the 

load for the variation of the k and R with the transmission of 

a chirp signal was already obtained. However, it is necessary 

to obtain this information on the primary side. For this part, 

the current across the MOSFET was chosen. However, to 

measure this current, it has to be taken into account that the 

switch behaviour generates sharp rises of this current, 

therefore, a snubber was used to suppress these peaks. To 

implement this, a very small resistor is placed at the 

MOSFET source and then a simple RC snubber, that is 

composed by a resistor in series with a capacitor, is 

implemented in parallel with the small resistor. This way, it’s 

possible to have a voltage across the capacitor, VC, 

proportional to the MOSFET current with no undesired 

peaks. From the frequency analysis of this filtered voltage, 

new graphics were made for the relation of the peak value of 

this voltage with k and R. These results are presented in 

Figure 40. 

 

 
(a)                                                    (b) 

Figure 40- Relation between Vcpk  with k (a) and R (b). 



It’s possible to see that a monotonic relation is obtained 

for the variation of the peak voltage with the coupling factor 

(Figure 40(a)). This means it is possible by measuring VCpk to 

conclude about the average power, Pout, and bandwidth, Bw, 

being delivered to the load. Figure 41 illustrates this relation. 

 

 
   (a)                                                          (b) 

Figure 40- Relation between Vcpk with Pout (a) and Bw (b). 

For the graphic of the peak voltage with the load 

resistance, R (Figure 40(b)) the behaviour is similar to the one 

of the average power (Figure 39(a)), once for a range between 

300 Ω and 1 kΩ the voltage also doesn't suffer a great 

variation. Concluding, for the study with the chirp signal, 

with a variation of the coupling factor of k=[0.01;0.4], for a 

load resistance, R, fixed at 300 Ω is possible by measuring 

VCpk on the primary side, to know the average power and the 

bandwidth being delivered to the implant. In relation to the 

load impedance variation, with a fixed coupling factor of 

k=0.1, it was concluded that for a considerable range of 

values the average power doesn't change that much. Once 

these analyses are only valid if assumed only one of this 

parameters changes, the load resistance will be considered 

fixed at 300 Ω.  

 

2) BFSK Signal 

The Simulink model of the link with the integration of the 

BFSK modem is presented in Figure 41. 

 

 
Figure 41- Simulink model of the complete inductive powering system with 

BFSK modem. 

The "BFSK Transmitter" and "BFSK Receiver" blocks 

include the systems described in Figure 22 and Figure 26 

respectively. The blocks immediately after and before the 

systems above are converters of unitless "Simulink" signals 

into "Physical Signals" and vice versa. 

After checking the modems still work with the integration 

in the link, the same study done for the chirp signal was done 

for the BFSK signal. The relation between the average power 

and the bandwidth delivered to the load with the coupling 

factor and the load resistance is again checked and presented 

in Figure 44 and Figure 45. 

 
    (a)                                                       (b) 

Figure 44- Pout (a) and Bw (b) for the BFSK signal with variation of k. 

 
 (a)                                                          (b) 

Figure 45- Pout (a) and Bw (b) for the BFSK signal with variation of R. 

In Figure 44 it’s possible to see that the power increases 

until a coupling factor, k, of 0.125 and then it starts to 

decrease. The reason for this is that, as seen in the frequency 

analysis of the link with the use of the chirp signal, the peak 

value of the load voltage decreases for k>0.08, which means 

the peak value of the instantaneous power also decreases 

(once the value of R is fixed at 300 Ω) and for a signal like 

the BFSK, that has a smaller bandwidth than that of the chirp 

signal, this decrease of the peak value will end up to affect 

the average value significantly. The only cases where the 

peak value of the power is smaller, but the average value is 

higher is for k=0.01 and k=0.125, because the decrease of the 

peak is not much and as the bandwidth also increases the 

average value ends up being higher. 

For Figure 45, it’s possible to check the load variation 

presents a similar behaviour to the one with the chirp signal. 

For a range of 300 Ω to 600 Ω the average power doesn't 

change much, and the bandwidth slightly increases with the 

increase of the load.  

The relation between VCpk with the coupling factor and the 

load resistance for the BFSK signal is presented in Figure 46. 

 

 
   (a)                                                         (b) 

Figure 46- Relation between Vcpk with k (a) and R (b) for BFSK signal. 

For VCpk, with the BFSK signal, the behaviour with the 

variation of the coupling factor and load resistance is similar 

to the one obtained for the chirp signal. With the increase of 

k, for R=300 Ω, the voltage decreases (Figure 46(a)). The 

variation of R, with a fixed k=0.1, once more, has a small 

effect on this filtered voltage. 



From this analysis is possible to conclude that, 

transmitting a BFSK signal, although the behaviour is not 

monotonic for all values of k, with R=300 Ω, measuring the 

MOSFET peak source voltage is also possible to know the 

power and bandwidth of the signal being delivered to the 

implant. Figure 47 presents this relation, for this range. 

 

 
 (a)                                                         (b) 

Figure 46- Relation between Vcpk with Pout (a) and Bw (b). 

V. CONCLUSIONS 

In this project, a simulated prototype of a complete 

inductive powering system was developed, and a study was 

made in order to check what happens to the power and to the 

bandwidth of the signal delivered to the implant with the 

variation of the coupling factor, k, and implant impedance, R, 

two parameters that can suffer modifications and possibly 

damage the transmission. Beyond finding out what happens 

to the power and bandwidth delivered to the implant, it was 

important to get this information without needing to access to 

the secondary side of the link (implanted part).  

A chirp signal was first used to make a frequency analysis 

of the link, to check if the resonant frequency was at the 

desired value (13.56 MHz), and then it was used as a "test" to 

make the study described above. For this type of signal it was 

concluded that, for a variation of the coupling factor of 

k=[0.01;0.4], for a fixed value of R, the average power 

delivered to the load, Pout, and the bandwidth, Bw, both 

increase with the increase of k. In the case of the variation of 

R, with k fixed, the average power didn't suffer much for a 

large range of values. However, the bandwidth, like in the 

first case, increases with the increase of the load. With the 

knowledge of what happened to the transmission with the 

variation of the two parameters, it was then required to find a 

way to get that information on the primary side. For this 

purpose, the peak value of the MOSFET current was used and 

a monotonic relation was obtained with the average power 

and the bandwidth for the variation of k. Since the analysis 

would only be valid if only one of the parameters changed, 

due to the results obtained, the variation with the coupling 

factor was preferred. 

The same study had to be done for the BFSK signal, that 

was chosen for the downlink transmission. Transmitting this 

signal, some differences were found. The average power 

delivered to the load varying k doesn't present a monotonic 

behaviour for all values, like in the case of the chirp signal. 

The bandwidth, however, maintains the same behaviour 

verified for the chirp signal and in relation to the variation of 

R, the behaviour for the BFSK and for the chirp signal is very 

similar. Therefore and to conclude, transmitting the signal 

chosen for the downlink transmission, is also possible for a 

range of k=[0.01;0.4], with R fixed, by measuring the peak 

current of the MOSFET to know the average power and the 

bandwidth of the signal being delivered to the load.  
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